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CELLULAR NEUROSCIENCE

An alternative cytoplasmic SFPQ isoform with reduced
phase separation potential is up-regulated in ALS

Jacob Neeves'?*, Marija Petrié¢ Howe'"?, Oliver J. Ziff'%, Beth Callaghanz, Daniel Jutzi®*4,
, Theodoros I. Roumeliotis®, Jyoti Choudharys, Adrian M. Isaacs®’, Frank Rigos,
C. Frank Bennett?, Marc-David Ruepp3’4, Rickie Patani'?*1+}§

Koustav Pal'2

Splicing factor proline- and glutamine-rich (SFPQ) is an RNA binding protein that broadly regulates RNA metabo-
lism. Although its nuclear roles are well studied, evidence of SFPQ’s cytoplasmic functionality is emerging. Altered
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expression and nuclear-to-cytoplasmic redistribution of SFPQ have been recognized in amyotrophic lateral scle-
rosis (ALS) pathology, yet the mechanistic bases for these phenomena remain undetermined. We identified al-
tered SFPQ splicing in ALS, increasing the expression of an alternative mRNA isoform lacking a nuclear localization
sequence, which we termed “altSFPQ." We find that altSFPQ mRNA contributes to SFPQ autoregulation and is high-
ly unstable yet exhibits context-specific translation with cytoplasm-predominant localization. Notably, reduced
canonical SFPQ coincides with increased altSFPQ transcript expression in familial and sporadic ALS models, pro-
viding a mechanistic basis for SFPQ nuclear-to-cytoplasmic redistribution in patients with ALS. Last, we observe
that the altSFPQ protein has reduced phase separation potential and differential protein binding compared to its
canonical counterpart, providing insight into its mechanistic relevance to physiology and ALS pathogenesis.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating disease with a life-
time risk of between 1:300 and 1:400. It is among the most rapidly pro-
gressive and relentless neurodegenerative diseases, with an average
survival of only 3 to 5 years. The need for effective disease-modifying
treatment targeting the full spectrum of ALS is apparent and urgent.
However, a prerequisite for achieving this is a deeper understanding of
its molecular pathomechanisms. Recognized pathological hallmarks
of ALS include the nuclear-to-cytoplasmic redistribution of RNA
binding proteins (RBPs), including TAR DNA binding protein
of 43 kDa (TDP-43), fused in sarcoma (FUS), and splicing factor pro-
line- and glutamine-rich (SFPQ) (1-5). Autosomal-dominant muta-
tions are prevalent within the nuclear localization signal (NLS) region
in FUS-ALS and less common, but reported, in TARDBP-ALS. Beyond
these cases, the mechanistic basis for RBP redistribution in ALS,
including for SFPQ, is incompletely resolved.

SFPQ is an abundant, nuclear-predominant RBP, involved in
many aspects of nuclear RNA metabolism (6), including transcrip-
tional regulation (7), pre-mRNA splicing (8), and paraspeckle forma-
tion (9). Consequently, its dysregulated expression and localization
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cause widespread dysfunction, particularly in neurons, which is
typically attributed to loss of its nuclear functions. Loss of SFPQ re-
sults in the inclusion of numerous cryptic last exons in genes with
neuronal functions (10), as well as neuronal apoptosis due to reduced
RNA polymerase II processivity through long genes (11). Further-
more, spatial dissociation of nuclear SFPQ and FUS, which normally
form a high-molecular weight (HMW) complex, causes increased
four-repeat tau isoform expression, which, in turn, leads to fronto-
temporal dementia (FTD)-like phenotypes in mice (12) and neuro-
degeneration in human cortical neurons (13). In addition to its
nuclear functions, cytoplasmic roles of SFPQ, particularly in neurons,
have also been described (14-16). Notably, SFPQ knockout primarily
affects neuronal development, manifesting in axonal malformation,
which is abrogated through expression of a cytoplasmically restricted
SFPQ protein (ANLS-wtSFPQ) (17). This demonstrates the crucial
role played by a non-nuclear pool of SFPQ in neurons.

Pathophysiological increases in cytoplasmic SFPQ, including
aggregate formation, have been described in several neurodegen-
erative diseases (5, 18-21). However, the effect of these phenom-
ena on affected cell types and the mechanistic basis for altered
localization remains undetermined. Recently, SFPQ gene poly-
morphisms were identified in patients with ALS, found in the coiled-
coil region implicated in zinc-mediated subcellular localization
(19, 22). Considering that these regions of the protein are shared
with the other two members of the Drosophila behavior/human
splicing (DBHS) proteins, PSPC1 and NONO, which do not ex-
hibit significant redistribution in ALS (23), it follows that alterna-
tive regulation may drive cytoplasmic localization of SFPQ.
Against this background, we hypothesized that an alterna-
tive splicing event determines SFPQ nucleocytoplasmic distri-
bution. Along with protein dysregulation, we and others recently
described aberrant alternative splicing of SFPQ, in the form of
intron retention (IR), in multiple ALS subtypes (5, 24, 25). Al-
though SFPQ transcript isoforms have previously been described
(26), overall regulation of SFPQ pre-mRNA splicing and the roles
of its RNA products remain unresolved.
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In this study, we show that an alternative distal exon event in SFPQ is
expressed throughout motor neuron development, anticorrelates with
the major coding mRNA, and is highly unstable due to nonsense-
mediated mRNA decay (NMD). This mRNA also exhibits translation
potential and produces a cytoplasmic-predominant protein with
differential phase separation propensity and protein binding partners
compared to the canonical SFPQ protein. This RNA isoform is up-
regulated in human induced pluripotent stem cell (hiPSC)-derived
familial ALS neurons (VCP-, FUS-, and SODI- mutations) and in motor
neurons derived from patients with sporadic ALS, thus representing the
vast majority of ALS cases. Therefore, we propose that aberrant regu-
lation of SFPQ gene expression ultimately contributes to driving its
nuclear protein loss and cytoplasmic accumulation through the pref-
erential production of a cytoplasmically localized protein.

