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SUMMARY
Amyotrophic lateral sclerosis (ALS) is characterized by nucleocytoplasmic mislocalization of the RNA-bind-
ing protein (RBP) TDP-43. However, emerging evidence suggests more widespread mRNA and protein mis-
localization. Here, we employed nucleocytoplasmic fractionation, RNA sequencing, and mass spectrometry
to investigate the localization of mRNA and protein in induced pluripotent stem cell-derived motor neurons
(iPSMNs) from ALS patients with TARDBP and VCP mutations. ALS mutant iPSMNs exhibited extensive nu-
cleocytoplasmic mRNA redistribution, RBP mislocalization, and splicing alterations. Mislocalized proteins
exhibited a greater affinity for redistributed transcripts, suggesting a link between RBP mislocalization and
mRNA redistribution. Notably, treatment with ML240, a VCP ATPase inhibitor, partially restored mRNA and
protein localization in ALS mutant iPSMNs. ML240 induced changes in the VCP interactome and lysosomal
localization and reduced oxidative stress and DNA damage. These findings emphasize the link between RBP
mislocalization andmRNA redistribution in ALSmotor neurons and highlight the therapeutic potential of VCP
inhibition.
INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative

disease characterized by motor neuron degeneration and lacks

effective treatments.1 Understanding ALS pathogenesis is crit-

ical for identifying therapeutic targets.2 The hallmark of ALS pa-

thology is the mislocalization of TDP-43; however, other RNA-

binding proteins (RBPs) such as FUS, SFPQ, heterogeneous

ribonucleoprotein particles (hnRNPs), and ELAVL3 have been

found to be mislocalized.3–9 RBP mislocalization affects nucle-

ocytoplasmic transport in ALS by interfering with nuclear pore

complex (NPC) components.10–15 Although the impact of RBP

mislocalization and nucleocytoplasmic transport defects on

mRNA localization is recognized, few systematic attempts to

evaluate the transcriptome- and proteome-wide subcellular

distribution in ALS have been conducted.16–19

mRNA distribution between the nucleus and cytoplasm is

regulated by transcript synthesis, degradation, RNA processing,

nucleocytoplasmic transport, and RBP interactions.20–22 RBP

interactions coordinate 50 capping, intron splicing, 30 end
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cleavage, and polyadenylation, facilitating nuclear export and

mRNA translation.23,24 Intron splicing in humans is coupled

with nuclear export through the TREX export complex and

mRNA adapters.25,26 Thus, transcripts retaining introns are pri-

marily detained in the nucleus, ensuring that fully processed

mRNAs encounter the cytoplasmic translation machinery.27

The ability to differentiate patient-derived induced pluri-

potent stem cells (iPSCs) into motor neurons (iPSMNs) has

transformed ALS modeling, enabling the study of motor-

neuron-specific changes attributable to genetic back-

grounds.4,28–32 While studying whole-cell extracts has re-

vealed gene expression changes in ALS iPSMNs, subcellular

fractionation of iPSMNs into nuclear and cytoplasmic fractions

allows investigation of nucleocytoplasmic distribution.4,28–32 In

this study, we assessed mRNA and protein localization in

iPSMNs from healthy individuals and ALS patients with muta-

tions in TAR DNA binding protein (TARDBP) or Valosin-con-

taining pProtein (VCP, also known as p97). Our findings shed

light on the pathobiology of ALS and uncover a potential ther-

apeutic target.
ctober 4, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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RESULTS

Characterization of nuclear and cytoplasmic fractions
from iPSMNs
The nucleocytoplasmic localization of transcripts remains an

important but unresolved issue in ALS. To address this, we

examined the nuclear and cytoplasmic transcriptomes in

iPSMNs carrying ALS-causing mutations in TARDBP and VCP,

comparing them to iPSMNs from healthy controls (Fig-

ure 1A).29,33,34 We analyzed 12 iPSMN lines, including four

controls, two TARDBPG298S mutants, two VCPR155C mutants,

two VCPR191Q mutants, and two VCP R191Q mutant knockins

introduced using CRISPR-Cas9 (Table S1A). For each line, we

performed nuclear-cytoplasmic fractionation followed by extrac-

tion of RNA and protein. To examine the localization of tran-

scripts, we performed deep RNA sequencing from nuclear and

cytoplasmic fractions using poly(A) strand-specific sequencing,

with an average of 189 million reads per sample (Table S1B;

STAR Methods).

We confirmed high expression of neuronal markers across all

iPSMNs (Figures 1B and 1C). To assess the quality of nucleo-

cytoplasmic fractionation, we analyzed the proportion of

sequencing reads aligning to exonic and intronic regions. Nuclear

samples exhibited a higher proportion of intronic reads (mean nu-

clear 28.1%, cytoplasmic 9.4%) consistent with the presence of

pre-mRNA transcripts. In contrast, cytoplasmic fractions were

enriched with reads mapping to regions found in processed pro-

tein-coding mRNAs (50 untranslated regions [UTRs], coding se-

quences [CDSs], and 30 UTRs; mean nuclear 67.5%, cytoplasmic

88.0%; Figure 1D).27 We also examined a nucleocytoplasmic

fractionation database of 4,284 transcripts known to be enriched

in either the nuclear or cytoplasmic compartments in the human

cortex.35 This demonstrated an increased abundance of the cor-

responding transcripts in their respective compartments in all

iPSMN fractions (nuclear transcripts normalized enrichment

score [NES] +2.7, p < 1 3 10�50; cytoplasmic transcripts

NES +3.4, p < 1 3 10�50; Figures 1E and 1F). We visually

confirmed the localization of individual transcripts known to

reside in specific compartments using the genome browser,

such as nuclear MALAT1 and cytoplasmic GAPDH (Figure 1G).

Principal component (PC) analysis and unsupervized hierarchical

clustering showed sample separation based on subcellular frac-

tion along PC1 and cell line along PC2 (Figure 1H). PC gene load-
Figure 1. Characterization of iPSMN nuclear and cytoplasmic transcri
(A) Schematic of the experimental setup, involving reprogramming of ALS muta

neurons (iPSMNs). Motor neurons underwent fractionation into nuclear and cyto

(B) Representative immunolabeled images of iPSMNs, showing motor-neuron-sp

(C) Heatmap displaying normalized gene counts for astrocytes, endothelial cells

(D) Read distribution showing how mapped reads are distributed over genome f

(E) Heatmap showing normalized gene expression of nuclear and cytoplasmic m

represents increased gene expression, while blue represents decreased gene ex

(F) Density plot showing differential gene expression for cytoplasmic (blue) and n

The area to the right of the black dotted line indicates an increase in nuclear sample

and blue dotted lines are the mean log2 fold changes in nuclear and cytoplasmic

(G) Coverage tracks of MALAT1 (nuclear marker) and GAPDH (cytoplasmic mark

down going in blue for control iPSMNs.

(H) Principal-component analysis of iPSMN nuclear and cytoplasmic fractions, vis

according to their cell line and colored by their cell type (red, nuclear; blue, cyto
ings indicated that PC1 separation was driven by nuclear and

cytoplasmic marker genes (Figure S1A). To assess the quality

of nucleocytoplasmic fractionation at the protein level, we em-

ployed western blot and mass spectrometry, confirming enrich-

ment of nuclear and cytoplasmic marker proteins in their respec-

tive fractions (Figures S1B–S1E). Thus, our fractionated iPSMN

model faithfully recapitulates fraction-specific mRNA and protein

profiles, facilitating detailed investigation of ALSmutation effects

on nucleocytoplasmic transcript and protein distribution.

Redistribution of the nucleocytoplasmic mRNA
landscape in ALS iPSMNs
To quantify the nucleocytoplasmic distribution of transcripts in

ALS iPSMNs, we developed a measurement that compares the

nuclear/cytoplasmic mRNA ratios between ALS mutants and

controls. We utilized a DESeq2 design that accounts for the

pairing of nuclear and cytoplasm samples and tests for fraction

and mutation effects. In TARDBPG298S mutant iPSMNs, 381

transcripts were significantly redistributed (false discovery

rate [FDR] < 0.05), with 153 redistributed to the nucleus and

228 to the cytoplasm (Figure 2A; Table S2). Eight of the redis-

tributed transcripts encode known ALS genes, including NEFL

(encodes neurofilament light), ATXN1, HNRNPA2B1, ELP3,

and MATR3, while 46 encode other RBPs (e.g., SRSF5,

SRSF10, SNRNP200, ELAVL2, and POLDIP3), and 10 encode

nuclear export factors (e.g., UPF1, SETD2, and CCHCR1).

Functional enrichment analysis revealed that both nuclear and

cytoplasmic redistributed transcripts were independently en-

riched in protein binding and protein metabolism terms

(Figure 2F).

In VCPR155C mutant iPSMNs, 358 transcripts were signifi-

cantly redistributed, with 181 redistributed to the nucleus and

177 to the cytoplasm (Figure 2B; Table S2). Among these,

seven encoded known ALS genes (e.g., FUS, OPTN, and

NEFL), while 35 encoded RBPs (e.g., SNRNP200, ANKHD1,

and PCBP3), and five encoded nuclear export factors (e.g.,

ANKLE1, FYTTD1, and RGPD5). Functional enrichment analysis

indicated an overrepresentation of protein binding and neuronal

functions (Figure 2G).

In VCPR191Qmutant iPSMNs, 602 transcripts were significantly

redistributed: 181 to the nucleus and 421 to the cytoplasm (Fig-

ure 2C; Table S2). Among these, nine encoded known ALS

genes, including C9orf72, EWSR1, and NEFL, while 59 encoded
ptomes
nt, knockins, and control fibroblasts into iPSCs, and differentiated into motor

plasmic compartments followed by RNA sequencing and mass spectrometry.

ecific markers, SMI-32, ChAT, and bIII tubulin. Scale bar: 20 mm.
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eatures for cytoplasmic samples and nuclear samples.
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Figure 2. Nucleocytoplasmic transcript redistribution in VCP and TARDBP mutant iPSMNs

(A–E) Volcano plots showing nuclear/cytoplasm ratio changes in ALS versus control iPSMNs for (A) TARDBPmutant, (B) VCPR155Cmutant, (C) VCPR191Qmutant,

(D) VCPR191Q knockin, and (E) mutants combined. Transcripts significantly redistributed to the nucleus are shown in red, and cytoplasmic redistributed transcripts

are in blue.

(F–J) Bar graphs showing curated overrepresented functional categories of transcripts redistributed toward the nucleus (red) and cytoplasm (blue) for each

mutant group.

(K) Heatmap showing the Pearson’s correlation coefficient for transcriptome nucleocytoplasmic changes between each mutant group.

(L) UpSet plots showing the numbers of overlapping redistributed transcripts to the nucleus and cytoplasm between mutant groups.

(M) Representative images of fluorescence in situ hybridization (FISH) ofNEFL transcript in iPSMNs.NEFL transcripts are shown in red, DAPI nuclear counterstain

in blue, and bIII tubulin neuronal counterstain in green. Scale bar: 20 mm.

