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SUMMARY

Nuclear clearance of the RNA-binding protein TDP-43 is a hallmark of neurodegeneration and

an important therapeutic target. Our current understanding of TDP-43 nucleocytoplasmic transport
does not fully explain its predominantly nuclear localization or mislocalization in disease. Here,
we show that TDP-43 exits nuclei by passive diffusion, independent of facilitated mMRNA export.
RNA polymerase Il blockade and RNase treatment induce TDP-43 nuclear efflux, suggesting that
nuclear RNAs sequester TDP-43 in nuclei and limit its availability for passive export. Induction

of TDP-43 nuclear efflux by short, GU-rich oligomers (presumably by outcompeting TDP-43
binding to endogenous nuclear RNAs), and nuclear retention conferred by splicing inhibition,
demonstrate that nuclear TDP-43 localization depends on binding to GU-rich nuclear RNAs.
Indeed, RNA-binding domain mutations markedly reduce TDP-43 nuclear localization and abolish
transcription blockade-induced nuclear efflux. Thus, the nuclear abundance of GU-RNAs, dictated
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by the balance of transcription, pre-mRNA processing, and RNA export, regulates TDP-43 nuclear
localization.

Graphical Abstract

In brief

Duan et al. demonstrate that TDP-43 nuclear export occurs by passive diffusion through nuclear
pore channels and is restricted by nuclear GU-rich RNA binding. Processes that modulate nuclear
RNA abundance or TDP-43-RNA binding—such as transcription, splicing, and mRNA export—
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INTRODUCTION

Transactive response DNA binding protein 43 kDa (TDP-43) is an essential DNA/RNA-
binding protein that plays a major role in RNA processing and stability (reviewed in Prasad

et al., 2019; Francois-Moutal et al., 2019). TDP-43 nuclear clearance and cytoplasmic

aggregation are pathological hallmarks of multiple neurodegenerative diseases, including
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Neumann et al.,

2006; Arai et al., 2006). Substantial evidence links TDP-43 disruption to ALS and FTD

pathogenesis via loss of nuclear splicing regulation (Polymenidou et al., 2011; Tollervey et
al., 2011; Ling et al., 2015) and the toxic effects of cytoplasmic aggregates (reviewed in
Vanden Broeck et al., 2014; Prasad et al., 2019). Rare TDP-43 mutations in families with
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inherited ALS (Kabashi et al., 2008; Sreedharan et al., 2008; Deerlin et al., 2008; Gitcho

et al., 2008) and FTD (Borroni et al., 2009; Kovacs et al., 2009) cause neurodegeneration
in disease models (reviewed in Buratti, 2015), supporting a role for TDP-43 disruption

in disease. However, most ALS cases with TDP-43 cytoplasmic mislocalization are not
associated with TDP-43 mutations, indicating that diverse genetic, environmental, or age-
related causes—possibly all involved in the same underlying process-drive TDP-43 nuclear
clearance. However, the initiating cause of TDP-43 mislocalization in disease remains
unknown. Moreover, the regulation of TDP-43 nuclear localization in healthy cells is
incompletely understood.

TDP-43 is a member of the heterogeneous ribonucleoprotein (hnRNP) family of
RNA-binding proteins (RBPs) that contains an N-terminal nuclear localization signal
(NLS), two RNA recognition motifs (RRM1 and RRM2), and a C-terminal intrinsically
disordered region (IDR) (reviewed in Frangois-Moutal et al., 2019). RNA crosslinking and
immunoprecipitation-sequencing (CLIP-seq) studies show that TDP-43 preferentially binds
GU-rich RNA motifs, particularly in introns (Polymenidou et al., 2011; Tollervey et al.,
2011), consistent with its role in regulating alternative splicing and repression of cryptic
exons (Ling et al., 2015). Like many hnRNPs, TDP-43 shuttles between the nucleus and
cytoplasm (Ayala et al., 2008). Ran-regulated active TDP-43 nuclear import occurs via NLS
binding to importins a. and B (Ayala et al., 2008; Nishimura et al., 2010). Modest passive
import also likely occurs, based on size and the low level of persistent nuclear entry of
TDP-43-ANLS (Ayala et al., 2008; Winton et al., 2008; TDP-43 nuclear export was initially
thought to occur via the exportin-1 (XPO1) receptor and a putative nuclear export signal
(NES) in RRM2 (Winton et al., 2008). However, NES deletions do not disrupt TDP-43
export, nor does XPO1 knockdown or selective inhibitors of nuclear export (Ederle et al.,
2018; Pinarbasi et al., 2018; Archbold et al., 2018). Adding 54- to 119-kDa tags to TDP-43
strongly slowed its export, as expected for passive export rather than an energy-dependent,
transport receptor-facilitated process (Pinarbasi et al., 2018; Ederle et al., 2018). Meanwhile,
transcriptional blockade (Ayala et al., 2008; Ederle et al., 2018) and overexpression of

the MRNA export receptor NXF1 (Archbold et al., 2018) promote TDP-43 nuclear efflux,
suggesting a role for nuclear RNA in mediating TDP-43 nuclear localization and raising the
possibility of TDP-43 co-export with mRNA, perhaps via the TREX (TRanscription/EXport)
pathway (discussed in Ederle and Dormann, 2017). Arguing against RNA co-export, small
interfering RNA (siRNA) knockdown of AlyREF, a TREX complex protein that recruits
NXF1, did not promote TDP-43 nuclear accumulation (Archbold et al., 2018; Ederle et al.,
2018).

Here, we aimed to elucidate the mechanism of TDP-43 nuclear export and test the
hypothesis that TDP-43 nuclear localization depends on its binding to nuclear RNAs.

We found that RNase-mediated nuclear RNA degradation in permeabilized cells markedly
disrupted TDP-43 nuclear sequestration, allowing TDP-43 to diffuse from the nucleus

in low-ATP conditions. Moreover, in permeabilized and live cells, the introduction of
GU-rich oligomers induced TDP-43 nuclear efflux, likely by competitive dissociation

from endogenous nuclear RNAs. Splicing inhibition caused dose-dependent TDP-43
nuclear accumulation and abolished transcriptional blockade-induced nuclear exit, further
demonstrating that nuclear localization of TDP-43 depends on association with pre-mRNAs.
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Together, our results indicate that binding to GU-rich RNAs retains TDP-43 within nuclei
and controls its availability for passive nuclear export.

NVP2-induced RNA pol Il inhibition promotes TDP-43 nuclear export

Actinomycin D (ActD), a DNA-intercalator and pan-transcriptional inhibitor, induces the
nuclear efflux of nuclear RBPs including hnRNPA1 (Pifiol-Roma and Dreyfuss, 1992), SR
proteins (Caceres et al., 1998), and TDP-43 (Ayala et al., 2008; Ederle et al., 2018). To
confirm that TDP-43 nuclear localization is sensitive to inhibition of mMRNA synthesis and
avoid off-target effects of DNA intercalation, we treated HeL a cells with NVP2, an inhibitor
of CDK9-dependent RNA pol Il activation (Olson et al., 2018), and monitored TDP-43
localization by immunofluorescence (IF) (Figures 1A-1C). RNA synthesis was analyzed via
a 30-min pulse of 5-ethynyl-uridine (5-EU) before fixation, followed by click-chemistry
labeling of nascent RNAs (Jao and Salic, 2008). Cells were imaged with an automated
high-content confocal microscope, and a translocation algorithm was used to quantify the
background-corrected fluorescence intensity in the nuclear and cytoplasmic compartments
(Hayes et al., 2020). Like ActD (Figures S1A-S1C), NVP2 caused progressive, dose-
dependent inhibition of RNA synthesis (Figures 1A and 1B) but spared nucleolar ribosomal
RNA (rRNA) puncta resulting from RNA pol | activity (Figure 1A, arrows) (Sharifi

and Bierhoff, 2018). In parallel, NVP2 induced progressive TDP-43 nuclear efflux, as
measured by a decrease in the nuclear to cytoplasmic (N/C) ratio (Figures 1A and 1C).
Importantly, the NVP2- and ActD-induced drop in the TDP-43 N/C ratio corresponded to
decreased nuclear and increased cytoplasmic intensity (Figures S1D and S1E), consistent
with N/C translocation. In addition to HeLa cells, NVP2-induced TDP-43 nuclear efflux
was also observed in mouse primary cortical neurons, HFF1 human primary fibroblasts,
and immortalized human retinal pigment epithelial cells (RPE1) (Figures 1D, 1E, and S2),
demonstrating conservation across cell types. Despite the lower steady-state TDP-43 N/C in
neurons (Figure 1D), NVP2 still induced marked neuronal TDP-43 nuclear efflux (Figures
1E and S2).

Next, we compared the effect of NVVP2 on the localization of TDP-43 versus a panel

of RBPs, including hnRNPs, RNA export, exon-junction complex (EJC), and splicing-
associated proteins (Figures 1D and S3). HelLa cells were treated with NVVP2 for 30 min
to 6 h, fixed, and RBP localization analyzed by IF and high-content analysis. RBP responses
were diverse, including rapid nuclear efflux (TDP-43, HuR), slow nuclear efflux (FUS,
hnRNPAL), and no change (Matrin-3). DDX19b, an ATP-dependent RNA helicase in the
mMRNA export pathway that is tethered to the nuclear pore complex (NPC) (Napetschnig
et al., 2009; Hodge et al., 2011), was also unchanged. hnRNPC, which does not exhibit
N/C shuttling (Pifiol-Roma and Dreyfuss, 1992; Ederle et al., 2018), showed nuclear
accumulation. Interestingly, TDP-43 was among the most highly responsive RBPs to
transcriptional blockade, suggesting strict dependence on nascent nuclear RNA levels.
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TDP-43 exits the nucleus by passive diffusion

Recent studies showed that TDP-43 nuclear export is independent of XPO1 (Archbold et
al., 2018; Pinarbasi et al., 2018; Ederle et al., 2018) and strongly size limited, as expected
for a passive export cargo (Pinarbasi et al., 2018; Ederle et al., 2018). Consistent with this,
we found that HelL a cells transiently transfected with TDP43-YFP (+27 kDa) showed a
marked increase in the steady-state TDP-43 N/C ratio, and the YFP tag strongly inhibited
NVP2-induced TDP-43 nuclear efflux (Figure S4A). To investigate the passive versus active
mechanism of TDP-43 nuclear export, we next developed a permeabilized cell TDP-43
export assay (Figure 2A). Permeabilized cell assays are widely used to study N/C transport
and permit a broad range of experimental perturbations (Adam et al., 1990; Cassany and
Gerace, 2009). Digitonin is used to selectively perforate the plasma membrane (Colbeau et
al., 1971; Adam et al., 1990), releasing the cytoplasm and leaving the nuclear membrane
and NPCs intact for passive or energy-dependent transport (Hayes et al., 2020). Following
permeabilization, HeLa cells were incubated in an energy-free buffer and fixed at regular
intervals to analyze the localization of endogenous TDP-43 by IF (Figure 2B). Nuclear
envelope and NPC integrity were monitored by verifying nuclear restriction of a 70-kDa
dextran (Figure S4B), relying on the progressive exclusion of cargoes >30-60 kDa by

the NPC permeability barrier (Mohr et al., 2009; Timney et al., 2016). Luciferase reporter-
based ATP measurements showed that ATP content dropped by 97% immediately after
permeabilization (Figure S4C), confirming low ATP levels in the permeabilized cell system.