RESULTS

SFPQ alternative distal exon splicing is ubiquitous and

well conserved

To gain initial insight into SFPQ gene expression, we searched the
UCSC genome browser for annotated SFPQ transcripts. The NCBI
RefSeq collection includes the major protein-coding mRNA and two
noncoding transcripts, which use alternative terminal exons; these two
transcripts differ by just three nucleotides (fig. S1A, in blue). Whereas
the first alternative distal exon is well conserved, two additional
downstream exons have arisen in mammals. Ensembl includes at least
10 annotated human transcripts; ENST00000357214 is denoted as
coding, all others as noncoding (fig. S1A, in red). To broadly assess the
relative expression of these transcripts, we used the ExonSkipDB web
browser focusing on the Genotype-Tissue Expression (GTEx) data-
base of RNA sequencing (RNA-seq) across 31 normal human tissues
[https://ccsm.uth.edu/ExonSkipDB/; (27)] (fig. S1B). This demonstrat-
ed that three transcripts are ubiquitously expressed: the only annotated
coding transcript (henceforth termed wtSFPQ, ENST00000357214),
an alternative distal exon(s) transcript (henceforth termed altSFPQ,
ENST00000470472), and an additional noncoding transcript con-
sistent with the intron-retaining RNA we previously identified
[ENST00000468598; (5)]. ENST00000470472 corresponds to RefSeq
NR_136703.2, whereas the lowly expressed ENST00000460428 corre-
sponds to RefSeq NR_136702.2. The three transcripts are expressed in
all tissues, with relatively high expression in nerve tissue (fig. S1B).
Last, we performed MAJIQ splicing analysis (28, 29) on our previously
generated RNA-seq data derived from samples taken throughout di-
rected motor neurogenesis from hiPSCs (six stages in total, including
two postmitotic neuronal stages), with both nuclear and cytoplasmic
fractions analyzed at each stage (fig. S1C). MAJIQ quantifies both an-
notated and unannotated splicing events. The local splicing variant
(LSV) which used multiple well-expressed events in both cell compart-
ments and across all cell stages was chr1:35187001-35187122. This
LSV diverges from exon 9 and contains (i) exon 9 to 10 splicing, con-
sistent with canonical protein-coding wtSFPQ; (ii) exon 9 to 11 splic-
ing, consistent with altSFPQ; and (iii) previously identified intron
9 retention (5) (a simplified SFPQ schema demonstrating the diver-
gent events described, and primer design to specifically assay them, is
shown in fig. S1D). Each isoform is detected in both cell compartments
throughout motor neurogenesis, but the relative expression varies in a
stage-dependent manner. An anticorrelation was observed with re-
spect to the relative levels of exon 9 to 10 (wf) and exon 9 to 11 (alt)
splicing in both compartments. Intron 9 inclusion (ir) also exhibits an
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anticorrelation with exon 9 to 10 splicing at most stages, particularly
within cytoplasmic samples (Fig. 1A). Therefore, our data suggest that
these splicing events in SFPQ are ubiquitous across tissues and expressed
continuously through neurodevelopmental lineage restriction of mo-
tor neurons. Notably, relative to wtSFPQ expression, absolute lev-
els of altSFPQ, as determined by reverse transcription quantitative
polymerase chain reaction (RT-qPCR), increase through motor neuro-
genesis from iPSCs, to DIV14 neural precursor cells (NPCs), then to
DIV35 terminally differentiated motor neurons (fig. S2A). Nevertheless,
relatively low expression of altSFPQ across tissues and at earlier stages
of our neurogenesis paradigm implies a lower nascent transcription
rate and/or reduced posttranscriptional stability compared to wtSFPQ.

AItSFPQ is an NMD target and contributes to

SFPQ autoregulation

To infer posttranscriptional stability of the altSFPQ transcript, we
treated human embryonic kidney (HEK) 293T cells with the transcrip-
tional inhibitor 5,6-dichloro-1-p-ribofuranosyl benzimidazole (DRB)
and assessed RNA expression over time by RT-qPCR. Compared to the
relatively stable transcript GAPDH, altSFPQ was highly unstable, ex-
hibiting down-regulation almost comparable to an SFPQ constitutively
spliced intron and at a faster rate than the established NMD-sensitive
target GADD45A (Fig. 1B). We orthogonally validated this finding by
using the highly selective RNA polymerase II irreversible inhibitor
alpha-amanitin (30, 31) (fig. S2B). When considered together with the
cytoplasmic presence of altSFPQ mRNA, cytoplasmic degradation is
implicated. AItSFPQ contains a premature translation termination co-
don (PTC), followed by two downstream introns, which suggests that
it is a target for NMD (32, 33). The SFPQ intron-retaining transcript
also introduces PTCs and is present in the cytoplasm (5, 25). To
evaluate the NMD sensitivity of these transcripts, HEK293T cells were
treated with the mRNA translation inhibitor cycloheximide (CHX).
AltSFPQ mRNA exhibited a marked 20-fold up-regulation upon in-
hibition of translation (fig. S2C), which was threefold greater than
GADD45A. Intron-retaining SFPQ (henceforth referred to as irSFPQ)
exhibited no change in expression, whereas wtSFPQ, unexpectedly,
exhibited a small but significant up-regulation. To confirm that exon 9
to 11 splicing reflects the full-length altSFPQ transcript, we performed
Northern blot analysis on CHX-treated HEK293T RNA. Using a probe
designed to span the last three exons of altSFPQ, we demonstrated
clear up-regulation of a 2.3-kb transcript consistent with altSFPQ tran-
script size (fig. S2D). To orthogonally validate that altSFPQ, but not
witSFPQ, is an authentic NMD target (34), we used a chemical inhibitor
of SMGI1 kinase, a crucial component of the NMD pathway (35). Fol-
lowing a 24-hour treatment, altSFPQ transcript levels rose markedly in
HEK293T cells as measured by RT-qPCR, whereas wtSFPQ was unal-
tered (Fig. 1C). This was further orthogonally demonstrated by Base-
Scope RNA-FISH on fixed HEK293T cultures. Average altSFPQ RNA
puncta per cell rose from 2.23 to 26.24 in SMG1i treatment, whereas
witSFPQ RNA levels nonsignificantly decreased from 42.86 to 32.06 per
cell (Fig. 1, D and E). Recognizing cell type-specific differences in
NMD activity, we further confirmed these findings in hiPSC-derived
motor neurons treated with the SMG1 inhibitor. In this context, this
finding was coupled with a significant reduction in wtSFPQ expres-
sion. Lack of GADD45A response in neurons, but stabilization in
HEK293T cells may reflect a reduced concentration of the inhibitor
used in neurons or cell type-specific differences in NMD activity
(fig. S2, E and F). Nonetheless, together, these data strongly suggest
that altSFPQ is an authentic NMD target, but irSFPQ is not.
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Fig. 1. AltSFPQ is an NMD target and contributes to SFPQ autoregulation. (A) Mean percentage splicing (PSI) for each of the three splicing events across six stages of neuronal
differentiation (see fig. S1C) in either nuclear or cytoplasmic fractions derived from four healthy hiPSC lines. (B) RNA expression (qPCR) relative to time point 0 when DRB treatment
was administered, normalized at each time point over GAPDH, in HEK293T cells (n = 3). (C) WtSFPQ and altSFPQ mRNA levels (qPCR) normalized over GAPDH and POLR2B, in SMG1
inhibitor (SMG1i) and mock-treated HEK293T cells (n = 3; unpaired t tests). (D) Representative images of BaseScope RNA-FISH on untreated and SMG1i-treated HEK293T cells,
probed for either wtSFPQ or altSFPQ. (E) Quantification of BaseScope SFPQ RNA puncta per cell in untreated (UT) and SMGTi-treated HEK293T cells (n = 3; average of >4 fields per
replicate; unpaired t tests). (F) Ratio between altSFPQ and wtSFPQ transcript expression as measured by qPCR in SFPQ siRNA-treated hiPSC-derived DIV3 motor neurons (n = 3;
unpaired t test). (G) WtSFPQ and altSFPQ mRNA expression levels (QPCR) normalized over GAPDH and POLR2B, in the HA-wtSFPQ plasmid (pSFPQ) and control plasmid (pEV)
transfected Hela cells (n = 3; unpaired t tests). (H) WtSFPQ and altSFPQ mRNA expression levels (QPCR) normalized over GAPDH, in wtSFPQ-T2A-mAPPLE and mAPPLE control
lentiviral transduced DIV14 (day 11 posttransduction) i3Neurons (n = 3; unpaired t tests). Graphs are presented as means + SEM. HKGs, housekeeping genes.