(legend continued on next page)

ll
OPEN ACCESS Article

4 Neuron 111, 1–17, October 4, 2023

Please cite this article in press as: Ziff et al., Nucleocytoplasmic mRNA redistribution accompanies RNA binding protein mislocalization in ALS motor
neurons and is restored by VCP ATPase inhibition, Neuron (2023), https://doi.org/10.1016/j.neuron.2023.06.019



ll
OPEN ACCESSArticle

Please cite this article in press as: Ziff et al., Nucleocytoplasmic mRNA redistribution accompanies RNA binding protein mislocalization in ALS motor
neurons and is restored by VCP ATPase inhibition, Neuron (2023), https://doi.org/10.1016/j.neuron.2023.06.019
RBPs (e.g., SRSF10, SMN1, andHNRNPD), and 10 encoded nu-

clear export factors (e.g., NUP98, RANBP1, and THOC2). We

identified functional enrichment of terms related to protein bind-

ing and neuronal structures (Figure 2H).

In VCPR191Q knockin iPSMNs, 569 transcripts were signifi-

cantly redistributed, with 190 redistributed to the nucleus and

379 to the cytoplasm (Figure 2D; Table S2). Among these, seven

were in known ALS genes, including NEFL, while 76 belonged to

RBPs (e.g., SRSF7, SRSF2, and HNRNPK), and 12 encoded nu-

clear export factors (e.g., KPNB1, NUP88, and THOC6). Func-

tional enrichment analysis again revealed enrichment of protein

binding and neuronal functions (Figure 2I).

We compared the nucleocytoplasmic mRNA redistribution

between the ALS mutations. Correlation of transcriptome-wide

nucleocytoplasmic changes revealed moderate positive

associations with the strongest correlation observed between

VCPR191Q mutants and VCPR191Q knockins (R = +0.48).

VCPR155C and VCPR191Q mutants were also reasonably well

correlated (R = +0.3) as was TARDBPG298S with VCPR191Q

(R = +0.33), VCPR155C (R = +0.36), and VCPR191Q knockin

(R = +0.33; Figure 2I). Intersecting the redistributed transcripts

between mutants confirmed an overlap greater than expected

by chance for both nuclear and cytoplasm redistributed tran-

scripts (all pairwise overlap Fisher tests p < 1 3 10�29;

Figures 2K–2L). Across all four mutant groups, we identified

three transcripts that were consistently nuclear redistributed

and five that were consistently cytoplasmically redistributed.

Among these were three RBPs (EFTUD2, NOL12, and EZH2)

and NEFL, which encodes neurofilament light (NfL), an estab-

lished ALS biomarker. These findings indicate that ALS muta-

tions induce notable changes in transcript nucleocytoplasmic

distribution, which is remarkably consistent across mutations.

To enhance statistical power in detecting redistribution across

the four ALS mutant groups, we performed a combined mutant

analysis (eight mutant lines versus four control lines). This re-

vealed 330 significantly redistributed transcripts, with 134 redis-

tributed to the nucleus and 196 to the cytoplasm (Figure 2E;

Table S3). Among these, seven encoded known ALS genes

(e.g., NEFL, NOP56, and ATXN1), while 36 encoded RBPs, and

eight encoded nuclear export factors. Enrichment analysis

confirmed that redistributed transcripts were enriched in protein

binding and cell structure (Figure 2J). Considering the substantial

transcript redistribution in ALS iPSMNs, we examined the

expression of genes involved in nuclear mRNA export and the

NPC at the whole-cell level. This revealed strong downregulation

of NPC genes across all four mutant groups, particularly evident

in MX2, POM121B, and NXF5 (Figure S2).

To validate the nuclear accumulation ofNEFLmRNAobserved

via RNA sequencing, we performed fluorescence in situ hybrid-

ization (FISH) specifically targeting the NEFL transcript (Fig-

ure 2M). This corroborated the nuclear accumulation of NEFL

transcripts in TARDBPG298S (p = 0.0002), VCPR155C (p = 0.29),

VCPR191Q (p = 0.03), and VCPR191Q knockin (p = 1; Figure 2N)

iPSMNs.
(N) NEFL transcript quantification by FISH showing the log fold change in the nuc

VCPR155C n = 419, VCPR191Q n = 189, and VCPR191Q knockin n = 152. Wilco

**p < 0.01, *p < 0.05).
To investigate whether the redistributed transcripts obs-

erved in iPSMNs show altered expression in postmortem

ALS tissue, we analyzed RNA sequencing from 271 postmor-

tem spinal cord samples (ALS n = 214, CTRL n = 57) from the

New York Genome Center (NYGC) ALS cohort.36,37 Of the 330

redistributed transcripts in ALS mutant iPSMNs (combined

analysis), 43 (14.5%) showed altered expression in ALS post-

mortem spinal cord. Among these, 27 were upregulated and

16 were downregulated, including the RBPs PA2G4,

JAKMIP1, PSMA1, and RBM34 and the ALS-related gene

ERBB4 (Table S2). While the fractionation of transcript distri-

bution between the nucleus and cytoplasm is not possible

with unfractionated postmortem data, the overlap of tran-

scripts suggests that the observed transcriptome redistribu-

tion in iPSMNs may extend to global transcript expression in

postmortem tissue.

Redistributed mRNAs display longer lengths and
enhanced protein interactions
The nucleocytoplasmic localization of a transcript is influenced

by its sequence features.27We compared the sequence features

of redistributed transcripts to those of non-redistributed tran-

scripts, including the total transcript length, the number of exons,

and the lengths of the 50 and 30 UTRs. We observed that the

average length of redistributed transcripts in all ALS mutant

iPSMNs was approximately twice as long, with a significantly

greater number of exons per transcript compared to non-redis-

tributed mRNAs (Figures 3A, 3B, S3A, and S3B). Although there

were no significant differences in 50 UTR lengths, the 30 UTRs of

redistributed transcripts were longer compared to non-redistrib-

uted transcripts (Figures 3C and S3C–S3G).

mRNA localization is influenced by GC content and

conserved localization signals.38,39 Although no consistent as-

sociation was found between GC content and redistributed

transcripts, they showed trends toward higher conservation

scores, indicating potential physiological roles for their nucleo-

cytoplasmic shifts (Figures S3H and S3I). This suggests that

longer, evolutionarily conserved mRNAs with more exons and

longer 30 UTRs are more prone to nucleocytoplasmic redistribu-

tion in ALS iPSMNs.

RBPs regulate splicing, transport, stability, and localization of

mRNA. The altered mRNA localization observed in ALS iPSMNs

may be linked to RBPmislocalization. We utilized the RNAct pro-

tein-RNA interactome database to assess predicted binding of

redistributed mRNAs to proteins.40 We examined the protein

binding profile of each redistributed transcript from an ‘‘RNA-

centric’’ view. This revealed significantly greater protein interac-

tion scores for both nuclear and cytoplasmic redistributed tran-

scripts compared to non-redistributed transcripts in all four

mutant groups (Figure 3D; Table S3A). Interestingly, GTPBP3,

TMCO6, and U2AF1, which encode RBPs themselves, were

among the redistributed transcripts with the most abundant in-

teractions with proteins. We validated these findings using

crosslinking and immunoprecipitation (CLIP) data of 124 RBPs,
lear/cytoplasmic NEFL transcript ratio. CTRL cells n = 867, TARDBP n = 424,

xon test was used to determine significance (****p < 0.0001, ***p < 0.001,
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Figure 3. Features of nucleocytoplasmic redistributed transcripts in ALS iPSMNs

(A–D) Violin plots comparing nuclear (red), cytoplasmic (blue), and non-redistributed (gray) transcripts for (A) log10 transcript length, (B) log10 transcript exon

count, (C) log10 3
0 UTR length, and (D) interaction score between each transcript with proteins (RNA view). Wilcoxon test was used to determine significance

(****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05).

(E) The top enriched motif in nuclear redistributed transcripts (top) and cytoplasmic (bottom) across TARDBPG298S, VCPR155C, VCPR191Q, and VCPR191Q knockin

iPSMNs.

(F) Cohen’s D effect sizes comparing the enrichment of CLIP crosslinks in redistributedwith non-redistributed transcripts in each transcript region. The dotted line

represents no difference in crosslinks between redistributed and non-redistributed transcripts. The area above the dotted line indicates increased crosslinks to

redistributed transcripts. Each dot represents a mutation group.
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which confirmed higher enrichment of RBP binding in both nu-

clear and cytoplasmic redistributed transcripts compared

with non-redistributed transcripts in all four mutant groups

(Figure S3J).

Assessing protein-RNA interactions from the protein-centric

viewpoint, we found that TDP-43 and FUS exhibited significantly

greater interactions with both nuclear and cytoplasmic redistrib-

uted transcripts compared with non-redistributed transcripts

(Figures S4A and S4B; Table S3B). Immunofluorescence anal-

ysis confirmed a significant decrease in the nucleocytoplasmic
6 Neuron 111, 1–17, October 4, 2023
ratio of TDP-43 and FUS in the four mutant groups, suggesting

that the cytoplasmic mislocalization of these ALS-related RBPs

may contribute to transcript redistribution, or vice versa

(Figures S5A and S5D). Furthermore, other RBPs implicated in

ALS, such as SFPQ, HNRNPA1, ATXN2,MATR3, HNRNPA2B1,

TAF15, EWSR1, and ELAVL3, consistently demonstrated

greater interactions with redistributed transcripts compared

with non-redistributed transcripts (Figures S4C–S4J).

We investigated whether specific RBP binding site motifs are

overrepresented among redistributed transcripts. We examined
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Figure 4. Splicing alterations in ALS iPSMNs

(A–E) Volcano plots showing splicing changes in ALS versus control whole-cell iPSMNs for (A) TARDBP mutant, (B) VCPR155C mutant, (C) VCPR191Q mutant, (D)

VCPR191Q knockins, and (E) mutants combined. Splice events that were significantly changed are colored red (increased in ALS) and blue (decreased).

(F) Bar chart showing proportions of each splicing type in significant splice events in each mutant group. Labels depict the numbers and percent of splice events

for the splicing types (shown for those with >10%).

(G) Heatmap showing the Pearson’s correlation coefficient for transcriptome splicing changes between eachmutant group. All correlations have p < 2.23 10�16.

(H and I) UpSet plots showing the numbers of overlapping splice events (H) increased and (I) decreased between mutant groups.
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motifs in the RBPDB and CISBP-RNA databases, encompassing

174 sequence motifs corresponding to 142 RBPs in the redistrib-

uted transcript groups.41,42 Scanning the mRNA sequence of

each redistributed transcript revealed that in TARDBPG298S mu-

tants, there were nine motifs significantly enriched in nuclear and

seven in cytoplasmic redistributed transcripts (Table S3C).

Although there were no motifs significantly enriched in VCPR155C

mutants, VCPR191Q mutants exhibited 64 in nuclear redistributed

transcripts and 60 in cytoplasmic redistributed transcripts. Simi-

larly, VCPR191Q knockins showed 102 significant motifs in nuclear

redistributed transcripts and 33 in cytoplasmic redistributed tran-

scripts. Acrossmutant groups, themotifsmost enriched in nuclear

redistributed transcripts corresponded to splicing factors (CISBP

274: SRSF2, CISBP 23: HNRNPA1L2 and HNRNPA3, and

CISBP 22: HNRNPA1 and HNRNPA3), whereas motifs most en-

riched in cytoplasmic redistributed transcripts were CISBP 85:

ZCRB1, CISBP160: KHDRBS1, and CISBP82: YBX2 and YBX3

(Figure 3E). These findings suggest a possible link between nucle-
ocytoplasmicmRNA redistribution and perturbedRNA-RBPbind-

ing in ALS motor neurons.