Next, we identified conditions permissive of TDP-43 nuclear export. After plasma
membrane permeabilization, with no added transport receptors or ATP, we saw a progressive
decrease in nuclear TDP-43 intensity, to 36% at 1 h, in cells heated to 37°C (Figures 2B
and 2C). There was little change in nuclear TDP-43 intensity over the same time when cells
were permeabilized and kept at 4°C. Thus, while TDP-43 can passively leave the nucleus

in low-ATP conditions at 37°C, temperature-sensitive mechanism(s) hinder its nuclear exit
at 4°C, beyond the expected minor temperature effects on free diffusion (Soh et al., 2010).
The behavior of TDP-43 was in contrast to that of DEK, a chromatin-bound EJC protein
(Waldmann et al., 2004). DEK showed no shift in localization after transcriptional blockade
(Figure S3) and remained localized to the nucleus in permeabilized cells even after 1 h at
37°C (Figures S4D and S4E).

To further test the passive nature of TDP-43 export, we added 1,6-hexanediol (1,6-HD),

an aliphatic alcohol that reversibly disrupts the phenylalanine-glycine (FG) permeability
barrier lining the central channel of the NPC (Ribbeck and Gorlich, 2002). 1,6-HD caused
a marked, dose-dependent acceleration of TDP-43 nuclear efflux, suggesting that NPC
permeability is rate limiting for TDP-43 export (Figures 2D and 2E). Interestingly, 1,6-HD
accelerated TDP-43 nuclear exit at 37°C but also at 4°C, suggesting that the FG barrier is
temperature sensitive and contributes, at least in part, to the hindrance of TDP-43 passive
export at 4°C. 1,6-HD also reversibly inhibits TDP-43 liquid-liquid phase separation (LLPS)
(Gopal et al., 2017; Mann et al., 2019). If LLPS affects TDP-43 availability for diffusion
across the NPC, disruption of nuclear TDP-43 condensates may also contribute to 1,6-HD-
induced acceleration of TDP-43 export. Next, we tested the effect of adding ATP and saw
no change in TDP-43 export at concentrations far above those that support active nuclear
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transport in permeabilized cells (Cassany and Gerace, 2009; Hayes et al., 2020, 2021)
(Figure S4F). To confirm that the data are not confounded by TDP-43 re-import into the
nucleus, we tested the ability of permeabilized cells to support active import. Although no
import receptors or Ran cycle proteins were added to the assay, residual importins remain at
NPCs upon cell permeabilization and could conceivably bind and import cargo (Kapinos et
al., 2017). We analyzed the capacity for nuclear import of Rango, a Forster resonance energy
transfer sensor and importin B cargo (Kalab et al., 2006; Hayes et al., 2020), and saw no
import in our lysate-free conditions, with or without added ATP (Figure S4G). Therefore,
our findings are unlikely to be confounded by the nuclear re-entry of TDP-43. These data
demonstrate that TDP-43 nuclear efflux in permeabilized cells is accelerated by heat and
1,6-HD, but not ATP, consistent with passive diffusion from the nucleus.

TDP-43 export is independent of NXF1-mediated mRNA export

The observation that TDP-43 exits permeabilized cell nuclei under passive conditions
suggests that energy-dependent RNA export pathways are unlikely to be required for
TDP-43 export. These include the exportin family of receptors, which rely on Ran-GTPase
(e.g., XPO1, XPQOT, and XPO5), and the TREX bulk mRNA export pathway, which is
independent of Ran but requires ATP-dependent RNA helicases (including UAP56 and
DDX19b) for mRNP export complex assembly and disassembly (Okamura et al., 2015).
SiRNA knockdown of XPO1, XPO5, XPOT, NXF1, and AlyREF did not promote TDP-43
nuclear accumulation in previous studies, further suggesting that canonical RNA export
pathways are not involved in TDP-43 nuclear export (Archbold et al., 2018; Ederle et al.,
2018). Similarly, TDP-43 RRM mutations did not prevent nuclear export in the heterokaryon
assay (Ederle et al., 2018). However, XPO1, XPO7, and NXF1 overexpression promoted
TDP-43 cytoplasmic mislocalization (Archbold et al., 2018), and NXF1 was identified as a
potential TDP-43 interactor (Freibaum et al., 2010).

To further investigate the role of the NXF1/TREX pathway in TDP-43 nuclear export, we
utilized a DLD1 cell line containing an auxin-inducible degron (AID) tag integrated at the
endogenous NXF1 locus (Aksenova et al., 2020). TIR1 ligase, which drives ubiquitination
of AID-tagged proteins upon auxin-mediated recruitment, was inserted at the C terminus

of the nuclear protein RCC1 via a self-cleavable P2A sequence. Rapid degradation of the
NXF1 protein occurs in this cell line within 1 h of auxin treatment (Figure 3A). Due to TIR1
leakage, DLD1-NXF1-AID cells showed mildly reduced NXF1 expression even before
auxin treatment (Figure 3A, asterisk). To examine the effect of NXF1 ablation on mRNA
export, DLD1-wild-type and -NXF1-AlID cells were treated with auxin for 0-8 h and fixed,
and polyA-RNA N/C localization was analyzed by fluorescence /in situhybridization (FISH)
(Figures 3B and 3C). DLD1-NXF1-AlID cells showed a ~30% increase in the polyA-RNA
N/C ratio even without auxin (p < 0.05 versus DLD1-wild-type), consistent with the reduced
NXF1 expression. Auxin induced further, progressive accumulation of nuclear polyA-RNA
to >300% of baseline by 8 h, consistent with mRNA export inhibition (Figures 3B and 3C),
together with a dose-dependent increase in the steady-state TDP-43 N/C ratio, presumably
due to TDP-43 binding to the nuclear RNAs marked by the polyA-FISH signal (Figure

3D). To determine the effect of NXF1 ablation on transcriptional blockade-induced TDP-43
export, we treated cells with auxin for 0-8 h, followed by 2 h + NVP2 before fixation
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and TDP-43 IF (Figures 3D and 3E). NVP2 still induced robust TDP-43 nuclear export

in DLD1-NXF1-AlID cells at all time points. When adjusted for the increased steady-state
TDP-43 N/C ratio, there was no alteration in NVP2-induced TDP-43 export until 8 h, when
subtle slowing was observed (Figure 3E). Thus, inhibiting mMRNA export promotes TDP-43
nuclear accumulation, but the NXF1 receptor does not mediate TDP-43 export across the
NPC.

TDP-43 nuclear localization depends on binding to GU-rich RNAs

Because TDP-43 is primarily nuclear, despite its ability to diffuse through the NPC,

we reasoned that TDP-43 nuclear localization must depend on intranuclear sequestration,
perhaps by binding to RNA given its transcription-dependent and mRNA export-dependent
shifts in localization. To test this idea, we treated permeabilized cells with RNase A and
monitored the effect on TDP-43 nuclear localization (Figures 4A-4C). RNase caused rapid
TDP-43 nuclear efflux over 30 min even at 4°C, suggesting that RNA tethers TDP-43

in the nucleus. The residual TDP-43 in RNase-treated nuclei formed puncta (Figure 4B),
as previously observed in live-cell nuclei microinjected with RNase (Maharana et al.,
2018). To assess nuclear integrity, we also analyzed the effect of RNase on the nuclear
localization of DDX19b (54 kDa) and Nup50 (50 kDa), two proteins of similar size
localized to the NPC and nucleoplasm (Figure S5A). The nuclear intensities of DDX19b and
Nup50 were unaffected by RNase at 4°C and modestly decreased at 37°C but remarkably
stable compared with TDP-43. The observation of the crucial role of RNA in TDP-43
nuclear localization led us to test whether RNA degradation contributes to TDP-43 nuclear
efflux in our permeabilized cell assay (Figure S5B). We saw no difference in the rate of
TDP-43 nuclear efflux in permeabilized cells kept at 37°C for 30—60 min, with or without
RNase inhibitor, suggesting that RNA degradation does not contribute to passive export

in this system. Nevertheless, RNase inhibitor was added to the transport buffer for all
permeabilized cell assays as a precaution.

CLIP-seq studies show that TDP-43 preferentially binds GU-rich motifs within introns
(Polymenidou et al., 2011; Tollervey et al., 2011), and the RRM domains optimally
recognize an “AUG12” (GUGUGAAUGAAU) motif (Lukavsky et al., 2013). To investigate
the specificity of the RNA-mediated nuclear tethering of TDP-43, we added synthetic
GU-RNA “decoy” oligomers to the permeabilized cell passive export assay (Figures 4D-4F).
Following permeabilization, (GU)8, “AUG12,” or A16 was added, and cells were incubated
at 4°C for 30 min (Figure 4D). Both “AUG12” and (GU)8 induced dose-dependent nuclear
efflux of TDP-43, presumably by competitive dissociation of TDP-43 from endogenous
nuclear RNAs, freeing TDP-43 to passively exit the nucleus. A16 had no effect. Incubating
permeabilized cells with (GU)8 at increasing temperatures (25°C and 37°C) markedly
accelerated (GU)8-induced TDP-43 export (Figure 4E), consistent with the expected
temperature sensitivity of NPC permeability, TDP-43 dissociation from nuclear RNAs, and
free diffusion kinetics.

Next, we evaluated the selectivity of oligomer-induced nuclear efflux by comparing different
RNA motifs and RBPs. (GU)8 induced the nuclear efflux of TDP-43 but not hnRNPA2/B1
(AGGACUGC consensus motif) (Wu et al., 2018) or Matrin-3 (UUUCUXUUU consensus
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motif) (Uemura et al., 2017) (Figure 4F). PolyU (U20) induced the nuclear efflux of

HuR, which binds AU-rich elements and other U-rich matifs (e.g., UUGGUUU) (Ripin

et al., 2019; de Silanes et al., 2004), but did not affect TDP-43 or other RBPs (Figure

4G). An oligomer based on the U1 small nuclear ribonucleoprotein (sSnRNP) splice site
(CAAAGGUAAGUUGGA) (Kondo et al., 2015) selectively induced the nuclear export of
the U1 small nuclear ribonucleoprotein 70 kDa (U1-70K or snRNP70), with no significant
effect on the localization of TDP-43, hnRNPA2/B1, or PABPN1. C16 and A16 did not
induce the export of any RBPs tested, even those predicted to bind (i.e., hnRNPK and
PABPNL1, respectively) (Choi et al., 2009; Goss and Kleiman, 2013). These results in
permeabilized cells suggest that the nuclear localization of a subset of RBPs, including
TDP-43, depends on selective binding to preferred motifs within nuclear RNAs.