Many RBPs autoregulate (36-38). Noting that (i) the SFPQ protein
binds extensively to its own transcripts (5) and (ii) altSFPQ tran-

motor neurons. We found that, although both wtSFPQ and altSFPQ
transcripts were substantially down-regulated, there was a greater

script is highly unstable, we hypothesized that SFPQ protein auto-
regulates by directly modulating the splicing decision between altSFPQ
and wtSFPQ. To address this, we performed small interfering RNA
(siRNA)-mediated knockdown of SFPQ protein in hiPSC-derived
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magnitude of reduction in altSFPQ (Fig. 1F and fig. S2G). These
changes occurred in the absence of altered SFPQ pre-mRNA levels, as
inferred by measuring expression of a constitutively spliced intron. We
next investigated the effects of SFPQ overexpression on endogenous
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SFPQ RNAs via transient transfection of a hemagglutinin (HA)-tagged
wtSFPQ construct in HeLa cells (fig. S2H). We observed a significant
down-regulation of endogenous wtSFPQ transcript 48 hours post-
transfection along with significantly increased altSFPQ but no change
in irSFPQ or pre-mRNA (Fig. 1G and fig. S2I). Last, we overexpressed
HA-wtSFPQ in i3Neurons via lentiviral transduction; again, wtSFPQ
was significantly down-regulated and altSFPQ up-regulated (Fig. 1H).
Together, these data support a model in which SFPQ protein autoregu-
lates through favored splicing of an mRNA which is targeted for degra-
dation via NMD.

AItSFPQ encodes a previously unidentified SFPQ protein
Lack of NMD sensitivity of irSFPQ and partial cytoplasmic localiza-
tion prompted us to examine its coding potential. To do so, we per-
formed polysome profiling (Fig. 2A) on hiPSC-derived NPCs and
subsequent RT-qPCR of transcripts on the resultant fractions. As ex-
pected, wtSFPQ and positive control GAPDH transcripts predomi-
nantly associate with HMW polysomal fractions, consistent with
highly efficient translation. In contrast, irSFPQ was only localized to
LMW polysome fractions. Considering that NMD is dependent on
transcript engagement with ribosomal machinery, whereupon it is
typically degraded during early rounds of translation, we also expect-
ed to see predominant altSFPQ engagement with individual ribo-
somes (monosomes) and low-molecular weight (LMW) polysomes
but minimal engagement with HMW polysomes (39, 40). Unexpect-
edly, a relatively large pool of altSFPQ mRNA associates with HMW
polysomes, indicative of translation. The proportion of the transcript
within these fractions is comparable to that of GAPDH (Fig. 2B). To
ensure that these profiles reflected true ribosomal engagement and
not cosedimentation, we first assessed the impact of EDTA treatment
on HEK293T lysates to induce ribosomal dissociation. Both wtSFPQ
and altSFPQ mRNA s shifted substantially from HMW polysome frac-
tions toward lighter fractions (fig. S3A). The same effect was then ob-
served following EDTA treatment of NPC lysates (Fig. 2C); notably,
no shift was observed for irSFPQ (fig. S3B). To determine that altSFPQ
polysomal association did not reflect a nonspecific or artifactual pro-
file, we examined the SRSF6 PTC+ NMD-sensitive transcript (39).
The SRSF6 transcript was predominantly identified in the monosomal
fraction with progressively diminishing presence through disome and
LMW polysome fractions. Furthermore, the different profile com-
pared to altSFPQ is not simply a consequence of differential expres-
sion of the two transcripts (fig. S3C). Together, these data suggest
altSFPQ translation potential in mammalian cells.