To investigate which region of redistributed transcripts were

most susceptible to RBP binding, we examined how CLIP

crosslink enrichment varied between 50 UTRs, 30 UTRs, introns,
and CDSs. In each transcript region, we found that both

nuclear and cytoplasmic redistributed transcripts displayed

stronger RBP interactions than non-redistributed transcripts

(Figures S6A–S6D). Intronic regions displayed the greatest in-

crease in RBP binding, followed by CDSs, 30 UTRs, and

50 UTRs (Figure 3F).

Altered splicing is linked to redistribution of a subset of
mRNAs in ALS iPSMNs
Given that nuclear export of mRNA is coupled to splicing, we

examined splicing changes in ALS mutant versus control

iPSMNs using the splice graph tool MAJIQ.43 Comparing

TARDBPG298S mutants with control iPSMNs revealed 400
Neuron 111, 1–17, October 4, 2023 7
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significantly different splice events in 153 genes (D percent

spliced in, J > 0.2 and probability changing > 90%), with a ma-

jority harboring intron retention (IR; 223/400, 55.8%; Figure 4A;

Table S4A). VCPR155C mutants had 531 significant splice events

in 218 genes, with 61.6% exhibiting IR (327/531; Figure 4B).

VCPR191Q mutants showed 512 significant splice events in 199

genes, with 60.5% (310/512) including IR (Figure 4C). VCPR191Q

knockins displayed 329 significant splice events in 139 genes,

with IR present in 55.6% (183/329; Figure 4D). Combining the

mutant iPSMNs revealed 174 significant splicing changes in 81

genes, with 115 (66.1%) containing IR (Figure 4E). Breaking

down each complex splice event into their component splice

types confirmed that in each mutant group, IR was the most

common splicing type, accounting for 23%–28% of all splicing

events (Figure 4F).

Correlating transcriptome-wide splicing changes between the

different ALS mutants revealed moderate positive associations

(R range +0.2 to +0.47). The strongest correlation was between

VCPR155C and TARDBPG298S (R = +0.47, p < 23 10�16), followed

by VCPR191Q and VCPR191Q knockin (R = +0.3, p < 23 10�16; Fig-

ure 4F). Intersecting significant splice changes between the

mutant groups revealed 13 increased and 4 decreased splice

changes that were consistent among all four mutant groups

(Figures 4G–4I). Notably, these included genes involved in nucle-

ocytoplasmic localization, including the RBPMRPL43, the cyto-

plasmic protein sequestering chaperone GET4, and the nuclear

envelope protein SUN1, which was also among the cytoplasmic

redistributed transcripts.

We intersected redistributed transcripts with differentially

spliced transcripts. In TARDBPG298S, two transcripts (ZNF562,

and YBEY) showed both redistribution and differential splicing

(Fisher exact test p = 0.2). In VCPR155C, we found eight nuclear

and five cytoplasmic redistributed transcripts among differen-

tially spliced transcripts (p = 5.1 3 10�6). VCPR191Q mutants ex-

hibited 14 nuclear and 13 cytoplasmic redistributed transcripts

that also showed differentially splicing (p = 4.6 3 10�16), while

VCPR191Q knockins had one nuclear and four cytoplasmic redis-

tributed transcripts with altered splicing (p = 0.04). Interestingly,

several of these transcripts with altered splicing and redistribu-

tion were shared among mutant groups, with YBEY and

SNHG29 present in three mutants and RBFOX1, VLDLR-AS1,

TMEM191B, NRCAM, and TPD52L2 existing in two of the four

mutant groups. These results suggest that ALS mutations can

induce substantial changes in splicing, particularly in intron

retention, which may contribute to a subset of mRNA redistribu-

tion events in ALS motor neurons.

To examine the localization of the differentially spliced tran-

scripts in ALS iPSMNs, we examined alternative splicing in nu-

clear-cytoplasmic fractionated samples. This compartment-

specific approach revealed a larger number of significant

splicing changes compared with whole-cell iPSMNs (TARDBP

817, VCPR155C 867, VCPR191Q 2,170, VCPR191Q knockin 2,429;

Figure S6E).

When comparing nuclear and cytoplasmic fractions, we found

more significant splicing changes in the nucleus than in the cyto-

plasm across all four mutants. Approximately a quarter of

splicing changes were shared between the fractions: TARDBP

(nuclear: 579, cytoplasm: 303, shared: 65), VCPR155C (nuclear:
8 Neuron 111, 1–17, October 4, 2023
558, cytoplasm: 440, shared: 131), VCPR191Q (nuclear: 1,585,

cytoplasm: 774, shared: 189), and VCPR191Q knockin (nuclear:

2,157, cytoplasm: 343, shared: 71; Table S4B). Interestingly, a

significant number of redistributed transcripts were identified

among these fraction-specific splicing events: TARDBP (8,

Fisher p = 0.003), VCPR155C (20, p = 5.9 3 10�13), VCPR191Q

(64, p = 9 3 10�36), and VCPR191Q knockin (55, p = 1 3 10�24).

Correlating splicing changes between nuclear and cytoplasmic

fractions revealed moderate positive associations (TARDBP:

R = +0.26, VCPR155C: R = +0.28, VCPR191Q: R = +0.41, VCPR191Q

knockin: R = +0.34; Figure S6F). Analysis of splicing types

showed that nuclear fractions had a higher proportion of IR

events (nuclear: 32%–52%, cytoplasm: 17%–26%), while cyto-

plasmic fractions exhibited more exon skipping and multi-exon

spanning splicing changes, indicating that IR is linked to the nu-

clear detention of transcripts (Figure S6G). The distinct splicing

changes observed in the nuclear and cytoplasmic fractions indi-

cate that disruptions in splicing and transcript isoform switching

may contribute to the redistribution of a subset of transcripts

in ALS.

Proteomics reveals widespread mislocalization of RBPs
in ALS iPSMNs
To assess how transcript redistribution relates to the nucleocyto-

plasmicmislocalization of proteins in ALS iPSMNs, we employed

quantitative proteomics. We applied shotgun data-dependent

analysis (DDA) mass spectrometry on triplicate sets of the

same iPSMN cultures that underwent RNA sequencing. To

define nucleocytoplasmic mislocalization of proteins in ALS

iPSMNs, we utilized the same approach as for transcript redistri-

bution, contrasting nuclear/cytoplasm ratios between ALS

mutants and controls while accounting for nuclear-cytoplasm

sample pairing using limma.44

In TARDBPG298S mutant iPSMNs, we found 577 significant

mislocalized proteins (FDR < 0.05), of which 169 (29.3%)

mislocalized to the nucleus and 408 (70.7%) to the cytoplasm

(Figure 5A; Table S5). 11 ALS-related proteins, including

HNRNPA1, UNC13B, and FUS, were among those mislocalized

together with 137 other RBPs (e.g., SRSF4, SRSF11, and UPF1)

and 22 nuclear export factors (e.g., NUP155, NUP54, and

NUP160). Functional enrichment analysis confirmed that

mRNAbinding and protein bindingwere overrepresented among

nuclear and cytoplasmic mislocalized proteins (Figure 5B).

In VCPR155Cmutant iPSMNs, we identified 169 significant mis-

localized proteins, of which 55 (32.5%) were shifted toward the

nucleus and 114 (67.5%) toward the cytoplasm (Figure 5C;

Table S5). The ALS-related RBPs FUS, NOL4L, and ELAVL3

were mislocalized to the cytoplasm along with 21 other RBPs

(e.g., DDX6, RPP30, and LONP1) and 5 nuclear export factors

(NUP62, RANBP1, NUP155, ALKBH5, and MAGOH). Nuclear

mislocalized proteins were enriched in endoplasmic reticulum

and Golgi transport while cytoplasmic mislocalized proteins

were overrepresented by nucleocytoplasmic localization func-

tions and protein binding (Figure 5D).

In VCPR191Q mutant iPSMNs, we identified 867 significantly

mislocalized proteins, with 754 (87%) of these mislocalized to

the cytoplasm (Figure 5E; Table S5). Among mislocalized pro-

teins were 5 ALS-related RBPs (FUS, HNRNPA1, HNRNPA2B1,
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Figure 5. Nucleocytoplasmic protein mislocalization in ALS iPSMNs

(A, C, E, G, and I) Volcano plots showing nuclear/cytoplasm ratio changes in ALS versus control iPSMNs for (A) TARDBP mutant, (C) VCPR155C mutant, (E)

VCPR191Q mutant, (G) VCPR155C knockin, and (I) mutants combined. Significantly mislocalized proteins to the nucleus are shown in red, and cytoplasmic mis-

localized proteins are in blue.

(B, D, F, H, and J) Bar graphs showing curated overrepresented functional categories of proteins mislocalized toward the nuclear (red) and cytoplasm (blue) for (B)

TARDBP mutant, (D) VCPR155C mutant, (F) VCPR191Q mutant, (H) VCPR191Q knockin, and (J) mutants combined.

(K) Heatmap showing the Pearson’s correlation coefficient for proteome-wide nucleocytoplasmic changes between each mutant group.

(L) Violin plots showing RNAct transcript (Tx)-protein (Pr) interaction scores between non-redistributed transcripts and non-mislocalized proteins (gray), nuclear

redistributed transcripts and nuclear mislocalized proteins (red), and cytoplasmic redistributed transcripts and cytoplasmic redistributed proteins (blue). t test

was used to determine significance (****p < 0.0001, ***p < 0.001).
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ATXN2, and MATR3), as well as 16 other ALS-related proteins

(e.g., UNC13B, STMN2, VCP, and MAPT), 167 other RBPs

(e.g., SRSF7, SRSF11, and HNRNPA3), and 31 nuclear export

factors (e.g., THOC7, DDX39B, and KPNA1). Mislocalized pro-

teins were enriched in RNA splicing, RNA binding, and protein

binding functions (Figure 5F).

In VCPR191Q knockin iPSMNs, we found 639 significant mislo-

calized proteins, of which two-thirds (436, 68.2%) were again

mislocalized to the cytoplasm (Figure 5G; Table S5). Amongmis-

localized proteins were 17 ALS-related proteins (including TDP-

43, FUS, and VCP), 120 other RBPs (e.g., HNRNPLL, DDX17,

and TAF15), and 17 nuclear export factors (e.g., NUP62,
NUP35, and ALYREF). Functional enrichment analysis revealed

enrichment of endoplasmic reticulum, RNA metabolism, and

protein binding functions (Figure 5H).