To evaluate the ability of GU-RNA oligomers to alter TDP-43 nuclear localization in live
cells, we next transfected HeLa cells with (GU)6 or A13 oligomers with 2”-O-methyl groups
and phosphorothioate bonds to protect against cellular RNases (Figure 4H). To confirm

that the transfected oligomers enter the nucleus, we transfected cells with biotin-tagged
(GU)6 and labeled it with AF568-conjugated streptavidin (SAV) following cell fixation
(Figures S5C and S5D). Transfected (GU)6-biotin oligomers readily entered the nucleus in

a time- and dose-dependent manner. As in permeabilized cells, (GU)6 but not A13 induced
dose-dependent TDP-43 nuclear efflux (Figure 41). Again, this was specific to TDP-43, as
there was no change in the N/C ratio of RBPs that recognize other motifs (Figure 4J).

To verify that the transfected GU-RNA oligomers directly interact with TDP-43 to induce
its nuclear exit, we performed biochemical pull-downs with SAV-conjugated microbeads
from lysates of cells transfected with (GU)6- or A12-biotin (Figures S5E and S5F).
Endogenous TDP-43 strongly bound to SAV-captured (GU)6 but not A12. The TDP-43.
(GU)6 association was disrupted by RNase A, demonstrating dependence on RNA binding.
Pull-downs from cells that were UV crosslinked before lysis additionally showed the
formation of RNase-resistant higher-molecular-weight forms of TDP-43 (> in Figure S5F),
indicative of covalently crosslinked RNA-protein complexes. These studies confirm that in
live cells, binding to endogenous GU-rich nuclear RNAs opposes the tendency of TDP-43 to
passively leave the nucleus.

Inhibition of pre-mRNA splicing promotes TDP-43 nuclear accumulation

Since GU-rich RNA binding appears critical for TDP-43 nuclear retention, we hypothesized
that binding to GU-rich intronic sequences in newly transcribed pre-mRNAS supports
TDP-43 nuclear localization. As inhibition of pre-mRNA splicing stalls intron excision and
leads to nuclear accumulation of unspliced pre-mRNAs (Carvalho et al., 2017), we used
two splicing inhibitors, isoginkgetin (IGK) (O’Brien et al., 2008) and pladienolide B (PLB)
(Sato et al., 2014), to test whether nuclear intron accumulation reduces TDP-43 nuclear
efflux. PLB binds and inhibits SF3B1 in the U2 snRNP in the first step of spliceosome
assembly (Kotake et al., 2007). The precise target of IGK is not known, but it blocks the
complex A-to-B transition during spliceosome assembly (O’Brien et al., 2008). After 4

h, both IGK and PLB induced accumulation of introns by gRT-PCR, normalized to the
expression of U6 small nuclear RNA, an unspliced transcript of RNA pol 111 (O’Brien et al.,
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2008) (Figures 5A-5C). Over the same period there was a dose-dependent increase in the
steady-state TDP-43 N/C ratio (Figures 5D, 5E, 5G, and 5H). Remarkably, 4 h of treatment
with IGK or PLB also induced dose-dependent resistance to NVP2-induced TDP-43 nuclear
efflux (Figures 5F and 51), even after adjusting for the steady-state nuclear accumulation

of TDP-43. IGK was more potent than PLB at promoting TDP-43 nuclear retention, albeit
at higher doses (IGK 1Cgq = 62 uM, PLB ICgq = 6 nM), for reasons that are unclear

based on the similar mechanism of splicing disruption of these compounds. However,

IGK also inhibits transcription elongation, potentially further increasing nuclear pre-mRNA
accumulation (Boswell et al., 2017). Along with the effects of GU-rich oligomers, these
data strongly suggest that TDP-43 nuclear localization depends on the abundance of nuclear
GU-rich RNA-binding sites.

To explore whether related RBPs also show splicing-dependent localization, we analyzed the
effect of splicing inhibition on hnRNPAL. Like TDP-43, hnRNPA1 displays N/C shuttling
but is predominantly nuclear and acts as a splicing regulator (Clarke et al., 2021). hnRNPA1
also shows ActD-induced (Pifiol-Roma and Dreyfuss, 1992) and NVVP2-induced nuclear
efflux (Figures 1D and S3). Like TDP-43, IGK and PLB induced a dose-dependent increase
in steady-state hnRNPA1 nuclear localization and conferred resistance to NVP2-induced
nuclear efflux (IGK ICgg = 69 uM, PLB ICgq = 3 nM) (Figures S6A-S6D). In contrast,

the predominantly nuclear localization of Matrin-3, a DNA- and RNA-binding protein that
functions in RNA stability, export, and gene regulation (Salton et al., 2011; Iradi et al.,
2018; Cha et al., 2021), was not affected by the inhibition of transcription (Figures 1D and
S3) or pre-mRNA splicing by IGK or PLB (Figures S6E-S6H). These data suggest that

the nuclear localization of a selective subset of proteins involved in pre-mRNA splicing,
including TDP-43, depends on pre-mRNA splicing activity.

TDP-43 RRM domains confer RNA-dependent TDP-43 nuclear localization

The TDP-43 RRM-domain RNA-binding properties have been extensively characterized
(Buratti and Baralle, 2001; Lukavsky et al., 2013; Cohen et al., 2015; Flores et al., 2019).
Although RRM1,2 mutation or deletion does not abolish TDP-43 nuclear localization (Elden
et al., 2010; Wang et al., 2020), these observations arise from fluorescently tagged TDP-43
constructs, whose higher molecular weight markedly inhibits TDP-43 export (Figure S4A)
(Ederle et al., 2018; Pinarbasi et al., 2018). However, TDP-43 RRM mutants with a small
(~1 kDa) FLAG tag showed increased cytoplasmic localization by N/C fractionation and
immunoblotting (Ayala et al., 2008). To further assess the role of the RRM domains in
TDP-43 nucleocytoplasmic localization, we generated V5-tagged (+1.4 kDa) wild-type and
RRM mutant TDP-43 constructs (Figure 6A and Table S2), including point mutations of
phenylalanine residues (5F — L) and acetylation sites (2K — Q) critical for RNA binding
(Buratti and Baralle, 2001; Cohen et al., 2015), and a full RRM deletion (ARRM1-2).
Constructs were transiently transfected into a stable HelL a cell line depleted of TDP-43

by CRISPR (Figures S7A and S7B) (provided by S. Ferguson [Roczniak-Ferguson and
Ferguson, 2019]) to avoid potential confounds of hetero-oligomerization with endogenous
TDP-43. High-content analysis showed a significant drop in the steady-state N/C ratio of
all three RRM mutants, likely exaggerated for ARRM1-2 due to its small size (29 kDa)
compared with the point mutants (~45 kDa, p < 0.0001) (Figures 6A and 6B). In addition
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to reduced steady-state nuclear localization of the RRM mutants, NVVP2-induced nuclear
efflux was abolished. Of note, nuclear puncta of VV5-tagged wild-type and TDP-43 RRM
mutants were only rarely observed, compared with frequent nuclear puncta observed in cells
transfected with YFP-tagged wild-type TDP-43 and TDP-43-5F — L (Figures S7C-S7E)
(Elden et al., 2010; Wang et al., 2020; Yu et al., 2020). Since 27-kDa-YFP contains three
residues (F223, L221, A206) that cause dimerization of GFP (Day and Davidson, 2009),

the presumed nuclear LLPS of TDP-43 RRM mutants could be exacerbated by size or
dimerization propensity (Snapp et al., 2003; Falcon-Pérez et al., 2005). Increased nuclear
TDP-43-YFP protein concentration as a consequence of delayed nuclear export may also
contribute (Figure S4A).

Finally, we confirmed our imaging findings with N/C fractionation and immunoblotting
(Figures 6C and 6D), which also showed a marked reduction in the N/C ratio of all three
TDP-43 RRM mutants and no response to NVP2. Thus, TDP-43 RRM domains are required
for nuclear TDP-43 localization and transcription-dependent shuttling.

DISCUSSION

Here, we investigated the mechanism of TDP-43 nuclear export and the regulatory role of
RNA. TDP-43 readily exited permeabilized cell nuclei in low-ATP conditions, consistent
with passive diffusion through NPCs. Acute NXF1 depletion did not alter TDP-43 export

in live cells, further excluding active co-export with mRNA. Three lines of evidence

indicate that binding to GU-rich nuclear RNAs sequesters TDP-43 in nuclei and controls

its availability for passive export. (1) RNA pol Il inhibition in live cells and RNase
treatment in permeabilized cells induced rapid TDP-43 nuclear efflux. (2) Short GU-rich
oligomers induced nuclear TDP-43 exit, likely by competitive displacement of TDP-43 from
endogenous nuclear RNAs. Splicing inhibitors also promoted TDP-43 nuclear accumulation
and resistance to transcriptional blockade-induced nuclear efflux, suggesting that binding to
unspliced introns promotes TDP-43 nuclear localization. (3) Mutation of the TDP-43 RRM
domains reduced TDP-43 nuclear localization and abolished its transcription-dependent
shuttling. These findings support a model (Figure 7) in which TDP-43 N/C distribution
results from a balance between active and passive TDP-43 nuclear import, nuclear
sequestration by binding to GU-rich RNAs, and passive nuclear export. In this model,
TDP-43 moves in and out of the nucleus via a reaction-diffusion-controlled mechanism
(Bastiaens et al., 2006; Soh et al., 2010), whereby transient formation of TDP-43 complexes
with nuclear RNAs sequesters TDP-43 and opposes the availability of free TDP-43 for
passive diffusion through the NPC. Because inhibition of nuclear RNA synthesis and
competitive displacement by GU oligomers both induced TDP-43 nuclear exit in live cells,
active import of TDP-43 is insufficient to balance passive export resulting from the loss

of nuclear RNA-binding sites. According to this model, a decrease in TDP-43 nuclear
RNA-binding sites or reduced TDP-43 RNA-binding activity will increase the fraction of
TDP-43 that can passively leave the nucleus. By maintaining the nuclear abundance of
GU-rich RNAs, the dynamic and interlinked balance of transcription, pre-mRNA processing,
and nuclear RNA export may be the primary factor determining TDP-43 nuclear localization
under physiological conditions.
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Transcriptional dependence of RBP nuclear enrichment

Consistent with previous studies (Pifiol-Roma and Dreyfuss, 1992; Céceres et al., 1998;
Ayala et al., 2008; Ederle et al., 2018), we observed that transcriptional blockade altered the
N/C partitioning of numerous RBPs, ranging from prominent cytoplasmic accumulation
(TDP-43, HuR) to a marked nuclear increase (hnRNPC). Cytoplasmic-shifting RBPs
included those with distinct RNA-binding preferences, such as TDP-43 (Polymenidou et

al., 2011, Tollervey et al., 2011), HuR (Lebedeva et al., 2011), and hnRNPAL (Bruun et al.,
2016; Jain et al., 2017), as well as NXF1, which binds RNA in a sequence-independent
manner (Tuck and Tollervey, 2013; Baejen et al., 2014). Similarly, RBPs retained or
enriched in nuclei included sequence-specific binders such as U2AF65 (Wu et al., 1999;
Zorio and Blumenthal, 1999; Merendino et al., 1999) and the DEAD-box helicase DDX19b,
which has no sequence requirement (Lin et al., 2018). Thus, the diverse response of
individual RBPs to transcriptional blockade appears to be defined by RBP-specific protein-
RNA and protein-protein interactions rather than by a particular RNA motif. The mechanism
of NVP2-induced nuclear enrichment of hnRNPC is unclear. hnRNPC forms a tetrameric
nuclear complex to measure pol Il transcript length and sort pre-mRNAs for nuclear export
(McCloskey et al., 2012). Unlike TDP-43 and other shuttling RBPs, hnRNPC contains a
nuclear retention sequence that prevents its nuclear export (Nakielny and Dreyfuss, 1996).
Whether RNA pol 11 inhibition may disrupt hnRNPC turnover or trigger an autoregulatory
increase in expression is unknown.