Specific identification of the alternative protein is complicated by (i)
low expression in the basal state, (ii) similar molecular weight to the
canonical SFPQ protein (WtSFPQ), and (iii) lack of tryptic digest sites
to enable unique peptide identification, of relevance to most pro-
teomics library preparation approaches. Commercially available anti-
bodies include one that only targets the wtSFPQ C terminus and others
that target structured domains common to both isoforms (hereafter
denoted as N-terminal antibody) (Fig. 2D). HA-tagged wtSFPQ and
altSFPQ proteins run at such similar weights as to overlap on SDS-
polyacrylamide gel electrophoresis (PAGE) (fig. S3D). Consequently,
and considering the relatively low expression of altSFPQ compared to
wtSFPQ, higher input requirements will typically result in masking
of the alternative protein. To circumvent this problem, we made use
of SMGI inhibition-mediated altSFPQ up-regulation in conjunction
with long SDS-PAGE runtimes on fixed percentage gels and Western
blot detection using both the N- and C-terminal antibodies. This
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demonstrated an a-N-terminal SFPQ-positive, a-C-terminal SFPQ-
negative protein running at the expected molecular weight and there-
fore consistent with the novel isoform (Fig. 2E). To further confirm
that this is an SFPQ protein, we pretreated cells with an SFPQ-targeting
siRNA pool before SMG1i treatment. This reduced expression of the
SMGli-induced protein to less than 40% (fig. S3E), confirming that it
is an SFPQ protein.

Reduced expression of NMD regulators and reduced UPF1 phos-
phorylation may result in broad translation of truncated proteins de-
riving from NMD-sensitive transcripts (41, 42). To examine whether
the altSFPQ protein is translated in the absence of NMD inhibition, we
sought specific means of altSFPQ up-regulation. We reasoned that
splicing of its encoding transcript might be determined by intronic
splicing regulatory sequences in close proximity to the splice sites.
Therefore, we designed a panel of uniformly phosphorothioate (PS)-
and 2'-O-methoxyethyl (2'MOE)-modified antisense oligonucleotides
(ASOs) with the aim of specifically increasing altSFPQ expression. In
total, 20 ASOs were designed and tested: 2 ASOs targeting either the 5
or 3’ splice site, with respect to altSFPQ exons 9 and 10, and a further
18 ASOs “tiled” in nine-nucleotide steps forward or backward from the
5" and 3’ splice sites, respectively (fig. S3F). ASOs were initially
screened in HEK293T cells for 48 hours at a 200 nM concentration,
and SFPQ mRNA expression was assessed by RT-qPCR. One ASO
(ASO20) successfully increased altSFPQ mRNA expression (fig. S3G).
To maximize accuracy of altSFPQ protein detection, we made use of
the wtSFPQ C-terminal-specific antibody to immunoprecipitate this
protein out of solution. Following this, immunoblotting using an SFPQ
N-terminal-specific antibody revealed a protein ~97 kDa in size, with
increased expression in an ASO20-dependent manner (Fig. 2, F to H).
Of note, ASO20 treatment also reduced the expression of the wtSFPQ
mRNA and wtSFPQ protein (fig. S3, H and I). Last, we used the
previously described C-terminal antibody immunoprecipitation (IP)
approach to confirm that the altSFPQ protein is expressed in hiPSC-
derived motor neurons (fig. S3]). Together, this shows that an altSFPQ
protein is expressed and that its levels increase when altSFPQ tran-
script expression is up-regulated.

AItSFPQ encodes a cytoplasm-predominant protein, which
attenuates subcellular distribution of DBHS proteins
AItSFPQ and wtSFPQ proteins share an identical sequence until
amino acid 663; altSFPQ has a further seven unique amino acids
(total length of 669 amino acids), whereas wtSFPQ has an addition-
al 45 unique amino acids (total length of 707 amino acids). In the
altSFPQ protein, this difference dictates an omission of the classical
nuclear localization signal (cNLS) located at the extreme C terminus
of wtSFPQ (Fig. 2D), which is required for its nuclear localization
(43). To test the localization of the altSFPQ protein, we transiently
expressed HA-tagged wtSFPQ, altSFPQ, and a ANLS SFPQ (but other-
wise unaltered from wtSFPQ) in HEK293T cells and assessed distri-
bution by immunofluorescence (Fig. 3A). As expected, wtSFPQ was
predominantly localized in the nucleus, whereas omission of the
NLS markedly shifts the protein into the cytoplasm, although some
nuclear localization remains. The altSFPQ protein exhibited a highly
similar subcellular distribution as for the ANLS protein, demon-
strating that the unique C terminus does not encode an alterna-
tive functional NLS. To assess the nuclear-cytoplasmic distribution
of endogenous wtSFPQ and altSFPQ proteins, we used SMG1i treat-
ment of HEK293T cells followed by biochemical fractionation and
Western blotting. In line with the distribution of the recombinant
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Fig. 2. AltSFPQ encodes a previously unidentified SFPQ protein. (A) Polysome profiling schema, with example absorbance profile. RNP, ribonucleoprotein. (B) Analysis
of SFPQ transcripts and GAPDH mRNA by gqPCR from hiPSC-derived NPCs (DIV7), plotted as the percentage of total (n = 3; one cell line derived from a healthy donor and
two cell lines derived from a patient with VCP-ALS). (C) Polysome profiles obtained from hiPSC-derived DIV14 NPCs with (red) or without (black) EDTA treatment; EDTA
treatment caused substantial loss of polysomes. Analysis (right) of wtSFPQ or altSFPQ mRNA expression by qPCR from each fraction, plotted as the percentage of total
(n = 3; two cell lines from healthy donors and one cell line from a patient with VCP-ALS). (D) Schematic depiction of SFPQ isoforms and antibodies used for IP and immu-
noblotting. One antibody recognizes an epitope common to both proteins (“N"-term SFPQ antibody), whereas a C-terminally targeting antibody recognizes only wtSFPQ
(“C"-term SFPQ antibody). RRMs, RNA recognition motifs. (E) Western blot showing the altSFPQ isoform expression in SMG1i-treated HEK293T cells; n = 3, stars demarcate
the proteins. (F) AltSFPQ mRNA levels (QPCR, normalized over GAPDH) in nontargeting control ASO (NTC)-treated and ASO20-treated HEK293T cells (n = 3; unpaired t test).
(G) Representative Western blot of the endogenous SFPQ protein expression in NTC-treated or ASO20-treated HEK293T cells; relates to (F). Initial IP using ab177149 (C
terminus targeting) SFPQ antibody removes wtSFPQ and enables visualization of the altSFPQ protein in “cleared” fractions (using N-terminal SFPQ antibody). An 8-pg in-
put was loaded along with increasing amounts of cleared lysate; an input equivalent amount of the bead eluate was loaded. (H) Quantification of altSFPQ (normalized
over vinculin) in (G), using the highest-quantity cleared lysate within each replicate (n = 3; unpaired t test). Graphs are presented as means + SEM.
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ages showing the subcellular localization of HA-tagged recombinant SFPQ proteins in transfected HEK293T cells. (B) Western blot of nuclear-cytoplasmic fractionated SMG1i-
treated HEK293T cells; vinculin and lamin B1 act as subcellular markers. (C) Quantification of the nuclear-cytoplasmic ratio of SFPQ proteins in fractionated SMG1i Western
blots; the C-term SFPQ antibody signal is used to quantify wtSFPQ, and the N-term antibody is used to quantify the smaller visible SFPQ protein (i.e., altSFPQ); n = 3; one-way
ANOVA, Tukey’s multiple comparisons. (D) HEK293T cells were transfected with 100 ng of eGFP-wtSFPQ (+100 ng of EV plasmid), 100 ng of mAPPLE-wtSFPQ (+100 ng of EV
plasmid), or 100 ng of each tagged SFPQ protein; representative zoomed-in images are displayed (arrowheads show co-localized cytoplasmic eGFP and mAPPLE signals; stars
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ar ring region) of the eGFP signal (reflecting the eGFP-wtSFPQ protein) in eGFP-wtSFPQ transfected versus eGFP-wtSFPQ/mAPPLE-altSFPQ cotransfected cells (n = 3; each data
point represents the average across >5 fields of view for each replicate; unpaired t test). a.u., arbitrary units. (F) As for (E) but assessing the nuclear-cytoplasmic ratio of the
mMAPPLE signal (reflecting the mAPPLE-altSFPQ protein) (n = 3; each data point represents the average of >5 fields of view for each replicate; unpaired t test).
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proteins, wtSFPQ is predominantly nuclear, whereas SMGli-induced
altSFPQ is predominantly cytoplasmic, although both are present
within both compartments (Fig. 3, B and C). To address whether
altSFPQ can modulate SFPQ expression in a similar manner to
wtSFPQ, we assessed the effect of altSFPQ overexpression on en-
dogenous SFPQ RNAs. Transfected HA-altSFPQ did not significant-
ly alter expression of wtSFPQ and altSFPQ, or irSFPQ, in HeLa cells
(fig. S4A). Furthermore, lentiviral-derived HA-altSFPQ overexpression in
i3Neurons also had no significant effect on the expression of SFPQ
RNAs (fig. S4B). This implies that altSFPQ does not autoregulate.