Comparing nucleocytoplasmic protein mislocalization be-

tween mutations revealed considerable proteome-wide posi-

tive relationships (range R = +0.23 to +0.44; Figures 5I and

S7I–S7N), indicating global concordance in ALS protein mis-

localization. Intersecting mislocalized proteins between the

four mutant groups revealed two nuclear mislocalized (H3F3B

and HIST1H2AJ) and 11 cytoplasmic mislocalized (including

DYNLRB1, ATP6V0A1, SPAG9, UBXN4, and FUS; Figures

S7O–S7P).
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By combining mutants in an integrated analysis, we revealed

578 significant mislocalized proteins common across the four

mutant groups. The vast majority of these were mislocalized to

the cytoplasm (508, 87.9%; Figure 5I; Table S5). Among mislo-

calized proteins were 12 ALS-related proteins (including

ATXN2, HNRNPA2B1, and UNCB13), 90 other RBPs, and 15 nu-

clear export factors (e.g., NUP155, NUP62, andHNRNPA1). Mis-

localized proteins were enriched in functions related to RNA

metabolism and protein processing (Figure 5J).

Despite the similarity between these functionally enriched

terms with those enriched among redistributed transcripts, we

found that mRNA nucleocytoplasmic redistribution was not

correlated with protein nucleocytoplasmic mislocalization (all

Pearson R = 0.0; Figures S7A–S7D) or whole-cell protein abun-

dance changes in any mutant group (all R = 0.0; Figures S7E–

S7H), consistent with previous reports comparing mRNA with

protein changes.17,31,45

To determine whether the widespread nucleocytoplasmic

mislocalization of proteins was related to altered expression of

nuclear export proteins, we examined changes in the expression

of nuclear mRNA export and the NPC proteins. This revealed

many significant changes in the protein expression across nucle-

ocytoplasmic transport domains, most notably in TARDBP

(n = 311 differential nucleocytoplasmic transport proteins) and

VCPR155C mutants (n = 509; VCPR191Q n = 37; VCPR191Q knockin

n = 58; Figure S8). This finding confirms altered expression of

mRNA nuclear export factors, which may directly contribute to

the mislocalization of transcripts and proteins.

To identify whether interactions between mRNAs and pro-

teins contribute to their nucleocytoplasmic localization changes

in ALS, we examined the predicted interactions between redis-

tributed transcripts and mislocalized proteins. In each mutant

group, we found significantly greater interaction scores be-

tween fraction-specific redistributed mRNAs and mislocalized

proteins compared with the interaction scores between non-re-

distributed mRNAs and non-mislocalized proteins (Figure 5L).

Comparing interactions between redistributed transcripts and

mislocalized proteins in the nucleus and the cytoplasm re-

vealed consistently greater interactions between cytoplasmic

shifted transcripts and proteins than between nuclear shifted

transcripts and proteins. Across mutant groups, mislocalized

proteins with the greatest binding to cytoplasmic redistributed

transcripts were SPAG9, ATP6V0A1, and ADD2, while

ANP32E, CLTA, and PPP1R14B showed the greatest binding

to nuclear redistributed transcripts (Table S6A). From the
Figure 6. VCP ATPase inhibition restored mRNA and protein localizati
(A) UpSet plot showing the numbers of overlapping redistributed transcripts t

TARDBPG298S, VCPR155C, VCPR191Q, and VCPR191Q knockin iPSMNs.

(B) Heatmap showing the Pearson correlation of nucleocytoplasmic transcriptome

in each mutant group.

(C and D) UpSet plot and correlation heatmap as for (A) and (B) but showing pro

(E and F) Number of gH2AX nuclear foci in CTRL, TARDBPG298S, VCPR155C, VC

quantifications in (F). Data from six independent experimental repeats. Scale ba

(G and H) LysoTracker lysosome (G) and CellROX oxidative stress (H) assays in CT

20 mm. Scale bar in (H): 50 mm.

(I and J) Quantifications of the ratio of lysosomes in the neurites to soma (I) and n

inhibitors (ML240, red; CB-5083, green; DBeQ, yellow; and NMS-873, purple). D

used to determine significance (****p < 0.001, **p < 0.1, *p < 0.05).
RNA view, redistributed transcripts with the greatest binding

scores to mislocalized proteins were WDR86, SLC22A17, and

CADM1 (Table S6B). These data support the concept that inter-

actions between mRNA and proteins contribute to widespread

nucleocytoplasmic redistribution and mislocalization in ALS

motor neurons.

VCP ATPase inhibition partially restores transcript
redistribution, splicing, and protein mislocalization
VCP inhibition reduces the excessive ATPase activity and co-

factor interactions associated with VCP mutations, leading to

improvements in mitochondrial function and motor neuron sur-

vival.46–54 To identify whether VCP inhibition can restore tran-

script redistribution and protein mislocalization in ALS motor

neurons, we treated VCP and TARDBP mutant iPSMNs with

ML240, an inhibitor targeting the VCP D2 ATPase domain.55,56

We performed a cell viability assay and confirmed that ML240

treatment did not negatively impact the survival of iPSMNs

(Figures S9A and S9B). We then subjected ML240-treated

iPSMNs to subcellular fractionation and performed RNA

sequencing and mass spectrometry (Figures S9C–S9H).

Comparing the nuclear/cytoplasm ratios of untreated and

ML240-treated control (non-mutant) cultures revealed strong

correlations for both mRNA (R = +0.9) and protein (R = +0.78;

Figures S10A and S10B), indicating that ML240 treatment has

modest effects on the transcriptome and proteome in control

cultures.

In ALS mutant iPSMNs treated with ML240, we observed

similar numbers of redistributed transcripts compared with their

untreated counterparts (TARDBP ML240 n = 423 vs. untreated

n = 381; VCPR155C 412 vs. 358, VCPR191Q 689 vs. 602, VCPR191Q

knockin 906 vs. 569; Figures S10C–S10G). However, the identi-

ties of the redistributed transcripts changed substantially upon

ML240 treatment. In TARDBPmutants, only 3 out of 153 nuclear

redistributed transcripts and 5 out of 228 cytoplasmic redistrib-

uted transcripts remained after ML240 treatment (98% rescued;

Figures 6A and S10; Table S2). In VCPR155C mutants, after

ML240, only 7 of 181 nuclear redistributed transcripts remained

(96.1% rescued) and 5 of 177 cytoplasmic redistributed tran-

scripts remained (97.2% rescued). In VCPR191Q mutants,

ML240 corrected nuclear redistributed transcripts by 93.9%

(11 of 181 remained) and cytoplasmic redistributed transcripts

by 94.1% (25 of 421 remained). In VCPR191Q knockins, ML240

treatment reversed nuclear redistributed transcripts by 95.8%

(8 of 190 remained) and cytoplasmic redistributed transcripts
on in ALS iPSMNs
o the nucleus and cytoplasm in untreated and ML240-treated conditions in

redistribution in untreated (x axis) against ML240-treated (y axis) redistribution

tein mislocalization rather than transcript redistribution.

PR191Q, and VCPR191Q knockin iPSMNs with representative images in (E) and

r: 10 mm.

RL and VCPmutant iPSMNs, with ML240 treatment or DMSO. Scale bar in (G):

uclear CellROX intensity (J) in each mutant group with DMSO (blue) and VCP

ata from at least three independent experimental repeats. Wilcoxon test was
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by 93.9% (23 of 379 remained). Intersecting transcripts that

remain redistributed between mutant groups revealed five tran-

scripts shared between two mutant groups (GDI1, SPAST, IBTK,

DPYSL5, and SNHG11; Table S7A).

ComparingML240with untreated samples revealed veryweak

correlations in nucleocytoplasmic changes for each ALS mutant

group (TARDBP R = +0.08, VCPR155C R = +0.04, VCPR191Q

R = +0.14, VCPR191Q knockin R = +0.13; Figure 6B), indicating

that ML240 exerts substantial changes in the nucleocytoplasmic

distribution of mRNA in ALS iPSMNs. Functional enrichment

analysis showed that although protein binding remained over-

represented, ATP binding was newly enriched (Figures S10H–

S10K). Redistributed transcripts that were rescued by ML240

were enriched in protein metabolism, neuronal components,

and the stress response (Figures S10L–S10O).

ML240 treatment rescued splicing changes in ALS mutant

iPSMNs, with a large proportion of altered splice events being

reversed (TARDBP 66.3%, 135 of 400; VCPR155C 53.9%, 245

of 531 remained; VCPR191Q 53.1%, 240 of 512; VCPR191Q knock-

ins 65.3% 114 of 329; Figure S11A; Table S7B). ML240-treated

samples also showed weak-moderate correlations with un-

treated samples (TARDBP R = +0.25, VCPR155C R = +0.36,

VCPR191Q R = +0.41, and VCPR191Q knockin R = +0.29; Fig-

ure S11B). Examining the types of splicing revealed that

ML240-treated samples showed similar proportions of each

splicing type as their untreated counterparts (Figure S11C).

The rescue of most splicing changes by ML240 suggests that

splicing modification could potentially contribute to the indirect

effect of ML240 on nucleocytoplasmic transcript redistribution.

We next quantified the effect of ML240 on the mislocalization

of proteins in ALS iPSMNs. For each mutant group, we found

substantially fewer mislocalized proteins with ML240 treatment

compared to untreated iPSMNs: TARDBP mutants 81% reduc-

tion (ML240 n = 111 vs. untreated n = 577),VCPR155C 31% reduc-

tion (ML240 116 vs. untreated 169), VCPR191Q 54% reduction

(ML240 400 vs. untreated 867), VCPR191Q knockin 32% reduc-

tion (ML240 433 vs. untreated 639; Figures S12A–S12E;

Table S7C). In TARDBP mutants, ML240 reversed 99% of both

nuclear (167 of 169) and cytoplasmic (405 of 408) mislocalized

proteins compared to untreated samples (Figure 6C). In

VCPR155C mutants, ML240 corrected 98% of nuclear (1 of 55 re-

mained) and 95% of cytoplasmic (6 of 114 remained) mislocal-

ized proteins. In VCPR191Q mutants, 93% (8 of 113 remained)

of nuclear and 94% (48 of 754 remained) of cytoplasmic mislo-

calized proteins were rectified. In VCPR191Q knockins, 89% (23

of 203 remained) of nuclear and 81% (82 of 436 remained) of

cytoplasmic mislocalized proteins were rescued.

Comparing nucleocytoplasmic changes in the proteome be-

tweenML240-treated and untreated iPSMNs revealedweak cor-

relations in TARDBP mutant (R = �0.05), VCPR155C (R = +0.08),

VCPR191Q (R = +0.01), and VCPR191Q knockin (R = +0.32; Fig-

ure 6D), consistent with ML240 exerting considerable changes

on protein localization in ALS iPSMNs. Functional enrichment

analysis of mislocalized proteins after ML240 treatment showed

the persistence of protein binding and splicing functions but also

newly enriched pathways related to lipid and mitochondrial

metabolism (Figures S12F–S12I). Mislocalized proteins that

were rescued byML240were enriched in RNA and protein meta-
12 Neuron 111, 1–17, October 4, 2023
bolism, as well as cellular transport functions (Figures S12J–

S12M), indicating that the normalization of nucleocytoplasmic

transport mechanisms may contribute to the reversal of misloc-

alization with ML240.

Interactions between mRNAs and proteins with ML240 treat-

ment remained greater between redistributed mRNAs and

mislocalized proteins compared to interactions between non-re-

distributedmRNAsandnon-mislocalized proteins (FigureS12M).

This suggests that mRNA-protein interactions play a role in

determining their localization changes irrespective of VCP

ATPase inhibition. Taken together, these findings demonstrate

that ML240 can restore alterations in the transcriptome and pro-

teome not only in the context of VCP mutations but also in

TARDBP mutations.