Our understanding of RNA-dependent RBP shuttling, including factors that mediate RBP
nuclear export or retention, is incomplete (Nakielny and Dreyfuss, 1999). Several RBP-
specific domains have been identified to mediate N/C shuttling, including the HUR HNS
domain (Fan and Steitz, 1998), the KNS motif of hnRNPK (Michael et al., 1997), the

MQ signal for transportin-mediated import and transcriptional blockade-induced export of
hnRNPAL (Michael et al., 1995), the nuclear retention signal of hnRNPC (Nakielny and
Dreyfuss, 1996), and the SR domain of SF2 (SRSF1), which confers ActD-dependent
shuttling to other proteins (Céceres et al., 1998). Here, we demonstrate that the TDP-43
RRM domains mediate its transcriptional blockade-induced nuclear efflux and act as a
nuclear retention domain. Interestingly, depletion of cytoplasmic RNA via activation of
cytoplasmic Xrnl exonuclease induced the nuclear translocation of many RBPs, including
the cytoplasmic polyA-binding protein PABPC (Gilbertson et al., 2018). In a spatial inverse
to our model of TDP-43 shuttling, the findings of Gilbertson et al. suggest that the
cytoplasmic abundance of polyA-RNA may be responsible for PABPC localization. N/C
gradients of RNA-binding motifs may represent a broadly relevant paradigm for regulating
RBP localization, which warrants further investigation.

Passive diffusion of TDP-43 across the NPC

The FG permeability barrier of the NPC does not have a strict size cutoff. Instead, diffusion
of cargoes through NPC channels is increasingly restricted from 30 to 60 kDa (Mohr et

al., 2009; Timney et al., 2016). Thus, 43-kDa TDP-43 monomers are predicted to diffuse
across the NPC with moderate efficiency. Indeed, as expected for passive diffusion from
the nucleus, we observed that TDP-43 exited nuclei of permeabilized cells in low-ATP
conditions. NPC permeabilization further accelerated the passive TDP-43 nuclear efflux.
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These data corroborate predictions from live-cell assays showing marked size restriction

of TDP-43 nuclear export, including slowed TDP43-tdTomato (+54 kDa) export in the
heterokaryon assay (Pinarbasi et al., 2018), lack of TDP43-GCR,-EGFP, (+119 kDa)
cytoplasmic recovery in a dexamethasone-induced shuttling assay (Ederle et al., 2018), and
failure of TDP43-YFP (+27 kDa) nuclear efflux following transcriptional blockade (Figure
S4A). Delay in active nuclear import has been demonstrated for very large cargoes (Paci et
al., 2020), and the rate of active mRNP export is modestly size dependent (Grinwald et al.,
2011). However, the exquisite size limitation of TDP-43 nuclear export in live-cell assays
is most consistent with passive diffusion from the nucleus, as our permeabilized cell export
assay confirms.

In addition to size, cargo surface properties also critically dictate NPC passage, including
hydrophobic residues, which augment NPC transport (Frey et al., 2018). Besides the
glycine-rich C-terminal IDR, hydrophobic patches are present throughout the TDP-43
sequence (https://web.expasy.org/protscale/) (Gasteiger et al., 2005), including in the N-
terminal domain, RRM1, and RRM2; however, their roles in NPC passage are not known.
A recent study showed that intrinsically disordered proteins up to ~63 kDa could passively
transit through NPC channels (Junod et al., 2020), suggesting that the disordered state of
the TDP-43 IDR could potentially contribute to its NPC translocation, which remains to be
examined.

N/C GU-RNA gradients and TDP-43 localization

CLIP-seq studies from mouse brain showed that 94% of TDP-43 binding sites reside in
GU-rich intronic sequences (Polymenidou et al., 2011). A high preference for introns (74%)
was also detected in human embryonic stem cells and SH-SY5Y cells (Tollervey et al.,
2011). A lower frequency of intronic binding sites (58%) was seen in human postmortem
brain, which may be due to the reduced stability of intronic RNAs. On average, introns are
much longer than exons in human pre-mRNAs (7.5 kb versus 320 b) (Lee and Rio, 2015).
Some introns are also retained in exported mRNAs due to alternative splicing or incomplete
debranching and are detectable in the cytoplasm as stable intron lariats (Talhouarne and
Gall, 2018; Saini et al., 2019). However, a substantial proportion of nuclear introns are
likely short lived due to the tight coupling of transcription with pre-mRNA splicing, pre-
mRNA quality surveillance, and rapid degradation via the nuclear exosome (Lee and Rio,
2015; Kilchert et al., 2016; Bresson and Tollervey, 2018). CLIP-seq also identified TDP-43
binding to GU-rich motifs in exonic 3" UTRs, long non-coding RNAs (IncRNAs), and
intergenic sites (Polymenidou et al., 2011; Tollervey et al., 2011). Active transcription could
thus potentially give rise to the N/C concentration gradient of TDP-43 binding sites in
several classes of GU-rich RNAs. The evident nuclear accumulation of newly synthesized
5-EU-labeled RNAs in HelLa cells, neurons, fibroblasts, and RPE1 cells (Figures 1A, S1,
and S2) demonstrates a steep N/C gradient of U-rich nascent RNA across multiple cell
types. Recent advances in CLIP-seq and related methods (Wheeler et al., 2018; Hafner et
al., 2021) have yielded detailed insights into the RNA-RBP interactions and their dynamics
(Nostrand et al., 2020). Nevertheless, available computational methods are not well suited
for the global quantification of particular sequence motifs (e.g., GU repeats). Thus, direct
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quantification of the putative N/C gradient of TDP-43 GU-RNA-binding sites might require
the development of new methodological approaches.

Biophysical regulation of TDP-43-RNA binding

We observed a drastic reduction in TDP-43 passive nuclear exit from permeabilized cell
nuclei at 4°C (Figures 2B and 2C), far beyond the ~2-fold decrease in the passive import

of ERK2-GFP at 4°C in a similar permeabilized cell system (Whitehurst et al., 2002), Thus,
temperature dependence of free diffusion alone is unlikely to fully account for the slowing
we observed at 4°C. The ability of 1,6-HD to elicit TDP-43 efflux at 4°C (Figures 2D and
2E) suggests that the FG permeability barrier is temperature sensitive and likely contributes
to the hindrance of TDP-43 passive export at 4°C. Interestingly, TDP-43 nuclear efflux
induced by RNase or GU-rich oligomers was also delayed at 4°C, suggesting temperature
sensitivity of TDP-43-RNA binding, which remains to be verified. RNA-protein interactions
generally involve dynamic rearrangements of both binding partners and their stabilization
in the complex (Corley et al., 2020), suggesting that increased complex mobility at higher
temperatures may promote TDP-43-RNA dissociation. Consistent with this, van der Waals
forces support intramolecular RRM1-RRM2 interactions, which strongly influence RNA
affinity (Lukavsky et al., 2013) and most TDP-43-RNA interactions (Sun et al., 2021).

As van der Waals forces steeply decline with the distance of the interacting atoms,

a temperature-dependent increase in molecular fluctuation could stochastically promote
TDP-43 unbinding from nuclear RNAs at 37°C.

The TDP-43 GU-rich RNA-binding partners identified by CLIP-seq are structurally diverse
(Polymenidou et al., 2011; Tollervey et al., 2011) and include GU-rich RNAs with wide-
ranging dissociation constants (~3-3,000 nM), with affinity increasing with the number of
perfect GU repeats (Bhardwaj et al., 2013). The existence of multiple low-affinity binding
sites might have a physiological role in TDP-43 autoregulation (Avendafio-Vazquez et al.,
2012; Bhardwaj et al., 2013) and could explain the ability of short GU-rich oligomers,
which bind TDP-43 with low-nM affinity (Bhardwaj et al., 2013; French et al., 2019), to
displace TDP-43 from endogenous RNAs (Figures 4D and 41). Although RNase caused a
near-complete evacuation of TDP-43 from nuclei in permeabilized cells (Figures 4B and
4C), TDP-43 efflux induced by transcriptional blockade (Figures 1C, S1, and S2) and
GU-rich “decoy” oligomers (Figure 41) showed a time- and dose-dependent plateau. In
addition to ongoing active nuclear import, the existence of an “export-resistant” TDP-43
pool may result from binding to other nuclear RNAs such as IncRNAs (Polymenidou et al.,
2011; Tollervey et al., 2011), which play a role in TDP-43 nuclear LLPS (NEAT1) (Wang
et al., 2020) and nuclear localization (Malatl) (Nguyen et al., 2019). “Export-resistant”
TDP-43 may also represent TDP-43 bound to chromatin or nuclear matrix constituents,

as supported by TDP-43 chromatin fractionation (Ayala et al., 2008). Since TDP-43
preferentially binds single-stranded DNA (Buratti and Baralle, 2001), direct binding to
genomic DNA is uncertain, but TDP-43 could be indirectly associated with chromatin via
protein-protein interactions with histones or other chromatin-associated proteins (Freibaum
et al., 2010). Indeed, TDP-43 was recently identified among chromatin-associated RBPs
(Rafiee et al., 2021). Nevertheless, a large fraction of endogenous TDP-43 exhibited nuclear
RNA concentration-dependent shuttling in our assays.
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Other physiological and pathological factors that may regulate TDP-43 shuttling

Together with active nuclear import, our results show that TDP-43 RRM-dependent RNA
binding plays a critical role in establishing the concentration gradient of TDP-43 across

the nuclear envelope (Figure 6). Multiple additional processes likely function in parallel to
modulate TDP-43 steady-state localization and availability for active or passive transport.
These include: oligomerization (Mompean et al., 2017; Afroz et al., 2017; French et al.,
2019); LLPS (Molliex et al., 2015; Conicella et al., 2016, 2020; Zacco et al., 2018; Mann
etal., 2019; Carter et al., 2021); alternative splicing to truncated isoforms (Weskamp

et al., 2020); post-translational modifications, such as phosphorylation, ubiquitination,
SUMOylation, acetylation, and C-terminal cleavage (Prasad et al., 2019; Francois-Moutal et
al., 2019); and pathological aggregation (Arai et al., 2006; Neumann et al., 2006). Aberrant
maturation of TDP-43 LLPS condensates induced by seeding (Gasset-Rosa et al., 2019)

or optogenetic clustering (Mann et al., 2019) diverts soluble TDP-43 into insoluble, high-
molecular-weight cytoplasmic aggregates that become unavailable for nuclear transport.
Interestingly, GU-RNA oligomers attenuate recombinant TDP-43 aggregation (French et al.,
2019) and optogenetically induced cytoplasmic TDP-43 aggregation in live cells (Mann

et al., 2019), consistent with the notion that access to GU-rich RNAs promotes TDP-43
solubility and availability for N/C transport.