The DBHS proteins (SFPQ, NONO, and PSPC1) primarily exist
in homo- and heterodimeric forms (44). To determine whether altS-
FPQ expression modulates the subcellular distribution of wtSFPQ,
we individually or coexpressed both with different fluorescent tags
to visualize the two proteins simultaneously. Intriguingly, the re-
combinant proteins both affected one another’s localization, with
redistribution of wtSFPQ to the cytoplasm and altSFPQ to the nu-
cleus when coexpressed (Fig. 3, D to F). Furthermore, overexpressed
altSFPQ, as well as a cytoplasmic wtSFPQ protein (ANLS-wtSFPQ),
redistributed endogenous NONO, the highest-affinity heterodimeric
partner of SFPQ protein (45), into the cytoplasm (fig. S4, C and D).
Therefore, altSFPQ encodes a cytoplasmic protein, which can mod-
ulate the subcellular distribution of other DBHS proteins, likely
through dimerization.

AItSFPQ exhibits reduced phase separation propensity
compared to wtSFPQ and is up-regulated during

neuronal stress

As well as subcellular distribution, we reasoned that the altered
C-terminal protein sequence may affect the behavior of altSFPQ
relative to wtSFPQ protein. AlphaFold prediction suggests that the
region unique to wtSFPQ protein (highlighted in red) is unstruc-
tured (Fig. 4A). All structured domains common to the DBHS pro-
tein family are shared, and the differential C termini are of low
complexity. Intriguingly, it was recently reported that the C-terminal
low-complexity region (LCR) drives SFPQ liquid-liquid phase sepa-
ration (LLPS), whereas the N-terminal LCR attenuates this (46). The
altSFPQ protein loses a large proportion of this C-terminal LCR,
reducing its predicted disorder (Fig. 4B). To directly test the relative
LLPS propensity of the two proteins, we generated N-terminally en-
hanced green fluorescent protein (eGFP)-tagged SFPQ proteins
with solubilizing C-terminal maltose-binding protein (MBP) tags
(Fig. 4C). Recombinant SFPQ proteins were purified from bacterial
cultures and concentrated in a storage buffer containing 300 mM NaCl
(fig. S5A) at final concentrations of 4.32 mg/ml (GFP-wtSFPQ-MBP)
and 4.33 mg/ml (GFP-altSFPQ-MBP); both exhibited high purity
(260/280 absorbance ratios of 0.57 for both). For in vitro droplet
assays, proteins were diluted to a physiological salt concentration
(150 mM NaCl), MBP tags were enzymatically removed, and com-
mon crowding agent polyethylene glycol (PEG) was added at in-
creasing concentrations to a fixed 3 pM protein. Micrometer-sized
droplets increasingly formed in a PEG concentration-dependent
manner (Fig. 4D); both proteins settled to the slide surface as round
droplets and fused over time, demonstrative of their liquid-like state
(fig. S5B). For quantification, images were taken once droplets had
settled to the bottom of the slide but before droplet fusion, enabling
quantification of the condensed phase. We quantified droplets and
their characteristics from triplicate experiments in the presence of
1% PEG (Fig. 4D and fig. S5C). eGFP-altSFPQ homotypic samples
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consistently formed fewer droplets with a trend toward reduced
size and amount of eGFP protein within droplets compared to
eGFP-wtSFPQ (Fig. 4, E and F, and fig. S5). To orthogonally validate
our findings, we used a sedimentation assay, whereby samples are
centrifuged following tobacco etch virus (TEV) cleavage, and the
partitioning of SFPQ proteins into the pelleted fraction is used as
a measure of phase separation. A crowding agent increased phase
separation of SFPQ proteins, as expected, but protein was also pres-
ent in the pellet fraction in the absence of any crowding agent.
Quantitative comparison of the two SFPQ proteins showed that
both without and with a crowding agent altSFPQ exhibited reduced
phase separation (Fig. 4, G and H, and fig. S5E). These data demon-
strate that, although both SFPQ proteins have LLPS behavior, this is
reduced for altSFPQ due to a reduced C-terminal LCR.