ML240 alters interactions between VCP and
nucleocytoplasmic transport proteins
To investigate the effects of VCP ATPase inhibition on VCP pro-

tein binding interactions, we performed VCP immunoprecipita-

tion in iPSMNs before and after ML240 treatment. This enabled

us to isolate VCP protein complexes and identify the proteins

that interact with VCP using mass spectrometry (Figure S13A).

In untreated control iPSMNs, we detected 4,479 proteins that

interact with VCP, including TDP-43 and FUS. By comparing un-

treated iPSMNs with ML240-treated iPSMNs, we investigated

the impact of ML240 on the VCP protein interactome. In control

iPSMNs, we observed large shifts in VCP binding partners

following ML240 treatment, with 165 protein interactions signifi-

cantly increased and 337 significantly decreased (Figure S13B;

Table S8). Functional enrichment analysis of these altered inter-

actions revealed enrichment in RNA and protein metabolism and

nucleocytoplasmic localization functions, supporting the hy-

pothesis that VCP interacts with proteins that regulate nucleocy-

toplasmic RNA and protein distribution (Figure S13G). Among

downregulated terms we identified VCP AAA ATPase complex

(VCP, FAF2, NPLOC4), indicating an on-target effect of ML240

on the VCP protein.

We next examined howML240 affects the VCP interactome in

ALS mutant iPSMNs. Although there were no significantly

changed VCP binding partners in TARDBPmutants, in VCPR155C

mutants 78 proteins showed increased interactions and 64

decreased withML240. VCPR191Qmutants showed 37 increased

and 13 decreased interactions; and VCPR191Q knockins showed

23 increased and 87 decreased interactions (Figures S13C–

S13F; Table S8). These changes in VCP interactions with

ML240 were associated with nucleocytoplasmic transport,

RNAmetabolism and protein binding functions. Thus, ML240 af-

fects the VCP interactome, potentially contributing to the resto-

ration of the distribution of RNA and proteins in ALS mutant

iPSMNs (Figures S13G–S13J). ML240 showed moderate posi-

tive correlations in altering the VCP interactome across control

and mutant iPSMN groups (R = +0.25 to +0.46; Figure S13K).

There were common protein targets affected by ML240 in VCP

mutant groups, including RAE1, HMGB1, PAE1, RPL10, and

HSP90AB2P (Figures S13L–S13M). Intersecting proteins altered

in their VCP interactions by ML240 with rescued mislocalized

proteins revealed significant overlaps in both VCPR155C mutants

(Fisher p = 0.007, 11 of 142) and VCPR191Q knockins (p = 0.02, 18
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of 101; TARDBP 0 of 567; VCPR191Q mutant p = 0.8, 6 of 50).

These findings support the idea that ML240-induced recon-

figuration of the VCP interactome in VCP mutant iPSMNs con-

tributes to the restoration of nucleocytoplasmic transcript and

protein mislocalization.

VCP ATPase inhibition is associated with improved ALS
phenotypes
We investigated whether VCP ATPase inhibition is associated

with improved ALS-related iPSMN phenotypes. We used the

gH2AX assay to assess DNA damage and found that ML240

consistently reduced gH2AX nuclear foci in both ALS mutant

and control cultures, suggestive of reduced DNA damage (Wil-

coxon p values CTRL 0.2, TARDBP 0.7, VCPR155C 0.2, VCPR191Q

0.03, VCPR191 knockin 0.01; Figures 6E and 6F). We used

LysoTracker to examine lysosome localization and function.

ML240 caused lysosomes to shift from the soma to neurites in

all cultures (Wilcoxon p values CTRL 0.03, TARDBP 0.5,

VCPR155C 0.01, VCPR191Q 0.07, VCPR191 knockin 0.2; Figures

6G–6I and S13N). This trend was also observed with three other

VCP inhibitors: CB-5083 (a more specific derivative of ML240

that reversibly competes for the ATPase domain), DBeQ (revers-

ible competitive antagonist of ATP at both the D1 and D2 do-

mains), and NMS-873 (reversible allosteric inhibitor binding to

the D2 domain).57 These findings indicate that VCP inhibition,

regardless of the specific inhibitor used, leads to restoration of

neurite-localized endo-lysosomal function.

Since oxidative stress contributes to ALS pathogenesis and

has been found in our VCP mutant iPSMN cultures,29 we exam-

ined levels of intracellular reactive oxygen species (ROS; Fig-

ure 6H). Basal levels of ROS were increased in VCPR155C and

VCPR191Q mutant groups compared to control iPSMNs (Wil-

coxon p = 0.0001 and p = 0.00003, respectively; Figure S13O).

However, ML240 treatment consistently reduced ROS in all

mutant groups as well as control iPSMNs (p values TARDBP

0.003, VCPR155C 0.4, VCPR191Q 0.09, VCPR191Q knockin 0.003,

control 0.01; Figure 6J). Similarly, the three other VCP inhibitors

(CB-5083, DBeQ, and NMS-873) also led to consistent reduc-

tions in ROS levels. These findings indicate that VCP inhibitors

have the potential to partially reverse ALS-related phenotypes

in iPSMNs, as demonstrated by the reduction in gH2AX nuclear

foci, the shift of lysosomes to neurites, and the decrease in ROS

levels.

DISCUSSION

The question of whether mRNA redistribution accompanies RBP

mislocalization in ALS has been relatively neglected. Defects in

nucleocytoplasmic transport have been increasingly implicated

in ALS, and mutations in mRNA export factors such as ALYREF,

MATR3, and GLE have been causally linked to ALS.10–12,15,58

Moreover, components of the nucleocytoplasmic transport ma-

chinery and nuclear export factors, including nucleoporins and

karyopherins, can be sequestered by cytoplasmic protein

aggregates.10–12,14,59,60 Our study revealed numerous NPC

components, mRNA export factors, and other RBPs among

the redistributed transcripts and mislocalized proteins. Further-

more, faulty nucleocytoplasmic transport is supported by our
finding that longer transcripts are more prone to redistribution,

as smaller transcripts can more readily traverse the NPC.61,62

However, the altered nucleocytoplasmic localization of longer

transcripts, which possess more introns, could also signify

defective RNA processing.63 Additionally, longer transcripts

offer a larger binding surface for mRNA export complexes and

other RBPs, rendering them potentially more susceptible to pro-

cessing defects that impede correct localization.27 TDP-43 and

FUS preferentially influence the splicing of lengthy transcripts

with neuronal functions, and their mislocalization may render

these transcripts more vulnerable to mis-splicing and redistribu-

tion in ALS.64 Our findings provide support for the hypothesis

that RNA processing and interactions with RBPs are funda-

mental to mRNA redistribution, as we observed an enrichment

of redistributed transcripts with longer 30 UTRs, RBP interac-

tions, and splicing defects.65–67

The localization of RBPs can be influenced by the relative RNA

content between the nucleus and the cytoplasm. A recent study

found that cytoplasmic RNA decay mediated by RNase-L trig-

gers the relocalization of RBPs toward the nucleus. This relocal-

ization is attributed to the comparatively longer persistence of

nuclear RNA, affecting RNA splicing within the nucleus. Thus,

the distribution of RBPs between the nucleus and cytoplasm is

contingent upon the availability of RNA in each compartment.68

Additionally, inhibiting transcription has been observed to accel-

erate the nuclear export of TDP-43, suggesting that newly syn-

thesized RNA helps in retaining TDP-43 in the nucleus.69

A prominent finding among the ALS mutations studied was

the nuclear accumulation of NEFL mRNA, which encodes the

NfL protein. This is interesting because NfL is a recognized

biomarker for axonal degeneration.70 Normally, nuclear TDP-

43 interacts with the NEFL 30 UTR, stabilizing NEFL mRNA. In

ALS, TDP-43 mislocalization may contribute to impaired NEFL

splicing and stability.71–73 We speculate that the nuclear accu-

mulation of NEFL mRNA could be a compensatory mechanism

where increased transcriptional synthesis helps counter the

reduced stability of NEFL mRNA, maintaining normal cyto-

plasmic NEFL levels and sufficient translation into NfL protein.

At the protein level, we observed a consistent non-significant

trend of NfL shifting toward the cytoplasm in ALS iPSMNs.

Many questions remain, such as whether the nucleocytoplas-

mic shifts of NEFL mRNA and NfL protein represent a protec-

tive or detrimental response and how they relate to NfL as a

biomarker.

We observed extensive protein mislocalization in ALS

iPSMNs, with two-thirds of the mislocalized proteins shifting to-

ward the cytoplasm. We confirmed the nuclear-to-cytoplasmic

mislocalization of FUS, as well as other RBPs associated with

ALS, including HNRNPA1 and TAF15.74 These mislocalized pro-

teins were enriched in RNA binding functions, supporting the

concept of ALS as a multi-RBP-opathy. Importantly, we also

discovered enhanced predicted interactions between mislocal-

ized proteins and redistributed transcripts, providing further ev-

idence for the involvement of RBP mislocalization in mRNA

redistribution.8 This holds pathological implications in ALS, as

nucleocytoplasmic shifts in ribonucleoprotein complexes

disrupt liquid-liquid phase separation dynamics and potentially

contribute to the formation of insoluble aggregates.75–77
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Considering the functional consequences of an environment

prone to aggregation, restoring nucleocytoplasmic homeostasis

of mRNA and RBPs is a promising therapeutic strategy in ALS.

Abnormal VCP ATPase activity in ALS disrupts the diverse

functions of VCP, which may contribute to the mislocalization

of aggregation-prone RBPs and redistribution of their bound

mRNAs.46–51,78 A noteworthy finding in our study was the effec-

tiveness of ML240, an inhibitor of the VCP D2 domain ATPase in

restoring the distribution of transcripts and proteins and

improving various ALS phenotypes, while modulating the VCP

interactome. This expands upon previous observations, de-

monstrating the protective effects of VCP inhibition in ALS

iPSMNs.52,53 VCP inhibitors have shown promise in cancer treat-

ment and have been approved by the FDA. Additionally,

numerous studies have reported the rescue of VCP mutant dis-

ease phenotypes in various in vitro and in vivo models.52–54

Nonetheless, further studies are needed to elucidate the precise

pathways through which VCP inhibition restores mRNA and pro-

tein localization in motor neurons across different ALS genetic

backgrounds.