Disruption of RNA metabolism in ALS and FTD

The observation that GU-rich nuclear RNAs regulate TDP-43 nuclear localization suggests
that disruption of nuclear RNA metabolism could contribute to TDP-43 nuclear clearance
in ALS and FTD. Indeed, disruption of RNA processing, stability and localization are of
growing interest in neurodegenerative diseases (Nussbacher et al., 2019; Butti and Patten,
2019; Zaepfe and Rothstein, 2021). The status of the GU-rich RNA gradient in TDP-43-
mislocalized cells in ALS and FTD is unknown, and few studies to date have examined
factors predicted to alter the availability of nuclear GU-rich RNA-binding sites. However,
analysis of genome-wide RNA stability in fibroblasts and induced pluripotent stem cells
by metabolic labeling (Bru-seq) demonstrated RNA destabilization in cells derived from
ALS patients (Tank et al., 2018). Spliceosomal machinery has also appeared as a common
denominator in knockout and interactome analyses of RBPs implicated in familial ALS
and FTD (Chi et al., 2018a; 2018b). Further investigation of these factors is warranted as
well as analysis of N/C transcriptome compartmentalization, which has shown changes in
nuclear RNA retention in neuropsychiatric disorders (Price et al., 2019) and may provide
insights into the perturbation of RNA gradients in ALS and FTD. Based on the conservation
of transcriptional blockade-induced TDP-43 nuclear efflux across multiple cell lines and
neurons, RNA-based regulation of TDP-43 nuclear localization appears to be conserved
across somatic and neuronal cells. It is tempting to speculate that cell-specific modifications
of RNA processing and metabolism (Mauger et al., 2016; Hermey et al., 2017; Jaffrey and
Wilkinson, 2018; Furlanis et al., 2019; Tyssowski and Gray, 2019; Ling et al., 2020) may
contribute to TDP-43 mislocalization in disease.
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Limitations of the study

This study tests the hypothesis that the N/C gradient of GU-RNAs regulates TDP-43
localization, owing to its preferential binding of GU-rich motifs. Although transcriptional
dependence of TDP-43 localization was confirmed in primary neurons and fibroblasts most
data are from Jn vitro studies in immortalized cell lines. It remains to be seen whether
nuclear GU-RNAs regulate TDP-43 localization in human neurons and /n vivo, which is
particularly important to the future application of these results in disease models. Results
obtained from transfection with synthetic RNA oligomers may be confounded by limited
control over the intracellular concentration. In addition, although studies were performed
with both unprotected and 2”-O-methyl- and phosphorothioate-protected oligomers, we have
not systematically explored the effects of the protective groups on binding affinity and RBP
selectivity. Finally, our results indicate that TDP-43 can passively diffuse through NPC
channels when either unbound from RNA (post-RNase digestion) or bound to short synthetic
RNAs. However the molecular state of TDP-43 passively traversing the NPC in living cells
is unknown, including whether TDP-43 exits in a monomeric or oligomerized form or when
bound to RNA or other ligands. Moreover, it remains to be tested how the availability o
TDP-43 for passive export is affected by the interplay between its RNA binding, nuclear
oligomerization, and LLPS.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Lindsey Hayes (Ihayes@jhmi.edu).

Materials availability—Plasmids generated in this study will be shared by the lead
contact upon completion of a material transfer agreement.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
Original Western blot images are included in the supplement (Data S1).

. This paper does not report original code.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—A single cell-derived clone of HeLa cells (ATCC; originally female-

derived) was maintained in OptiMEM (Gibco/ThermoFisher) with 4% FBS and penicillin-
streptomycin. HEK293T cells (ATCC; originally female-derived) and a monoclonal TDP-43
CRISPR-depleted HeLa cell line (a generous gift from Shawn Ferguson (Roczniak-Ferguson
and Ferguson, 2019)), were maintained in DMEM (Gibco/ThermoFisher) with 10%

FBS and penicillin-streptomycin. DLD1-wildtype cells (ATCC; originally male-derived)
and DLD1-NXF1-AID cells (Aksenova et al., 2020) were maintained in DMEM (Gibco/
ThermoFisher) with 10% FBS and penicillin-streptomycin. HFF1 human fibroblasts (ATCC;
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originally male-derived) were maintained in DMEM (Gibco/ThermoFisher) with 10% FBS.
hTERT-immortalized retinal pigment epithelial (RPEL) cells (ATCC; originally female-
derived) were maintained in DMEM/F12 (Gibco/ThermoFisher) with 10% FBS. All cells
were grown at 37°C in humidified air containing 5% CO». All cell lines were validated

by STR profiling (ATCC), routinely verified to be mycoplasma negative (Genlantis), and
frequently refreshed from frozen stocks.

Mouse primary cortical neuron culture—All animal procedures were approved by the
Johns Hopkins Animal Care and Use Committee. Timed pregnant C57BL/6J female mice
(Jackson Laboratory) were sacrificed by cervical dislocation at E16, cortex dissociated, and
cells (of mixed male/female gender) were plated at 50,000/well on poly-D-lysine/laminin-
coated, optical glass-bottom 96-well plates as described (Hayes et al., 2020, 2021). The
growth medium consisted of Neurobasal supplemented with B27, Glutamax, and penicillin/
streptomycin (Gibco/ThermoFisher). Cells were grown at 37°C in humidified air containing
5% CO,.

METHOD DETAILS

RNA oligonucleotides—Desalted lyophilized synthetic RNA oligonucleotides (Table S1)
were obtained from IDT. Upon reconstitution in sterile, RNAse- and DNAse-free water,
single-use aliquots were stored at =70°C.

Cloning of recombinant constructs—Plasmids for the expression of wild-type (WT)
human TDP-43 and its variants in tissue culture cells (Table S2) were prepared by Twist
Biosciences via gene synthesis between the Hindlll and Nhel sites in the pTwistEFla
expression vector. The expected sequences of TDP-43 open reading frames were verified by
Sanger sequencing.

Permeabilized cell TDP-43 export assays—HeLa cells were plated on Matrigel-
coated optical glass-bottom 96 well plates (CellVis) at 12,000-15,000 cells per well,
targeting 80-90% confluence at 24 h. To permeabilize, cells were rinsed for 2 min in
ice-cold PBS, and permeabilized on ice for 10 min in 25-35 ug/mL digitonin (Calbiochem)
in transport buffer (TRB, 20 mM HEPES, 110 mM KOAc, 2 mM Mg(OAc),, 5 mM
NaOAc, 0.5 mM EGTA, 250 mM sucrose, pH 7.4, with freshly added Halt protease inhibitor
(1:100, Promega)). The optimal digitonin concentration varied by cell density and passage
number and was optimized before each assay such that the majority of plasma membranes
were permeabilized while maintaining the nuclear exclusion of a 70 kD fluorescent dextran
(ThermokFisher). Before initiating the export assay, the permeabilized cells were washed
twice in ice-cold TRB.

Assay components, including 1,6-HD (Sigma-Aldrich), ATP (pH 7.5, Sigma-Aldrich),
RNase A (ThermoFisher), or RNA oligomers (Table S1, synthesized by IDT or Sigma-
Aldrich) were premixed in TRB in 96-well plates and equilibrated at the appropriate
temperature (4°C, 25°C, or 37°C) before cell permeabilization. Except for RNase A-
containing assays, TRB was routinely supplemented with RNasin Ribonuclease Inhibitor
(1000 U/mL, Promega). Following permeabilization, the assay mix was transferred onto
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permeabilized cells via a multichannel pipette, and export was allowed to proceed at

the temperature (4°C, 25°C, or 37°C) and for the time (30-60 min) indicated in the

figure legends before fixation in 4% paraformaldehyde/PBS (Electron Microscopy Sciences)
for 15 min. An additional plate of cells designated as ‘time 0” was fixed immediately
post-permeabilization for each replicate to enable data normalization across independent
biological replicates.

Permeabilized cell Rango nuclear import assay—The recombinant Rango sensor
was prepared as used in nuclear import assays as recently described (Hayes et al., 2020,
2021). Briefly, following HeLa cell permeabilization as above, Rango nuclear import assays
were performed with or without 2.5 mM ATP (pH 7.5, Sigma-Aldrich) and HEK whole

cell lysate (2.5 mg/mL in TRB) at 37°C for 30 min. Cells were fixed for 15 min in 4%
paraformaldehyde/PBS, washed 2x with PBS containing Hoechst 33342, and transferred to
50% glycerol/PBS for immediate imaging. A subset of assays included recombinant WT
human importin f and RanGTP-resistant importin  (71-876) (Drutovic et al., 2020).

Live cell TDP-43 localization assays—HelLa and DLD1 cells were plated in uncoated,
optical glass-bottom 96-well plates (CellVis) to achieve ~75% confluence at the time

of shuttling assays. For transcriptional inhibition, cells were treated with ActD (Sigma-
Aldrich, in DMSO) or NVP2 (Tocris Bioscience, in DMSQ) at doses/times indicated in
the figure legends. For splicing inhibition, cells were pretreated for 4 h with escalating
doses of isoginkgetin (IGK, Millipore-Sigma, in DMSO) or pladienolide B (PLB, Cayman
Chemicals, in DMSO) before the addition of 250 nM NVP2. For NXF1 ablation
experiments, DLD1-wildtype and DLD1-NXF1-AID cells were pretreated for 0-8 h with
0.5 mM synthetic auxin (3-indoleacetic acid, Sigma, in ethanol) before the addition of

250 nM NVP2. Synthetic RNA oligonucleotides were transfected using Lipofectamine
RNAiMax (ThermoFisher) according to the manufacturers’ instructions. Serial dilutions of
RNA oligomers were prepared in Opti-MEM (Gibco/ThermoFisher) and mixed 1:1 with
diluted RNAIMAX (1.5 uL per 25 uL Opti-MEM). After a 5 min incubation at room
temperature, transfection mixes were added to culture media (10 uL transfection mix per
100 pL media in 96-well format). RNA oligonucleotide concentrations listed in the figures
denote the final concentration after diluting the transfection mix into culture media. Cells
treated with RNAIMAX alone were used as a mock transfection control. At the conclusion
of the experiments, cells were fixed in 4% paraformaldehyde/PBS (Electron Microscopy
Sciences) for 15 min before immunostaining.