LCRs are suggested to be important mediators of functional bio-
condensation in vivo (47). SFPQ is found in cellular stress—-induced
biocondensates such as cytoplasmic stress granules and nuclear
paraspeckles (48). We have previously shown that cytoplasmic stress
granules form during osmotic and oxidative neuronal stress re-
sponses (49). Considering divergent LLPS, we hypothesized that
altSFPQ expression might be increased during cellular stress. Osmotic
(sorbitol) and oxidative (arsenite) stressors were applied to day 6
terminally differentiated hiPSC-derived motor neurons, and SFPQ
transcript expression was assessed by RT-qPCR. Both stressors caused
an ~2-fold increase in altSFPQ expression; neither was associated
with a significant increase in wtSFPQ. Intriguingly, in oxidative and,
to a greater extent, osmotic stress, irSFPQ levels were significantly
reduced (fig. S5, F and G). To gain further insight, we assessed the
responses in the nucleus and cytoplasm separately following biochemi-
cal fractionation, with the rationale that changes in the nucleus are
more likely to arise from posttranscriptional splicing, particularly if
coupled to reduced IR, whereas cytoplasmic up-regulation only
might indicate stabilization through stress-induced NMD inhibi-
tion. In line with the whole-cell analysis, altSFPQ expression was
significantly increased in the nucleus during osmotic stress, whereas
irSFPQ was down-regulated (Fig. 4I and fig. S5H). We also quanti-
fied the expression of an abundant retained intron derived from the
OGT gene and its spliced counterpart. This intron is posttranscrip-
tionally spliced out in response to numerous stimuli to enable rapid
modulation of O-linked glycosylation (50-52). The OGT protein-
coding transcript was increased, whereas the OGT intron-retaining
transcript is reciprocally down-regulated (fig. S5I), implicating a
similar mode of regulation for irSFPQ and altSFPQ during the hyper-
osmotic stress response. In the cytoplasm, altSFPQ expression was
increased in response to oxidative stress only (Fig. 4]); irSFPQ was
markedly down-regulated in the cytoplasm during osmotic stress
(fig. S5]). To orthogonally validate our findings, we performed Base-
Scope RNA-FISH using 1xZZ probes targeting a unique exon-exon
junction for either wtSFPQ or altSFPQ on fixed day 6 terminally
differentiated motor neurons subjected to arsenite-induced oxida-
tive stress. AItSFPQ RNAs were detected in cell nuclei, somas, and
neurites under untreated and stressed conditions (Fig. 4K). Oxida-
tive stress caused an increase in altSFPQ RNA puncta (average of
1.55 RNAs per cell across biological lines to 3.31 under treatment;
Fig. 4L) in both the nucleus (average untreated = 0.80, oxidative = 1.82) and
extranuclear cell regions (average untreated = 1.00, oxidative = 2.04),
broadly in line with qPCR analyses, whereas wtSFPQ RNA
levels (whole-cell average untreated = 6.20, oxidative = 7.94)
were increased in nuclei only (nuclear average untreated = 3.12,
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Fig. 4. AItSFPQ exhibits reduced phase separation compared to wtSFPQ and is up-regulated during neuronal stress. (A) AlphaFold-predicted wtSFPQ protein
structure showing the isoform-specific low-complexity C-terminal region (red). (B) Schematic depiction of wtSFPQ and altSFPQ protein domains and IUPred disorder
prediction graphs. aa, amino acids. (C) SFPQ protein purification strategy for LLPS assays. (D) Representative images of the eGFP-(wt/alt)SFPQ protein homotypic liquid
droplet formation through increasing PEG and fixed protein (3 pM) concentrations, in 150 mM salt buffer; zoomed insets demonstrate spherical forms. (E) Quantification
of the LLPS droplet number for 3 uM eGFP-(wt/alt)SFPQ proteins in 150 mM salt buffer and 1% PEG (n = 3; unpaired t test). (F) Ratio of GFP intensity inside/outside LLPS
droplets for 3 pM eGFP-(wt/alt)SFPQ proteins in 150 mM salt buffer and 1% PEG (n = 3; unpaired t test). (G) Representative image of the sedimentation assay, gel loaded
with supernatant and pellet fractions of TEV cleaved eGFP-SFPQ proteins + PEG. (H) Quantification of the pellet/supernatant ratio of cleaved eGFP-SFPQ proteins, for
samples processed without PEG (n = 3; unpaired t test). (I) AItSFPQ expression (qPCR) in nuclear fractions of motor neurons (DIV6) in response to sorbitol-induced os-
motic (OSM) and sodium arsenite-induced oxidative (OX) stresses, normalized over NitT and NFXT fraction housekeeping genes (Frac_HKGs). Data are expressed as FC
over untreated samples per line and presented as means + SEM from three control lines; ANOVA with Dunnett’s multiple comparisons. (J) As for (1) but in cytoplasmic
fractions. (K) Representative images of untreated and sodium arsenite-treated motor neurons (DIV6), with BaseScope altSFPQ RNA-FISH, DAPI, and bright-field differential
interference contrast (DIC) overlay; arrowheads show RNA puncta within axons. (L) Quantification of BaseScope RNA-FISH puncta per cell in untreated versus sodium
arsenite—induced oxidative stress condition in motor neurons (DIV6); data points reflect fields of view (n = 5 to 7), multiple unpaired t tests.
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oxidative = 5.01; extranuclear untreated = 4.58, oxidative = 5.25)
(fig. S6, A and B).