A limitation of our study is that we employed an in vitro cellular

model, iPSMNs, whichmay not fully represent the complex envi-

ronment and characteristics of degenerating motor neurons in

ALS. Although iPSMNs provide a disease-relevant cell type,

there are inherent differences between in vitro cultures and in vivo

tissues. To address this limitation, we attempted to compare re-

distributed transcripts in iPSMNs with differentially expressed

transcripts in postmortem tissue. However, this comparison is

limited because bulk RNA sequencing of spinal cord tissue com-

prises a mixture of various cell types and is not motor neuron

specific. Additionally, the postmortem samples were not sub-

jected to fractionation, which limits our ability to determine the

nucleocytoplasmic transcript distributions. Isolating motor neu-

rons from postmortem tissue is technically challenging, particu-

larly for long fragile motor neurons. Although single-nuclear

sequencing of ALS postmortem spinal cord can provide insights,

it is unable to compare nuclear-to-cytoplasmic ratios.79 Spatial

transcriptomics and spatial proteomics hold promise in eluci-

dating subcellular localization of transcripts and proteins, but

their current resolution is insufficient to fully resolve the subcellu-

lar landscape of motor neurons.80,81 Future research should aim

to validate these findings in different ALS genetic backgrounds

and models. Despite these limitations, our study provides valu-

able mechanistic insights into the pathogenesis of ALS and high-

lights a potential therapeutic avenue.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-gH2AX Millipore Cat#05–636; RRID: AB_309864

Mouse monoclonal anti-SMI-32 BioLegend Cat#801701; RRID: AB_2564642

Goat polyclonal anti-ChAT Millipore Cat#AB144P; RRID: AB_90661

Chicken polyclonal anti-bIII-tubulin Abcam Cat#ab41489; RRID: AB_727049

Rabbit polyclonal anti-TDP-43 Proteintech Cat#12892-1-AP; RRID: AB_2200505

Mouse monoclonal anti-FUS Santa Cruz Cat#sc-47711; RRID: AB_2105208

Rabbit polyclonal anti-FUS Proteintech Cat#11570-1-AP; RRID: AB_2247082

Rabbit monoclonal anti-Vinculin ThermoFisher Scientific Cat#700062; RRID: AB_2532280

Rabbit polyclonal anti-histone3 Abcam Cat#Ab1791; RRID: AB_302613

Mouse monoclonal anti-VCP ThermoFisher Scientific Cat#MA3-004; RRID: AB_2214638

Chemicals, peptides, and recombinant proteins

Essential 8 Medium media Life Technologies Cat#A1517001

Geltrex Life Technologies Cat#A1413302

EDTA Life Technologies Cat#15575020

Dorsomorphin Tocris Bioscience Cat#3093

SB431542 Tocris Bioscience Cat#1614

CHIR99021 Tocris Bioscience Cat#4423

Retinoic acid Sigma Aldrich Cat# R2625

Puromorphamine Sigma Aldrich Cat#540220

Compound E Biotechne Cat#6476

RiboLock RNase Inhibitor Thermo Fisher Scientific Cat#EO0381

HALT Protease Inhibitor Complex Thermo Fisher Scientific Cat#78429

Formamide Themo Fisher Scientific Cat#17899

Denatured salmon sperm DNA Merck Cat#D7656

Dextran sulfate Merck Cat#D6001

UltraPure BSA Thermo Fisher Scientific Cat#AM2616

ML240 Sigma Aldrich Cat#SML1071; CAS: 1346527-98-7

CB-5083 Cayman Cat#19311; CAS: 1542705-92-9

DBeQ Aobious Cat#AOB6826; CAS: 177355-84-9

NMS-873 Aobious Cat#AOB4921; CAS: 1418013-75-8

Critical commercial assays

Ambion PARIS nucleocytoplasmic

fractionation kit

ThermoFisher Scientific Cat#AM1921

QIAshredder Qiagen Cat#79656

NEBNext Ultra II Directional RNA Library kit

for Illumina

New England BioLabs Cat#E7760L

ViewRNA Cell Plus Assay Kit Thermo Fisher Scientific Cat#88-19000-99

Sytox� Green Nucleic Acid Stain Invitrogen Cat#S7020

LysoTracker� Deep Red Invitrogen Cat#L12492

Hoechst 33342 Invitrogen Cat#H3570

CellROX� Green Reagent Invitrogen Cat#C10444

DL-dithiothreitol Sigma Aldrich Cat#D5545

Iodoacetamide Sigma Life Science Cat#I1149

Pierce Trypsin Protease MS-grade ThermoFisher Scientific Cat#90057

Ammonium bicarbonate Honeywell Cat#40867

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNA sequencing data This paper GEO: GSE214017

Mass Spectrometry This paper ProteomeXchange: PXD037107

Existing postmortem RNA

sequencing data

New York Genome

Center and Target ALS

GEO: GSE137810

Existing CLIP data https://www.encodeproject.org/ N/A

Experimental models: Cell lines

Human: CTRL1 iPSC line Hall et al.29 (in house) N/A

Human: CTRL2 iPSC line Coriell ND41866*C

Human: CTRL3 iPSC line ThermoFisher Scientific A18945

Human: CTRL4 iPSC line Hall et al.29 (in house) N/A

Human: CTRL5 iPSC line Cedars Sinai CS02iCTR-NTn4

Human: CTRL6 iPSC line NIH CRM CRMi003-A

Human: VCP1 R155C iPSC line Hall et al.29 (in house) N/A

Human: VCP2 R155C iPSC line Hall et al.29 (in house) N/A

Human: VCP3 R191Q iPSC line Hall et al.29 (in house) N/A

Human: VCP4 R191Q iPSC line Hall et al.29 (in house) N/A

Human: VCP5 R191Q knock in iPSC line Synthego CRMi003-A - edited by Synthego

Human: VCP6 R191Q knock in iPSC line Synthego CRMi003-A - edited by Synthego

Human: TDP-43 n1 G298S iPSC line Cedars Sinai CS47iALS-TDPnxx

Human: TDP-43 n2 G298S iPSC line Cedars Sinai TALSTDP-47.10

Oligonucleotides

50-Cy3- oligo-d(T) probes Genelink Cat#26-4322-02

NEFL RNA-FISH probes ThermoFisher Scientific Cat#VA1-3003598-VCP

Software and algorithms

R project for Statistical Computing v4.2.0 CRAN RRID: SCR_001905

Tidyverse CRAN RRID: SCR_019186

DESeq2 Bioconductor RRID: SCR_015687

nfcore/rnaseq pipeline v3.9 nf-co.re/rnaseq N/A

TrimGalore! Babraham RRID: SCR_011847

SortMeRNA Bioinfo RRID: SCR_014402

STAR v2.6.1 RNA-STAR RRID: SCR_004463

Salmon https://combine-lab.github.io/salmon/ RRID: SCR_017036

tximport https://github.com/mikelove/tximport RRID: SCR_016752

FastQC Babraham RRID: SCR_014583

RSeQC https://rseqc.sourceforge.net/ RRID: SCR_005275

Qualimap http://qualimap.bioinfo.cipf.es/ RRID: SCR_001209

dupRadar Bioconductor N/A

Preseq http://smithlabresearch.org/software/

preseq/

RRID: SCR_018664

MultiQC http://multiqc.info/ RRID: SCR_014982

trackViewer Bioconductor N/A

ComplexHeatmap Bioconductor RRID: SCR_017270

g:Profiler2 Bioconductor N/A

GenomicScores Bioconductor N/A

RNAct rnact.crg.eu N/A

Transite Transite.mit.edu N/A

GenomicRanges Bioconductor RRID: SCR_000025

MAJIQ v2.4 https://majiq.biociphers.org/ RRID: SCR_016706

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MaxQuant v2.0.3.1 http://www.biochem.mpg.de/5111795/

maxquant

RRID: SCR_014485

DEP v1.11.0 Bioconductor RRID: SCR_023090

Limma Bioconductor RRID: SCR_010943

Harmony High-Content Imaging and

Analysis Software 5.0

PerkinElmer https://www.perkinelmer.com/uk/product/

harmony-5-1-office-hh17000012

ImageJ v1.53 National Institutes of Health, USA https://imagej.nih.gov/ij/

CellProfiler Broad Institute https://cellprofiler.org

Other

Code resource website for this publication This paper https://github.com/ojziff/

als_mrna_rbp_localisation
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead contact, Rickie Patani (rickie.patani@ucl.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
RNA sequencing data have been deposited at GEO and are publicly available as of the date of publication under accession number

GEO: GSE214017. This paper analyses existing postmortem RNA sequencing data under accession GEO: GSE137810. Mass Spec-

trometry data have been deposited in the ProteomeXchange Consortium via the PRIDE partner repository under identifier Proteo-

meXchange: PXD037107. All original code has been deposited at GitHub and is publicly available as of the date of publication at

https://github.com/ojziff/als_mrna_rbp_localisation.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human iPSC-derived motor neuron lines
iPSC lines were derived from skin biopsies of healthy donors or ALS patients harboring VCP or TARDBPmutations. Informed consent

was obtained from all subjects. Experimental protocols were all carried out according to approved regulations and guidelines by UCL

Hospitals National Hospital for Neurology and Neurosurgery and UCL Institute of Neurology joint research ethics committee (09/

0272). iPSC lines were used from four controls (CTRL1, 78 y.o male; CTRL3, fetal female; CTRL4 51 y.o female; CTRL6 fetal

male), two ALS patients with VCP mutations (two clones VCP1 and VCP2 were from a 43 y.o female patient with a VCP R155C mu-

tation; two clones VCP3 and VCP4 were from a 36 y.o male patient with a VCP R191Qmutation), and two ALS patients with TARDBP

G298Smutations (64 y.omale, and 68 y.o male). Insertion of the R191Qmutation in VCPwas introduced into two clones of CTRL6 by

Synthego using CRISPR gene editing82 (Table S1A).

iPSCs were maintained with Essential 8 Medium media (Life Technologies) on Geltrex (Life Technologies) at 37�C and 5% carbon

dioxide. iPSCs were passaged when reaching 70% confluency using EDTA (Life Technologies, 0.5 mM). iPSC lines used can be

found in Table S1. iPSC cultures underwent differentiation into spinal cord motor neurons as previously described.29 Briefly, iPSCs

were plated to 100% confluency and then differentiated to a spinal neural precursor fate by sequential treatment with small mole-

cules, 0–7: 1 mMDorsomorphin (Tocris Bioscience), 2 mMSB431542 (Tocris Bioscience), and 3.3 mMCHIR99021 (Tocris Bioscience),

day 7–14: 0.5 mM retinoic acid (Sigma Aldrich) and 1 mM Purmorphamine (Sigma Aldrich), day 14–18: 0.1 mM Purmorphamine. After

neural conversion and patterning, 0.1 mM Compound E (Bio-techne) was added to promote terminal differentiation into spinal cord

motor neurons.

Postmortem tissue
Postmortem spinal cord ALS RNA-sequencing samples were acquired from publicly available data (GEO: GSE137810) from the New

York Genome Center (NYGC) ALS and Target ALS consortia. Samples from non-spinal cord sites were excluded. In cases where

multiple spinal cord samples were available from an individual donor, only the cervical cord sample was included. A total of 271 spinal

cord samples were analyzed, including 57 healthy donors and 214 ALS patients. The ALS patient samples consisted of various mu-

tations (C9orf72, SOD1, FUS and 8 other pathogenic mutations) but most were from patients without an identifiable pathogenic
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mutation.32 Ribosomal depletion was used for RNA extraction due to the high levels of RNA degradation in postmortem tissue.36,83

Raw reads were downloaded and processed using the nf-core fetchngs and rnaseq pipelines respectively.84

METHOD DETAILS

iPSMN fractionation
iPSMNs underwent subcellular fractionation into nuclear and cytoplasmic compartments as previously described.34,85 This was

achieved using the Ambion PARIS kit (Thermo Fisher Scientific) cell fractionation buffer, following the manufacturer’s protocol using

an 8M urea nuclear lysis buffer containing 50 mM Tris-HCL (pH8), 100 mM NaCl, 0.1% SDS, and 1 mM dithiothreitol (DTT). The

cytosolic fraction was obtained by lysing iPSMNs directly in an ice-cold cell fractionation buffer. Lysates were centrifuged for

3 min at 500 x g at 4�C. The supernatant was further centrifuged at maximum speed in a bench centrifuge at 4�C for 1 min, and

the resulting supernatant was then processed as the cytosolic fraction. Nuclear pellets from the first centrifugation step were gently

washed once with cell fractionation buffer and then lysed on ice for 30 min in an 8 M Urea Nuclear Lysis Buffer. The resulting nuclear

fraction was then homogenized using a QIAshredder (Qiagen) to shred chromatin and reduce viscosity. Both lysis buffers were sup-

plemented with 0.1 U/ml RiboLock RNase Inhibitor (Thermo Fisher Scientific) and HALT Protease Inhibitor Complex (Thermo Fisher

Scientific).