Immunofluorescence—Paraformaldehyde-fixed cells were rinsed with PBS and
simultaneously permeabilized and blocked with 0.1% Triton-X 100 and 10% normal goat
serum (NGS, Vector Labs) in PBS for 30 min at room temperature. Primary antibodies in
10% NGS/PBS were added to the cells and incubated for 60-90 min at room temperature

or overnight at 4°C. Cells were rinsed twice with PBS and Alexa Fluor (AF)-labeled
secondary antibodies (ThermoFisher) were added in 10% NGS/PBS and incubated for 1 h at
room temperature. In experiments with biotinylated oligomers, Streptavidin-AF568 (1:500,
ThermoFisher) was added together with the secondary antibody. Cells were rinsed with PBS
containing Hoechst 33342 and transferred to 50% glycerol/PBS for imaging.
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RNA labeling—For polyA fluorescence /n situ hybridization (FISH), cells were fixed in
10% molecular grade-formaldehyde (Sigma-Aldrich) in PBS for 20 min, permeabilized in
0.1% Triton-X 100/PBS for 10 min, and washed 3 times in 1x PBS and 2 times in 2x SSC
buffer (Sigma-Aldrich) for five min each. Cells were prehybridized for 1 h in hybridization
buffer at 42°C (Thermo) and then incubated in Cy3-oligo-dT(45) probe (IDT, 100 nM in
hybridization buffer) overnight at 42°C. Cells were washed with decreasing concentrations
of SSC buffer at 42°C (2x, 0.5x, and 0.1x in PBS, for 20 min each), with Hoechst 33342
nuclear counterstain included in the final wash.

For click-chemistry labeling of nascent RNA synthesis, cells were treated with 200 uM
5-ethynyl-uridine in culture media for 30 min, fixed with 4% paraformaldehyde/PBS for 15
min, permeabilized and blocked in 2% BSA/0.1%TX-100 in PBS for 30 min, and labeled
with 0.5 uM AF488-Picolyl Azide using the Click-&-Go Cell Reaction Buffer kit according
to the manufacturers’ instructions (all reagents from Click Chemistry Tools). Cells were
subsequently immunolabeled for TDP-43 as described above.

qRT-PCR—=Cells were rinsed in PBS and lysed in TRIzol (ThermoFisher), and total RNA
was isolated following the manufacturer’s protocol and resuspended in nuclease-free water.
Subsequently, first-strand cDNA synthesis was performed with 1mg total RNA using the
High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). gRT-PCR was performed
using PowerSYBR Green PCR Master Mix (ThermoFisher) with 10ng cDNA per well and
intron primers (500nM) or with TagMan Fast Advanced Master Mix (ThermoFisher) with
12.5ng of cDNA per well using TagMan probes. All gRT-PCR assays were performed on a
QuantStudio 3 Real-Time PCR System.

N/C fractionation and immunoblotting—24-48 h post-transfection with VV5-tagged
TDP-43 and RRM mutants, TDP-43 CRISPR KO HeLa cells were lysed for N/C
fractionation and SDS-PAGE with the NE-PER kit (ThermoFisher) according to the
manufacturer’s instructions. Total protein concentration was measured using the DC Protein
Assay kit (Bio-Rad). Nuclear (5 g total protein) and cytoplasmic (10 pg total protein)
fractions were boiled in Laemmli buffer (Bio-Rad), run on Criterion 4-20% Gels (Bio-Rad),
and transferred to nitrocellulose membranes using a TransBlot Turbo system (BioRad).
Membranes were blocked with 5% non-fat milk in TBS-Tween and probed by sequential
incubation in primary antibody overnight at 4°C. Detection was via HRP-conjugated
secondary antibodies/chemiluminescence using an ImageQuant LAS 4000 system (GE).
Band intensities were measured using ImageQuant software.

Pulldowns with biotinylated RNA oligomers—HeLa cells were transfected as
described above with 500 nM biotinylated-A12, -(GU)6, or RNAIMAX alone (mock
transfection). 5 h post-transfection, cells were rinsed with DPBS (no Ca2* or Mg2*),

and half were UV crosslinked (A = 254 nm, 1.5 J/cm? on ice). Cells were harvested by
trypsinization, spun at 300g for 2 min, washed twice with DPBS, and resuspended in lysis
buffer (1% NP40 in PBS, pH 7.4 with protease inhibitor, and 2.5% v/v RNase inhibitor).
After 10s sonication, lysates were incubated on ice for 5 min and clarified by centrifugation
(21,0009, 5 min, 4°C). After protein concentration measurement (Bio-Rad Protein Assay
Kit 1), samples were diluted with lysis buffer to 4 pg/uL. 70 uL of lysate was then added
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to DPBS-washed magnetic SAV-conjugated beads (ThermoFisher, 15 UL beads/sample) and
rotated at 4°C for 1.5 h. Supernatants were collected using a magnetic stand and beads
were washed 5 times with ice-cold RIPA buffer (50mM Tris-HCI, pH 8.0, 5mM EDTA, 1%
Triton X-100, 0.5% Sodium Deoxycholate, 0.1% SDS, 150mM NaCl). Beads were rinsed
once with water, resuspended in 15 uL. RNase elution buffer (100mM triethylammonium
bicarbonate, 1% SDS, 0.2 pg/uL RNase A) (Villanueva et al., 2020), kept overnight at 4°C,
and then incubated in a thermomixer at 37°C at 1500 rpm for 1.5h. After collecting the
RNase eluate on a magnetic stand, beads were rinsed with an additional 6 uL. RNase elution
buffer that was combined with the eluate. Finally, samples were re-eluted with Laemmli
sample buffer (Bio-Rad, 2X with 5% B-mercaptoethanol) for 5 min at 100°C to elute

any remaining bead-bound proteins. Samples were separated by SDS-PAGE, transferred to
PVDF membranes, and immunoblots developed as described above.

ATP quantification—Permeabilized and live cells in TRB were lysed and ATP
levels quantified using the CellTiter-Glo luminescence assay (Promega) according to
the manufacturers’ instructions. Luminescence was measured using a SpectraMax M3
microplate reader (Molecular Devices).

Image processing for figures—IF images were cropped and minimally processed for
figures using Adobe Photoshop 2021(v22.4.3) as follows and as indicated in the figure
legends. For raw intensity comparisons, including the nascent RNA signal (Figures 1 and
S1) and the TDP-43 nuclear signal in permeabilized cells (Figures 2 and 4), the intensity
histogram of the designated control was maximized based on the brightest and dimmest
pixels, and those parameters were subsequently applied to all other images. For comparisons
of shifts in the N/C ratio (all other figures), the intensity histogram was independently
maximized according to the brightest and dimmest pixels in each image to visualize the
nuclear and cytoplasmic compartments. The fire pseudo-color LUT was applied in selected
images using FIJI/ImageJ (v2.1.0/1.53c) to aid data visualization. The quantitative/linear
map is provided in the images. All adjustments were linear (no gamma changes) and applied
equally to the entire image. Immunoblots were cropped for space, and no other processing
was applied.

QUANTIFICATION AND STATISTICAL ANALYSIS

High content imaging and analysis—Automated cell imaging was carried out using
an ImageXpress Micro Confocal high content microscope with MetaXpress software
(Molecular Devices) as previously described (Hayes et al., 2020, 2021). Briefly, nine
non-overlapping fields per well were imaged at 20x (immortalized cells) or 40x (neurons)
magnification in spinning disc confocal mode with 60 um pinhole, with exposures targeting
half-maximal saturation (33,000 / 65,536 relative fluorescent units (RFU) in unbinned, 16-
bit images). For HeLa, DLD1, RPEL, and fibroblast cell lines, the background-corrected
mean and integrated nuclear and cytoplasmic intensities and the nuclear/cytoplasmic (N/C)
ratio were calculated using the MetaXpress translocation-enhanced module as described
(Hayes et al., 2020, 2021). Nuclear puncta (Figure S7D) were quantified using the
granularity module with liberal cutoff values to identify puncta from 0.5 to 6 uM in size
(1-18 pixels at 20x magnification), with intensity > 7500 RFU above the local background.
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Hoechst was used to identify the nucleus, and nuclear and cytoplasmic compartments were
set several pixels inside and outside the nuclear envelope to avoid edge effects. All image
analysis was carried out on raw, unaltered images. Raw data were uniformly filtered to
exclude errors of cell identification (probe intensity = 0) and non-physiologic N/C ratios
(N/C < 0.1 or >100). For transient transfections, data were filtered by mean intensity

to exclude untransfected cells (<1000 RFU) and highly expressing cells (>45,000 RFU).
As indicated in the figure legends, the resulting data were normalized across technical

and biological replicates as % untreated/vehicle-treated controls or percent time 0. The
approximate number of cells/well across replicates is also provided.

Neuron linescan analysis—Neuronal nuclear and cytoplasmic intensities were manually
analyzed in Image J (FIJI v2.1.0/1.53c) using a linescan method, as the asymmetry of
neuronal cytoplasm precluded accurate automated analysis using circular regions of interest
around the nucleus. A 35-pixel line was drawn from the center of the nucleus into the
cytoplasm of 6080 cells per group, and the mean nuclear and cytoplasmic intensity was
calculated from the plotted intensity profile. Mean background intensity was sampled from
three randomly selected cell-free regions of each image and subtracted from the nuclear and
cytoplasmic intensities before calculation of the N/C ratio.

Statistical analysis—Prism v9.2.0-v9.3.1 (Graphpad) was used for all statistical analyses.
Dose-response curves were fit by non-linear regression, using raw or log;g-transformed
concentrations. As reported in the figure legends, statistical differences among means

were analyzed by two-tailed unpaired t-test, one-way ANOVA, or two-way ANOVA. Test
assumptions, including Gaussian distribution and equal variance were carefully considered
along with sample size and experimental design in statistical tests. The number of biological
replicates (independent cell passages and experiments) was used as the N for statistical
analysis for all assays. Post-hoc tests for multiple comparisons were selected based on

the type of ANOVA and the comparisons being performed (i.e., comparison with a single
control or comparison of all values), according to Prism default settings. Outliers were
detected with the extreme Studentized deviate (Grubbs) method to detect a single outlier (a
= 0.05). This resulted in one outlier being removed (Figure 5A). ANOVA tables and exact p
values for all comparisons are provided in the supplement (Data S2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Binding to nuclear GU-rich RNAs restricts TDP-43 availability for nuclear
export

RNA-binding domain mutations disrupt TDP-43 nuclear localization

Perturbations of RNA transcription, splicing, or export alter TDP-43
localization

TDP-43 unbound from RNA exits nuclei by passive diffusion via nuclear pore
channels
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Figure 1. NVP2-induced RNA pol Il inhibition promotes TDP-43 nuclear export
(A) Nascent RNA labeled with AF488-picolyl azide via 5-EU/click chemistry (top) and

TDP-43 IF (bottom) in HeLa cells treated with NVP2 for 1 h. Arrows indicate rRNA puncta
unaffected by NVP2. Scale bar, 25 um.