Together, these data demonstrate that the altSFPQ protein exhib-
its reduced phase separation propensity compared to wtSFPQ, and
altSFPQ mRNA expression is increased in the context of acute neu-
ronal stresses, raising the possibility that altSFPQ is functional dur-
ing neuronal stress.

Altered C terminus drives differential protein binding
partners for altSFPQ

SEPQ contains two RNA recognition motifs within the core DBHS
region of the protein, which mediate its binding to RNAs. It is note-
worthy that the altSFPQ protein retains this region entirely, raising
the hypothesis that it maintains the same theoretical RNA interac-
tome. To test whether the altSFPQ protein retains capacity to bind
the same RNAs in vivo, we performed RNA immunoprecipitation
(RIP) following transient expression of the HA-SFPQ variants in
neuro-2A (N2A) neuroblastoma cells. altSFPQ binds to established
SFPQ RNA interactors: IncRNA (long noncoding RNA) NEAT1_2
(53), SFPQ retained intron 9 (25), and LMNB2 and BCL2L2, which
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are anterogradely trafficked by SFPQ within axonal granules to syn-
apses (16) (Fig. 5A and fig. S7A). A trend toward reduced binding
compared to wtSFPQ may be mediated by different levels of these
RNAs within the nucleus and cytoplasm, as well as cotranscription-
al association of wtSFPQ to these transcripts. Considering the bind-
ing of altSFPQ to these RNAs, and that RNA binding can modulate
protein biocondensation, we assessed the impact of RNA addition
on in vitro phase separation. Addition of an 800-base pair (bp) re-
gion of SFPQ intron 9 induced visible biocondensate formation for
both wtSFPQ and altSFPQ proteins in the absence of any crowding
agent; this took the form of “beads-on-a-string” fibrillar structures
rather than globular droplets (fig. S7B). Furthermore, RNA addition
increased sedimentation of both proteins similarly in vitro (fig. S7,
C and D). These results suggest that RNA binding enhances the pro-
pensity for both wtSFPQ and altSFPQ to form biomolecular conden-
sates, which might alter the nucleocytoplasmic or subcompartmental
distribution of both.

Having established that RNA binding is maintained, we hypothe-
sized that the differential low-complexity C terminus of altSFPQ alters
its protein interactome. We performed coimmunoprecipitation (co-IP)
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Fig. 5. Altered C terminus drives differential protein binding partners for altSFPQ. (A) RIP performed on whole-cell lysates from N2A cells expressing HA-SFPQ vari-
ants or an EV as a negative control. Levels of associated mRNAs were assessed by qPCR using primers against the indicated targets and expressed as the percentage of
total input (n = 3; data represent means + SEM). (B) Three-way Venn diagram showing numbers of proteins significantly bound by WT-SFPQ, ALT-SFPQ, and NLS-SFPQ
proteins over the EV condition (EV; log,FC > 0.5, P < 0.05) from affinity purification proteomics data from untreated cells. (C) ORA of 808 SFPQ-bound proteins (subsetted
based on >0.3 positive correlation with the bait HA-proteins) comparing ALT versus WT binding enrichment from untreated cells (top 10 gene ontology pathways and
Kyoto Encyclopedia of Genes and Genomes terms displayed). (D) As for (C) but for terms associated with increased ALT-SFPQ over NLS-SFPQ protein binders. (E) As for (B)
but from oxidative-stressed cells. (F) As for (C) in oxidative-stressed cells. (G) As for (D) but from oxidative-stressed cells. Some GO terms are shortened.
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on lysates from N2A cells expressing WT- and ALT-SFPQ variants,
as well as a ANLS-wtSFPQ to infer differential binding not con-
ferred by altered nucleocytoplasmic localization alone; empty vector
(EV) expression acted as a negative control. Obligate SFPQ binder
NONO was efficiently pulled down with each SFPQ variant, where-
as GAPDH protein was not detected (fig. S7E); four replicate experi-
ments were subsequently processed for mass spectrometry (MS).
Similar numbers of proteins were identified as significantly increased
over EV [P < 0.05, log,FC (fold change) > 0.5] across variants (457
proteins for WT-SFPQ, 418 for ALT-SFPQ, and 386 for ANLS-SFPQ),
most of which bind to all three proteins (63.1%; Fig. 5B and table S1).
Use of human SFPQ (hSFPQ) bait proteins in mouse cells enabled
us to use hSFPQ peptide counts to regress out spurious or artifac-
tual binders and minimize the impact of variability in the amount of
immunoprecipitated bait protein between variants and replicates.
As a result, a total of 808 proteins were identified as binders of any
variant based on a positive correlation cutoff of 0.3 target:bait
(table S2). We used this subset to carry out overrepresentation analysis
(ORA) [STRING; (54)] to determine whether ALT-SFPQ binds to
different groups of proteins. Compared to WT-SFPQ, ALT-SFPQ
exhibits enriched binding to ribosomal and translation-associated,
as well as cell junction and synapse-associated proteins (Fig. 5C),
whereas terms enriched for WT-SFPQ include spliceosomal, nRNA
splicing, and mitochondrial complex (fig. S7F). ANLS-SFPQ also
exhibited enriched binding to cytosolic ribosome-associated pro-
teins compared to WT-SFPQ, although to a lesser extent, and re-
duced binding to splicing/spliceosome proteins, as well as ribosome
biogenesis terms but not mitochondrial proteins. Furthermore, when
we directly compared ANLS to ALT-SFPQ, the most enriched terms
in ALT were cytosolic ribosome and translation, whereas splicing
and mitochondrial proteins were enriched in the ANLS interactome
(Fig. 5D and fig. S7G). In addition, considering the increased ex-
pression of altSFPQ in stress, we subjected N2A cells to sodium
arsenite-induced oxidative stress and assessed the protein interac-
tomes of SFPQ variants. NONO was efficiently pulled down with
each SFPQ variant under stress, whereas GAPDH protein was once
more unbound (fig. S7H). Slightly fewer proteins were identified as
significantly increased over EV (P < 0.05, log,FC > 0.5) compared to
untreated samples (354 proteins for WT-SFPQ, 306 for ALT-SFPQ,
and 382 for ANLS-SFPQ), and almost half of all binders were shared
by the three proteins (49.9%; Fig. 5E and table S1). ORA revealed
that, during stress, ALT-SFPQ still exhibits enriched binding to ri-
bosomal proteins compared to both WT-SFPQ and ANLS-SFPQ
proteins (Fig. 5, F and G) and decreased binding to splicing-associated
terms (fig. S7, I and J).