RNA sequencing
Poly(A)+ selected reverse-stranded RNA sequencing libraries were prepared from nuclear and cytoplasmic fractions using the

NEBNext Ultra II Directional RNA Library kit for Illumina, with 500 ng of total RNA as input. Libraries were sequenced on the

NovoSeq 6000 platform. A mean of 189 (range 143–368) million 100 bp paired-end strand-specific reads were sequenced per

sample. mRNA sequencing reads were processed using the nf-core/rna-seq v3.9 pipeline.84 Raw reads underwent adaptor trim-

ming with Trim Galore, removal of ribosomal RNA with SortMeRNA, alignment to Ensembl GRCh38.99 human reference genome

using splice-aware aligner, STAR v2.6.1 and BAM level quantification with Salmon to enable transcript level counting. Detailed

quality control of raw and aligned reads were assessed by utilizing FastQC, RSeQC, Qualimap, dupRadar, Preseq and MultiQC

tools. All libraries generated in this study had <0.1% rRNA, <1% mtDNA, <0.4% mismatch error, and >90% strandedness

(Table S1B).

Proteomics
Samples from the nucleus and cytoplasm were prepared for mass spectrometry using an SP3 (Single Photon Counting) protocol.86

Samples were reduced by the addition of DTT to a final concentration of 10 mM, incubated at RT for 20 min, then alkylated with io-

doacetamide to a final concentration of 10mM, and then incubated at RT for a further 30 min in the dark. Sera_Mag beads were used

to remove contaminating reagents, such as detergent and salts. A 1:1 mixture of carboxylated magnetic beads and HILIC paramag-

netic beads was added to the protein samples. Ethanol was added to a specific final concentration (100% v/v) to induce protein bind-

ing. The mixture was incubated in a thermomixer at 24�C for 5 min at 1000 rpm. Following this, the bead mixture was washed four

times with 80% ethanol before resuspending the beads in 50 mL of 100 mM ammonium hydrogen carbonate containing 0.8 mg of

trypsin. The bead mixture was then sonicated briefly in a bath sonicator to fully disaggregate the beads, and the digestion was per-

formed for 18 h at 37�C in a thermomixer. Following digestion, the beads were centrifuged at 20,000 x g at 24�C for 1 min. The su-

pernatants were removed and collected into clean tubes. Recovered peptides were acidified by the addition of formic acid to a 1%

v/v final concentration.

The resulting peptides were analyzed by nano-scale capillary LC-MS/MS using an Ultimate U3000 HPLC (ThermoScientific Dio-

nex, San Jose, USA) to deliver a flow of approximately 300 nL/min. A C18 Acclaim PepMap100 5 mm, 75 mm 3 20 mm nanoViper

(ThermoScientific Dionex, San Jose, USA), trapped the peptides prior to separation on an EASY-Spray PepMap RSLC 2 mm,

100 Å, 75 mm 3 500 mm nanoViper column. Peptides were eluted with a 90 min gradient of acetonitrile (2% v/v to 80% v/v). The

analytical column outlet was directly interfaced, via a nano-flow electrospray ionization source, to a hybrid quadrupole orbitrap

mass spectrometer (Lumos Tribrid Orbitrap mass spectrometer, ThermoScientific, San Jose, USA). Data dependent analysis

(DDA) was carried out, using a resolution of 120,000 for the full MS spectrum, followed by MS/MS spectra acquisition in the linear

ion trap using ‘‘TopS’’ mode. MS spectra were collected over an m/z range of 300–1800. MS/MS scans were collected using a

threshold energy of 32% for collision-induced dissociation.

Western blotting
Protein lysates were loaded onto NuPAGE, 4–12%, Bis-Tris protein gels (Invitrogen) and subjected to electrophoresis before being

transferred onto nitrocellulose membranes (Biorad). Blocking was performed in PBS, 0.1% tween, and 5% bovine serum albumin for

1 h at room temperature and incubated overnight with rabbit anti-vinculin (1:1000, ThermoFisher 42H89L44) and rabbit anti-histone 3

(1:1000, Abcam ab1791). Following washes, membranes were incubated for 1 h at room temperature with fluorescent secondary

anti-rabbit antibody (1:10000, LI-COR IRDye). Membranes were imaged using Odyssey Fc Imaging System (LI-COR).
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Immunocytochemistry staining and imaging
Motor neurons at day 24 of differentiation were fixed in 4%paraformaldehyde solutions (PFA) in PBS for 10min at room temperature.

Cells were permeabilized and non-specific antibody blocked in 0.3% Triton X containing 5% bovine serum albumin (BSA) (Sigma) in

PBS for 1 h. Primary antibodies SMI-32 (BioLegend; 801701; mouse; 1:1000), ChAT (Millipore; AB144P; goat; 1:100), bIII-tubulin

(Abcam; ab41489; chicken; 1:1000), TDP-43 (Proteintech; 12892-1-AP; rabbit; 1:500), FUS (Santa Cruz; sc-47711; mouse; 1:200),

FUS (Proteintech; 11570-1-AP; rabbit; 1:500) were made up in 5% BSA and incubated overnight at 4�C. Following 2 washes with

PBS, cells were incubated with a species-specific Alexa Fluor-conjugated secondary antibody (Life Technologies, 1:1000) in 5%

BSA for 90 min at room temperature in the dark. Cells were washed once in PBS containing DAPI, 40,6-diamidino-2-phenylindole

nuclear stain (1:1000) for 10 min. Cells were imaged immediately or left in PBS at 4�C. Image acquisition was done using the Opera

Phenix High-Content Screening System (PerkinElmer). Images were acquiredwith a 403 objective as confocal z-stacks with a z-step

of 1 mm, which were processed to obtain a maximum intensity projection.

Fluorescent in situ hybridization (FISH) and immunofluorescence
iPSC-derivedmotor neurons were grown on Polyethyleneimine (Sigma) andGeltrex-coated sterile 8-well m-Slides (Ibidi) then washed

in 1x PBS and fixed for RNA fluorescent in situ hybridization (FISH) experiments. For targeted NEFL RNA-FISH, motor neurons were

fixed and stained using ViewRNA Cell Plus Assay Kit (Thermo Fisher Scientific). Antibody staining, probe hybridization and amplifi-

cation were carried out in accordance with manufacturer guidelines. Immunolabelling was performed with bIII-Tubulin primary anti-

body (Abcam, ab41489), followed by species-specific 488 Alexa-Fluor conjugated secondary antibody (1:1000) each for 1 h at room

temperature. NEFL probes (Thermo Fisher Scientific, VA1-3003598-VCP) were hybridized for 2h at 40�C, and pre-amplifier, amplifier,

and fluorescent label probes each for 1h at 40�C. DAPI counterstain was applied for 10 min at room temperature and then cells were

maintained in 1x PBS supplemented with RNase inhibitor. Cells were imaged using an 880 Laser Scanning Confocal Microscope

(Zeiss), with 63x/40x, 1.4 N.A. oil immersion objective; the pinhole was set to a diameter of 1 Airy unit. Images were obtained as

z-stacks with a z-plane step of 1 mm, from a minimum of 5 fields per biological replicate. Images were processed and arranged to

obtain a maximum intensity projection using Fiji/ImageJ. Image masking, filtering and output measurements were performed with

CellProfiler pipelines. NEFL RNA-FISH absolute counts were generated from nuclear and cytoplasmic masks.

VCP inhibitor treatment
Four VCP inhibitors were used in this study, namely ML240 (Sigma Aldrich; SML1071; CAS: 1346527-98-7), CB-5083 (Cayman;

19311; CAS: 1542705-92-9), DBeQ (Aobious; AOB6826; CAS: 177355-84-9), and NMS-873 (Aobious; AOB4921; CAS: 1418013-

75-8). VCP inhibitor treatment was performed on day 24 of motor neuron differentiation, the medium was changed to fresh medium

containing either: 1 mMofML240 for 2 h, 1 mMof CB-5083 for 3 h, 5 mMof DBeQ for 3 h, 10 mMof NMS-873 for 3 h, or the same volume

of DMSO as the untreated control before harvesting.

VCP co-immunoprecipitation
Motor neurons were lysed in 500 ml of lysis buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 2 mM MgCl2, and

protease inhibitors on ice. Sampleswere sonicatedwith the Bioruptor for 10 cycleswith alternating 30 s on/off at low intensity. Protein

concentration was measured with the Quick Start Bradford Protein Assay according to manufacturer instructions. Protein A Dyna-

beads and VCP or IgG antibody complexes were prepared by resuspending 100mL of washed protein A dynabeads with 8mg of anti-

body for each condition and incubated for 1 h at room temperature. The antibody-bead complexes were then washed 3 times with

lysis buffer. Extracts containing 500 mg of protein were incubatedwith protein ADynabead only for 3 h at 4�Con a rotator before a 16 h

incubation with the bead + antibody complexes at 4�C. The beads were collected and washed 4 times with lysis buffer and 3 times in

50mMof ammonium bicarbonate. The immunoprecipitated proteins were analyzed by SDS-PAGE and immunoblotting for validation

using the VCP antibody (MA3-004, ThermoFisher). VCP interacting proteins were analyzed by mass spectrometry.

Pulldown of iPSMN samples in 50 mL of 50mM NH4HCO3 was prepared using in-solution digest protocol. Samples were reduced

with 10 mM DTT for 1 h at 37�C in a thermomixer. Proteins were alkylated with 20 mM iodoacetamide for 30 min in the dark at room

temperature. Trypsin 0.4 mg was added and digested overnight at 37�C. Digestion reactions were quenched with 10% formic acid.