(B and C) Nascent RNA (AF488) mean nuclear intensity (B) and TDP-43 nuclear/
cytoplasmic ratio (N/C) (C) expressed as percentage of DMSO control. Mean + SD is shown
for >2,000 cells/group in each of three biological replicates. ICsq at 1 h was calculated by
non-linear regression. See also Figure S1.

(D) Steady-state TDP-43 N/C in HeLa cells, mouse primary cortical neurons, human HFF1
fibroblasts, and human retinal pigment epithelial (RPEL) cells fixed and immunostained with
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mouse monoclonal anti-TDP-43. Mean * SD is shown for 6-7 biological replicates. See also
Figure S2.

(E) NVP2-induced shift in TDP-43 N/C, shown as percentage of DMSO control, following 3
h with 250 nM NVP2. Mean * SD is shown for 3-5 biological replicates.

(F) RBP N/C in HeLa cells treated with 250 nM NVP2 for 30 min to 6 h. Curves were fit by
non-linear regression using the mean of 3—4 biological replicates per RBP. See also Figure
S3.

In (D), (E), and (F), >2,000 cells/replicate for cell lines and 60-80 cells/replicate for
neurons. ns, not significant; *p < 0.05, **p < 0.01, ****p < 0.0001 by one-way ANOVA
with Tukey’s test.
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Figure 2. TDP-43 exits the nucleus by passive diffusion in permeabilized cells
(A) Permeabilized cell TDP-43 passive export assay. See also Figure S4.

(B) TDP-43 IF (top) and Hoechst (bottom) in HeLa cells fixed immediately (time Q) or 60
min post permeabilization, following incubation at 4°C or 37°C. The intensity histogram

for TDP-43 images was normalized to time 0, prior to pseudo-color look-up table (LUT)
(middle). Scale bar, 50 pm.

(C) TDP-43 integrated nuclear intensity in permeabilized HeLa cells normalized to time 0.
Mean + SD is shown for >2,000 cells/well in five biological replicates.

(D) TDP-43 IF (top) and Hoechst (bottom) in permeabilized HeLa cells incubated for 30
min at 4°C versus 37°C with 1,6-HD. The intensity histogram for TDP-43 images was
normalized to untreated cells at 4°C. Scale bar, 50 um.

(E) TDP-43 integrated nuclear intensity in permeabilized HeLa cells incubated for 30 min at
4°C versus 37°C with 1,6-HD, normalized to untreated cells at 4°C. Mean £ SD is shown for
>2,000 cells/well in three biological replicates.

In (C) and (E), ***p < 0.001, ****p < 0.0001 by two-way ANOVA with Tukey’s test.
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Figure 3. Acute NXF1 ablation does not alter NVP2-induced TDP-43 nuclear export
(A) NXF1 immunoblot in DLD1-wild-type versus NXF1-AlID cells treated with 0.5 mM

auxin for 0-4 h. Note the increased molecular weight for AID-tagged (*)versus endogenous
NXF1 (>).

(B) PolyA-FISH (Cy3-OligodT(45)) in DLD1-wild-type versus NXF1-AlID cells treated
with 0.5 mM auxin. Scale bar, 25 um.

(C) PolyA-RNA N/C shown as percentage of wild-type untreated cells.

(D) TDP-43 N/C in DLD1-wild-type cells (left) and NXF1-AID cells (right) pretreated with
0.5 mM auxin for 0-8 h, followed by 2 h auxin + 250 nM NVP2. Data in both panels are
normalized to untreated DLD1-wild-type cells (dotted line).

(E) TDP-43 N/C in NVP2 treated versus untreated cells in DLD1-wild-type (black) versus
NXF1-AID (red) cells. These are the same data as (D), adjusted for differences in the

steady-state TDP-43 N/C ratio to permit comparison of NVP2-induced TDP-43 nuclear exit.

In (C), (D), and (E), mean £ SD is shown for >3,000 cells/well in four biological replicates.
ns, not significant; ***p < 0.001, ****p < 0.0001 by two-way ANOVA with Sidak’s test.
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Figure 4. RNase and GU-rich oligomers induce TDP-43 nuclear efflux
(A) Addition of RNase A or RNA oligomers to the permeabilized cell TDP-43 passive

export assay.

(B) TDP-43 IF (top) and Hoechst (bottom) in permeabilized HeL a cells incubated for 30
min at 4°C £ RNase A. Scale bar, 25 um.

(C) TDP-43 integrated nuclear intensity in permeabilized HeLa cells incubated for 30 min
at 4°C versus 37°C + RNase A. Data are normalized to untreated cells kept at 4°C. ****p <
0.0001 versus untreated by two-way ANOVA with Tukey’s test. See also Figure S5.

(D) TDP-43 integrated nuclear intensity (percent untreated) in permeabilized HeLa cells
incubated for 30 min at 4°C with A16, (GU)8, or “AUG12.”

(E) TDP-43 integrated nuclear intensity (percent untreated) in permeabilized HeLa cells
incubated at 4°C, 25°C, or 37°C for 30 min with (GU)8.

(F) Integrated nuclear intensity of nuclear RBPs (percent untreated) in permeabilized HeLa
cells incubated for 30 min at 4°C with (GU)8. Note that TDP-43 data are the same as in (D).
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(G) Integrated nuclear intensity of nuclear RBPs (percent untreated) in permeabilized HeLa
cells incubated for 30 min at 4°C with the indicated oligomers.

(H) Transfection of live HeLa cells with protected RNA oligomers.

(I) TDP-43 N/C (percent untreated) 5 h post transfection with protected A13 or (GU)6.

(J) RBP N/C (percent untreated) 5 h post transfection with protected (GU)6. Note that
TDP-43 data are the same as the (GU)6 data in (I).

In (F), (G), and (J), RBP in red is the most closely predicted binding partner for that motif,
green is moderately similar, and gray and black denote no or low predicted binding. In (C)
to (J), mean + SD is shown for >2,000 cells/well in 3—4 biological replicates. ICsq was
calculated by non-linear regression. See Table S1 for oligomer sequences.
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Figure 5. Inhibition of pre-mRNA splicing promotes TDP-43 nuclear accumulation
(A—-C) gRT-PCR quantification of DNAJB1 (A), RIOK3 (B), and BRD2 (C) introns,

normalized to U6 small nuclear RNA in HeLa cells treated for 4 h with IGK or PLB.

Mean + SD is shown for four biological replicates. A single outlier was removed from IGK
at 100 uM (fold change 18.78) via Grubbs test (a = 0.05). **p < 0.01, ***p < 0.001, ****p
< 0.0001 by one-way ANOVA with Dunnett’s test.
(D) TDP-43 IF in HeLa cells treated with IGK for 4 h, followed by 2 h + 250 nM NVP2.

Scale bar, 25 um.

(E) TDP-43 N/C (percent untreated) in IGK or IGK + NVP2-treated cells.

(F) TDP-43 N/C (same data as B) shown as percentage of IGK only to permit comparison of

NVP2-induced nuclear exit. 1C5y Was calculated by non-linear regression.

(G) TDP-43 IF in HeLa cells treated with PLB for 4 h, followed by 2 h PLB + 250 nM

NVP2. Scale bar, 25 pm.
(H) TDP-43 N/C (percent untreated) in PLB or PLB + NVP2-treated cells.
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(1) TDP-43 N/C (same data as E) shown as percentage of PLB only, to permit comparison of
NVP2-induced nuclear exit. ICsqg was calculated by non-linear regression.

In (D) and (G), the intensity histogram for each image was independently maximized across
the full range and a pseudo-color LUT was applied. In (E), (F), (H), and (1), mean £ SD

of >2,000 cells/well in four biological replicates. ns, not significant; ***p < 0.001, ****p <
0.0001 by two-way ANOVA with Tukey’s test. See also Figure S6.
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Figure 6. Mutation or deletion of TDP-43 RRM domains disrupts TDP-43 nuclear localization
(A) V5-tagged TDP-43 RRM mutant constructs (top) and V5 IF (bottom) in transiently

transfected TDP-43 CRISPR KO Hela cells, after 1 h with 250 nM NVP2. The intensity
histogram for each image was independently maximized across the full range and a pseudo-
color LUT was applied. Scale bar, 25 um. For plasmids see Table S2. See also Figure S7.
(B) V5 N/C ratio of TDP-43WT versus RRM mutants in transiently transfected TDP-43
CRISPR KO Hela cells, following 3 h with 250 nM NVP2. Data are normalized to
DMSO-treated TDP43WT cells. Mean + SD is shown of >1,000 cells/well in six biological
replicates.
(C) N/C fractionation and immunoblotting of TDP-43 CRISPR KO Hela cells, transiently
transfected with VV5-tagged TDP-43 constructs and treated for 3 h with 250 nM NVP2.
Lamin B1, nuclear marker; GAPDH, cytoplasmic marker.
(D) V5 N/C normalized to DMSO-treated TDP43WT cells. Mean + SD is shown for three

biologica

| replicates.

In (B) and (D), ns denotes not significant; ****p < 0.0001 by two-way ANOVA with
Tukey’s test.
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Figure 7. Mechanisms coupling TDP-43 localization with nuclear GU-rich pre-mRNA binding

and abundance

(A) Under physiological conditions, nuclear TDP-43 is highly bound to GU-rich nuclear
RNAs, limiting the pool of free TDP-43 capable of exiting nuclei by free diffusion through

NPCs.

(B) Perturbations that deplete nuclear GU-rich RNAs or impair TDP-43 RNA binding
(e.g., transcriptional blockade, RNase, RRM mutations, or putative disruption of GU-RNA
homeostasis in disease) cause an initial increase in nuclear free TDP-43, accelerating its
passive export until reaching steady state at a lower N/C ratio.