Clean-up was performed using EV2018 EVOTIP PURE. Desalting was performed according to manufacturer instructions. Tips were

conditioned with 0.1% formic acid in acetonitrile, equilibrated with 0.1% formic acid in water and 1 mg of each digested sample was

loaded onto Evotips. The liquid was passed through the pipette with a light centrifugation step. Peptides were eluted using 50%

acetonitrile and 0.1% TFA buffer. Samples were evaporated in a Speedvac and re-suspended in 30 mL of 0.1% (v/v) formic acid

in LCMS-grade water. The recovered peptide samples were analyzed by LC-MS/MS using an Orbitrap Eclipse (Thermo Fisher)

coupled to an UltiMate 3000 RSLCnano (Thermo Fisher). Samples were loaded onto a 50 cm, 75 mmPepMap RSLC C18 column

(ES903) (Each sample was injected in technical triplicate).

iPSMN viability, lysosome, oxidative stress, and DNA damage assays
Before live cell imaging for the viability assay and lysosomal activity detection, motor neurons were loaded with 500nM Sytox green

nucleic acid stain (Invitrogen, S7020) to label dead cells, 50nM LysoTracker deep red dye (Invitrogen, L12492) to track lysosomes,

and 5 mg/ml Hoechst (Invitrogen, H3570) to count the total number of cells for 15 min at 37�C. Oxidative stress detection was
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conducted using 5 mMCellROX green reagent (Invitrogen, C10444) andHoechst (Invitrogen, H3570) for 30min at 37�C. Neuronswere

then fixed with 4% PFA at room temperature for 10 min before CellROX imaging. For DNA damage assay, motor neurons were first

fixed in 4%PFA for 10min, and then permeabilized and blocked using 0.3%Triton X and 5%BSA for 1 h at room temperature. gH2AX

(Millipore; 05–636; mouse; 1:1000) and bIII-tubulin (Abcam; ab41489; chicken; 1:1000) antibodies were made up in 0.15% Triton X

and 2.5% BSA and applied overnight at 4�C. Species-specific Alexa Fluor-conjugated secondary antibodies (Life Technologies,

1:1000) were added onto cells for 90 min, followed by counterstaining with DAPI for 10 min at room temperature before imaging.

Images were acquired via the Opera Phenix Plus High-Content Confocal Screening System (PerkinElmer). 9–12 fields of viewwere

taken for each well, with each condition acquired in technical duplication. z stack images with an interval of 1 mm were taken with a

403 objective and processed to maximum intensity projection before being analyzed through the Harmony Imaging and Analysis

Software (PerkinElmer). 37�C and 5% CO2 were applied for Sytox and LysoTracker live cell imaging. Cell density was measured,

and wells with nuclei object number R800 in all fields were analyzed for lysosomal localization assay. The average intensity and

foci number measurements were calculated per cell and then averaged across each well. For the somameasurement, a 1.5 mmcyto-

plasmic region was defined around the nucleus.52,87 Lysosomal spots were identified through Harmony Find Spot Method C with

radius% 0.86 mm, LysoTracker intensity to region intensity >1.5, and filtered by the intensity of spot maximumR500, spot contrast

R0.2, and corrected spot intensity R40. For the oxidative stress assay, wells with R800 cells were analyzed. The sum of nuclear

CellROX intensity was calculated per cell and averaged across each well. For the DNA damage assay, gH2AX spots were identified

in the nuclear region using the Harmony Find Spot Method C with radius%1.02 mm, spot contrast >0.26, an uncorrected spot to re-

gion intensity >3, and distanceR0.63 mm, and wells withR100 cells were analyzed. 9 fields of view were taken for each well and the

mean number of gH2AX spots per nucleus was calculated across the well.

QUANTIFICATION AND STATISTICAL ANALYSIS

Transcriptome analysis
Salmon quantified transcript abundance files were imported to R v4.2.0 using tximport. Transcript counts were normalized and

transformed using the variance stabilizing transformation function in DESeq2.88 These transformed values were utilized in the prin-

cipal component analysis (PCA) and unsupervized hierarchical clustering. Individual principal components (PCs) were calculated

based on the 500 highest variance genes using the plotPCA function, and individual PC transcript loadings were extracted with the

prcomp function. Nucleocytoplasmic fractionation quality control was performed by classifying mapped reads as originating from

exonic (50 UTR, CDS, and 30 UTR), intronic, or intergenic genome regions using Qualimap genomic origin and RSeQC read_dis-

tribution.py tools. The human cortex transcriptome database of nuclear and cytoplasmic markers was also used to evaluate frac-

tionation quality.35 One untreated nuclear sample (CTRL3) failed fractionation quality control and was excluded. Coverage tracks

of nuclear and cytoplasmic reads were plotted with the trackViewer package.89 We examined the motor neuron transcriptomic

identities of iPSMNs using the ComplexHeatmap package based on the expression of canonical neuronal and glial cell type

markers.

Differential transcript expression was fitted using the DESeq2 generalized linear model, utilizing the Wald test.88 In all analyses, a

transcript was considered significantly differentially expressed if the false discovery rate (FDR) < 0.05. Nuclear/cytoplasmic fold

change was calculated using the design� sample+ fraction and result contrast formula log 2ðNuclear = CytoplasmicÞ. To compare

differences in ALS versus control nuclear/cytoplasmic fold changes, while accounting for nuclear-cytoplasmic cell line pairing, we

used a multi-factor design with interaction terms: � fraction+genotype+ genotype : cell line+ fraction : genotype. By including

the terms ‘‘genotype’’ and ‘‘fraction’’ in the design, we can detect expression changes due to ALS versus control at the total (nuclear +

cytoplasm) level (fraction-independent) as well as expression changes due to fraction (nuclear versus cytoplasm) across both ALS

and control samples (genotype-independent). To identify changes in expression due to both fraction and genotype, we used the re-

sults formula contrast log 2ðfraction:nuclear = genotype:ALSÞ The model finds the ‘‘interaction’’ in transcripts whose ALS versus

control expression changes are significantly different between nuclear and cytoplasmic fractions. This two-factor comparison is

more easily interpretable as ALS nuclear = cytoplasm vs: control nuclear = cytoplasm.

Nuclear redistributed transcripts were defined as FDR < 0.05 and log2 fold change > 0 and cytoplasmic redistributed transcripts

FDR < 0.05 and log2 fold change < 0. This approach was used for both untreated and ML240-treated iPSMNs. Differences in tran-

script redistribution between the 4 mutant groups were compared using transcriptome-wide Pearson correlation of the Wald test

statistic and were depicted in scatterplots. The overlap of differentially redistributed transcripts was tested statistically using the

one-sided Fisher exact test and depicted in UpSet plots. Nuclear and cytoplasmic redistributed transcripts were used as input to

functional enrichment analyses, which were used to identify enriched pathways using g:Profiler2 and depicted in bar charts with

redundant terms manually removed. g:Profiler2 performs statistical enrichment analysis to find over-representation using the hyper-

geometric test with correction for multiple testing with all expressed genes used as background. g:Profiler2 searches Gene Ontology

(GO;molecular functions, biological processes and cellular components), KEGG, REAC,WikiPathways, CORUMandHuman pheno-

type ontology sources. In the functional enrichment bar charts, the top significant terms were manually curated by removing redun-

dant terms. Transcript features including biotype, isoform length, and exon number were extracted from the GTF file. GC content and

Phast conservation scores were acquired from the GenomicScores R package. Statistical analyses were performed using the Wil-

coxon tests with Benjamini-Hochberg correction for multiple testing.
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Differential expression results for postmortem spinal cord ALS were calculated by comparing ALS versus control samples, ac-

counting in the design for the RNA library preparation method, gender and the site of the spinal cord tissue (cervical, thoracic or lum-

bar) with the formula � sequencing instrument +gender + sample source+ condition:

RNA-protein interactions
RNA-protein interactions were predicted using the expansive RNAct database (https://rnact.crg.eu/).40 RNAct provides length-

normalized interaction scores for almost 6 billion protein-RNA pairwise interactions, enabling full coverage of the RNA-binding

proteome. To examine interaction scores from the RNA view, for each transcript we summed the interaction scores for all its protein

interactions, thus normalizing for both the total number and confidence in each RNA-protein interaction. For the protein view, for each

protein we calculated the sum of its interaction scores across all transcripts.

To validate RNAct findings, we examined CLIP data for crosslink events between RBPs and proteins. We utilized iCLIP data from

21 RBPs90 and eCLIP data from HepG2, K562, and HeLa cells for 112 RBPs available from ENCODE.91 The number of crosslink

events between each RBP and each transcript were obtained using the GenomicRanges countOverlaps function and normalized

for transcript length. To explore regional differences in transcript RBP binding, we performed countOverlaps onCLIP crosslink events

with sequences of CDS, introns, 50 UTR, and 30 UTRs separately. RBP motif enrichment among redistributed transcripts was calcu-

lated using Transite (https://transite.mit.edu/), which performs a matrix-based Transcript Motif Set Analysis (TMSA) on 174 motifs

from the RBPDB and CISBP-RNA databases.41,42,92

Alternative splicing
Alternative splicing was analyzed using MAJIQ v2.4.43 STAR aligned BAMs were used as input to the MAJIQ splice graph builder

using Ensembl GRCh38.99 GFF3 transcript annotation. Differential splicing was quantified using the MAJIQ deltapsi and Voila tsv.

A threshold of 20%DJ and changing probability >90%was used to call significant splicing changes between ALSmutants and con-

trols. Events were visualized using Voila view. Changes in each class of splicing were examined using Voila modulize, which breaks

down local splice variants into binary splicing events (e.g. exon skipping or intron retention). For comparison of ALS iPSMN splicing

events with ALS postmortem, NYGC samples were analyzed using the MAJIQ heterogen function, which is more appropriate for a

large heterogeneous dataset with known batch effects.93,94 Sequencing instrument, gender, and sample source batch effects were

corrected for using MOCCASIN.94 A threshold of 20% DJ and TNOM p value < 0.05 was used to call significant splicing changes

between groups.

Proteome analysis
For analysis of mass spectrometry spectral intensities, LC-MS/MS raw files were processed in MaxQuant (version 2.0.3.1) and the

peptide lists generated were searched against the reviewed UniProt human proteome using the Andromeda search engine

embedded in MaxQuant.95 Enzyme specificity for trypsin was selected (cleavage at the C-terminal side of lysine and arginine amino

acid residues unless proline is present on the carboxyl side of the cleavage site) and a maximum of two missed cleavages were al-

lowed. Cysteine carbamidomethylation was set as a fixed modification, while oxidation of methionine and acetylation of protein N

termini were set as variable modifications. Peptides were identified with an initial precursor mass deviation of up to 10 ppm and a

fragment mass deviation of 0.2 Da. For label-free protein quantitation (MaxLFQ), we required a minimum ratio count of 1, with

two minimum and two average comparisons, which enabled the normalization of the dataset.96 An FDR, determined by searching

a reverse sequence database, of 0.01 was used at both the protein and peptide levels.

Data from the Maxquant analysis were analyzed for differential protein expression using the DEP package (v1.11.0), which is a

wrapper around limma.44 Protein identifications were filtered, removing hits to the reverse decoy database and proteins identified

as modified peptides. We required that each protein be detected in at least two out of the three replicates. Protein LFQ intensities

were normalized andmissing valueswere imputed by values simulating noise around the detection limit using the default parameters.

Differential protein enrichment analysis was performed using protein-wise linearmodels combinedwith a Bayesian regression-based

approach that utilizes limma. A protein was considered significantly differentially expressed when FDR < 0.05. The same design

formulae and results contrasts were used as with the transcriptome analysis. VCP co-immunoprecipitation mass spectrometry

raw files were analyzed in the same way.

All boxplots show the median, hinges represent the 25th and 75th percentiles, and whiskers correspond to 1.5 times the interquar-

tile range. Schematics were created with BioRender.com.
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