Insets depict the cellular GU-RNA N/C gradients that dictate TDP-43 localization.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-TDP43 monoclonal (WB: 1:2000, IF:
1:2000-1:5000)

Rabbit anti-TDP43 polyclonal (WB (RNA-IP) 1:2600)
Rabbit anti-hnRNP A1 polyclonal (IF: 1:2000)
Mouse anti-hnRNP A2/B1 monoclonal (IF: 1:50)

Rabbit anti-hnRNP A2/B1 polyclonal (IF: 1:1000)
Mouse anti-hnRNP C1/C2 monoclonal (IF: 1:100)

Rabbit anti-hnRNP F polyclonal (IF 1:500)
Mouse anti-hnRNP K monoclonal (IF: 1:100)

Rabbit anti-hnRNP M polyclonal (IF: 1:500)
Rabbit anti-FUS polyclonal (IF: 1:3000)
Rabbit anti-PABPN1 monoclonal (IF: 1:1000)
Rabbit anti-PCBP1 polyclonal (IF: 1:500)
Rabbit anti-Matrin 3 monoclonal (IF 1:1000)
Mouse anti-AlyREF monoclonal (IF: 1:500)

Rabbit anti-Nup50 monoclonal (IF: 1:250)
Rabbit anti-DDX19b polyclonal (IF: 1:3000)

Rabbit anti-NXF1 monoclonal (IF 1:2000, WB: 1:2000)

Rabbit anti-ELAVL1/HUR monoclonal (IF: 1:100)

Mouse anti-DEK monoclonal (IF: 1:100)

Mouse anti-Y14 monoclonal (IF 1:100)

Mouse anti-sc35 monoclonal (IF 1:2000)
Mouse anti-U1-70K monoclonal (IF 1:500)
Mouse anti-U2AF65 (IF 1:100)

Mouse anti-UAP56 (BAT1) monoclonal (IF 1:50)

Rabbit anti-DHX15 polyclonal (IF 1:200)
Rabbit anti-GAPDH monoclonal (WB: 1:3000)

Rabbit anti-V5 monoclonal (WB: 1:1000, IF 1:2000)

Rabbit anti-Lamin B1 polyclonal (WB: 1:1000)

Goat anti-mouse 1gG AF488 polyclonal (IF: 1:1000)
Goat anti-rabbit IgG AF488 polyclonal (IF: 1:1000)
Goat anti-mouse 1gG AF647 polyclonal (IF: 1:1000)

Abcam [3H8]

Proteintech
Proteintech

Santa Cruz
Biotechnology

Thermo Fisher Scientific

Santa Cruz
Biotechnology

Thermo Fisher Scientific

Santa Cruz
Biotechnology

Thermo Fisher Scientific
Bethyl
Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

Santa Cruz
Biotechnology

Abcam
Abcam
Abcam

Cell Signaling
Technology

Santa Cruz
Biotechnology

Santa Cruz
Biotechnology

Sigma-Aldrich
Millipore

Santa Cruz
Biotechnology

Santa Cruz
Biotechnology

Thermo Fisher Scientific

Cell Signaling
Technology

Cell Signaling
Technology

Abcam
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# ab104223; RRID:AB_10710019

Cat# 10782-2-AP; RRID:AB_615042
Cat# 11176-1-AP; RRID:AB_2117177
Cat# sc-53531; RRID:AB_2248245

Cat# PA5-30061; RRID:AB_2547535
Cat# sc-32308; RRID:AB_627731

Cat# PA5-22341; RRID:AB_11155780
Cat# sc-28380; RRID:AB_627734

Cat# PA5-30247; RRID:AB_2547721
Cat# A300-302A; RRID:AB_309445
Cat# MA5-32621; RRID:AB_2809898
Cat# PA5-65369; RRID:AB_2663337
Cat# ab151714; RRID:AB_2491618
Cat# sc-32311; RRID:AB_626667

Cat# ab137092; RRID:AB_2921286
Cat# ab151478; RRID:AB_2921287
Cat# ab129160; RRID:AB_11142853
Cat# 12582; RRID:AB_2797964

Cat# sc-136222; RRID:AB_2245948

Cat# sc-32312; RRID:AB_2178827

Cat# S4045; RRID:AB_477511
Cat# 05-1588; RRID:AB_10805959
Cat# sc-53942; RRID:AB_831787

Cat# sc-271395; RRID:AB_10609494

Cat# PA5-61413; RRID:AB_2640582
Cat# 5174, RRID:AB_10622025

Cat# 13202; RRID:AB_2687461

Cat# ab16048; RRID:AB_443298
Cat# A32723; RRID:AB_2633275
Cat# A32731; RRID:AB_2633280
Cat# A32728; RRID:AB_2633277
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REAGENT or RESOURCE SOURCE IDENTIFIER

Horse anti-mouse 19G HRP-conjugated polyclonal (WB: Cell Signaling Cat# 7076; RRID:AB_330924

1:5000) Technology

Goat anti-rabbit IgG HRP-conjugated polyclonal (WB: 1:5000) Cell Signaling Cat# 7074; RRID:AB_2099233
Technology

Bacterial and virus strains

NEB 5-alpha E.coli (High Efficiency) New England Biolabs Cat# C2987H
BL21(DE3) Competent E£. coli New England Biolabs Cat# C2527H
Chemicals, peptides, and recombinant proteins

Recombinant RNasin Ribonuclease Inhibitor Promega Cat# N2515
RNase A Thermo Fisher Scientific ~ Cat# EN0531
Digitonin, high purity Calbiochem Cat# 300410
1,6-Hexanediol Sigma-Aldrich Cat# 240117
ATP disodium salt hydrate Sigma-Aldrich Cat# A6419
Actinomycin D Sigma-Aldrich Cat# A9415
NVP-2 Tocris Bioscience Cat# 6535
5-ethynyl-uridine Click Chemistry Tools Cat# 1261
Isoginkgetin Millipore Sigma Cat# 416154
Pladienolide B Cayman Chemicals Cat# 13568
Auxin (3-indoleacetic acid) Sigma-Aldrich Cat# 12886
Dynabeads, MyOne Streptavidin C1 Thermo Fisher Scientific ~ Cat# 65001
Streptavidin, Alexa Fluor-568 conjugate Thermo Fisher Scientific ~ Cat# S11226
ULTRAhyb-Oligo hybrididzation buffer Invitrogen Cat# AM8663
SSC Buffer 20X Concentrate Sigma-Aldrich Cat# S6639
Lipofectamine RNAIMAX Thermo Fisher Scientific ~ Cat# 13778030

Triethylammonium bicarbonate Sigma-Aldrich Cat# 18597-100ML
SDS, 20% Solution, RNase-free Thermo Fisher Scientific ~ Cat# AM9820
Critical commercial assays

Click-&-Go Cell Reaction Buffer kit Click Chemistry Tools Cat# 1263
CellTiter-Glo 2.0 assay kit Promega Cat# G9242
NE-PER Nuclear and Cytoplasmic Extraction Reagents Thermo Fisher Scientific ~ Cat# 78833

TDP-43 Tagman assay

GAPDH Tagman assay

PowerSYBR Green PCR Master Mix
TagMan Fast Advanced Master Mix
MycoScope PCR Mycoplasma Detection Kit

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Genlantis

Cat# Hs00429203_gH
Cat# Hs02786624_g1
Cat# 4368577

Catff 4444556

Cat# MY01100

Experimental models: Cell lines

HeLa cells (human)

TDP-43 CRISPR KO HeLa cells (human)

HEK293T cells (human)
DLD1-wildtype cells (human)

DLD1-NXF1-AlID cells (human)

ATCC and (Kalab et al.,
2006)

(Roczniak-Ferguson and
Ferguson, 2019)

ATCC

ATCC and (Aksenova et
al., 2020)

(Aksenova et al., 2020)

Hela clone 61

N/A

Cat# CRL-3216
Cat# CCL-221

N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse primary cortical neurons

HFF1 human fibroblasts
hTERT RPE1 cells

C57BL/6J E16 timed
pregnant mice (Jackson
laboratory)

ATCC
ATCC

Cat# 000664

Cat# SCRC-1041
Cat# CRL-4000

Experimental models: Organisms/strains

C57BL/6J timed pregnant female mice Jackson Laboratory Cat# 000664

Oligonucleotides

RNA oligonucleotides This study See Table S1

Cy3-oligo-dT(45) IDT N/A

U6 forward primer: CGCTTCGGCAGCACATATAC (O’Brien et al., 2008) N/A

UG reverse primer: GAATTTGCGTGTCATCCTTG (O’Brien et al., 2008) N/A

DNAJBL1 Intron 3 Forward GGCCTGATGGGTCTTATCTATGG  (Kotake et al., 2007) N/A

DNAJBL1 Intron 3 Reverse (Kotake et al., 2007) N/A

TTAGATGGAAGCTGGCTCAAGAG

RIOK3 Intron 3 Forward (Kotake et al., 2007) N/A

TCAATGGAGATAGCAAAGGTATTATAAC

RIOK3 Intron 3 Reverse (Kotake et al., 2007) N/A

AGATTTACTTAGGAGCACATTATGAGTG

BRD2 Intron 3 Forward (Kotake et al., 2007) N/A

AGGTAATGTCACAGGATGGGAAGT

BRD2 Intron 3 Reverse CCCTGCTGCCTTTCTCTAACC (Kotake et al., 2007) N/A

Recombinant DNA

V5-tagged TDP-43 expression constructs This study See Table S2

pcDNA3.2 TDP-43 YFP (Elden et al., 2010) via Cat#84911
Addgene

pcDNA3.2 TDP-43 5F-L YFP (Elden et al., 2010) via Cat#84914
Addgene

pRSET Rango-2/al+linkers (Hayes et al., 2020) pK44

Importin B (71-876) (Drutovic et al., 2020) pKW488

Software and algorithms

MetaXpress (v6.1.0.2071)

MetaXpress N/C translocation-enhanced algorithm

MetaXpress granularity algorithm

ImageQuant TL (v7.0)

Molecular Devices

(Hayes et al., 2020,
2021)

This study
GE Healthcare

https://www.moleculardevices.com/products/
cellular-imaging-systems/acquisition-and-
analysis-software/metaxpress#gref

N/A

N/A

https://
imagequanttl.software.informer.com/7.0/

Prism (v9.2.0-9.3.1) Graphpad https://www.graphpad.com/

F1J1/lmage J (v2.1.0/1.53c) NIH https://imagej.net/software/fiji/

Photoshop 2021 (v22.4.3) Adobe https://www.adobe.com/products/
photoshop.html

Other

ImageXpress Micro Confocal System
LSM980 Confocal Microscope

Trans-Blot Turbo Transfer System

Molecular Devices
Zeiss

Bio-Rad

N/A
N/A
Cat#1704150
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REAGENT or RESOURCE SOURCE IDENTIFIER

Nano-drop 1000 Thermo Scientific N/A

QuantStudio 3 Real-Time PCR System ThermoFisher N/A

ImageQuant LAS 4000 System GE Healthcare N/A

Spectramax M3 plate reader Molecular Devices N/A

Thermomixer F1.5 Eppendorf Cat#5384000020

UV Stratalinker 1800 Stratagene N/A
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