Together, these data demonstrate differential protein binding of
SFPQ variants, which manifests through not only the divergent nu-
cleocytoplasmic localization of endogenous SFPQ proteins but also
differences within the cytoplasm driven by alternative C-terminal pro-
tein sequences. These may arise directly from alternative C-terminal
protein binding, divergent biocondensation properties, or likely a
combination of these.

AItSFPQ mRNA is up-regulated in familial and sporadic

ALS iPSMNs

To test whether SFPQ is alternatively spliced during motor neuron de-
velopment in the context of ALS, we examined splicing in our poly(A)
RNA-seq dataset of VCP mutation-related ALS (VCP-ALS hereaf-
ter) compared to CTRL samples undergoing motor neurogenesis

Neeves et al., Sci. Adv. 11, eadt4814 (2025) 22 August 2025

(25), with a focus on LSV chr1:35187001-35187122. Although the
broad pattern of splicing in VCP-ALS cultures is comparable to that
of the controls throughout neurogenesis (fig. S8A), direct compari-
son between the two groups revealed dysregulation at multiple stages
(Fig. 6A and fig. S8, B and C). Aberrant expression of intron 9-
containing and wtSFPQ transcripts has previously been validated (25).
Increased altSFPQ splicing was additionally validated by RT-qPCR,
in nuclear and cytoplasmic samples. Furthermore, the abundance of
the transcript was found to be increased in both compartments in
VCP-ALS (Fig. 6B). This represents, to our knowledge, the first re-
port of such altered SFPQ splicing in a model derived from pa-
tients with ALS.

Having established that altSFPQ is increased in VCP-related ALS,
we next sought to understand whether it is increased across familial
ALS. We therefore analyzed publicly available poly(A) RNA-seq da-
tasets of iPSC-derived motor neurons (iPSMNs) from patients with
FUS or SODI ALS (55, 56). AltSFPQ splicing was significantly in-
creased in both familial ALS datasets [FUS R521G delta percent
spliced in (dPSI) 0.146, P = 0.0212; SOD1 A4V dPSI 0.047, P = 4.18 X
107°], whereas wtSFPQ splice junction usage was significantly
reduced (FUS R521G dPSI —0.146, P = 0.0212; SOD1 A4V dPSI
—0.378, P=1.66 x 10~ ") (Fig. 6, C and D); irSFPQ was increased in
SOD1 A4V neurons (dPSI 0.323, P = 5.99 x 10™"?) (fig. S8D).

To understand the generalizability of altSFPQ expression further,
we examined sporadic ALS, which comprises 90% of all patients
with ALS. To this end, we analyzed SFPQ splicing in RNA-seq data
from 208 sporadic ALS and 50 control iPSMN lines from combined
NeuroLINCS (57) (8 sporadic and 8 control lines) and Answer ALS
(58) (200 sporadic and 42 control lines) studies. It should be noted
that these data derive from ribo-depleted but not poly(A) selected
RNA libraries. Splicing analysis revealed that the LSV which exhib-
ited the most significant alteration in ALS was the same as in the
previous analyses (i.e., exon 9 to 10, exon 9 to 11, and intron 9 inclu-
sive). Splicing of wtSFPQ mRNA was markedly reduced in sporadic
ALS (dPSI —0.106, P = 2.76 x 107°). Conversely, altSFPQ splicing
(dPSI 0.036, P = 2.19 X 10™°) was significantly up-regulated (Fig. 6E);
IR was also up-regulated (dPSI 0.050, P = 5.22 X 107% (fig. S8E).
This result therefore implicates dysregulated altSFPQ mRNA ex-
pression, along with potential translation, broadly throughout ALS,
which may explain the established nuclear loss and cytoplasmic gain
of SFPQ protein observed in familial and sporadic postmortem pa-
tient motor neurons (5).

DISCUSSION

The nuclear-to-cytoplasmic redistribution of SFPQ is an established
phenotype of diseased neurons in ALS. However, the mechanistic
basis for this change in subcellular localization has remained unde-
termined. In this study, we show that, in hiPSC-derived neuronal
models of ALS, the SFPQ gene undergoes a splicing switch from the
canonical protein-coding mRNA (wtSFPQ) toward an alternative
isoform with a unique 3’ terminal sequence (altSFPQ). Despite NMD
sensitivity, this isoform undergoes translation to generate a protein
omitting a classical NLS sequence (59) and exhibiting cytoplasmic-
predominant localization, therefore recapitulating the signature
redistribution profile found in ALS (5). The concept of alternative
isoforms leading to a change in subcellular localization of ALS-related
RBPs is supported by a recent report of a C terminus truncated short
TDP-43 (sTDP-43) isoform that introduces a nuclear export signal and
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Fig. 6. AItSFPQ mRNA is up-regulated in familial and sporadic ALS iPSMNs. (A) Line graph showing the mean delta PSI value (VCP mutant-control) for wtSFPQ and
altSFPQ splicing events across six stages of neuronal differentiation in either nuclear (left) or cytoplasmic (right) fractions derived from four control and four VCP mutant
hiPSC lines. (B) Bar graphs showing SFPQ exon 9 to 11 splicing levels analyzed by qPCR for NPC nuclear and cytoplasmic fractions from control and VCP mutant samples.
Splicing was measured by normalizing target expression over the gene expression (constitutive exon) level for each line (left). The right panel depicts the same but for
transcript abundance (target normalized over NIT7 and NFX1 fraction housekeeping genes). Data expressed as FC over controls and presented as means + SEM from four
lines per group, with data points representing the mean value for each biological line across two technical replicates; unpaired t tests. (C) Violin plots showing CTRL-FUS
delta PSl values (y axis) for SFPQ splicing events (wtSFPQ/exon 9 to 10 in red; altSFPQ/exon 9 to 11 in blue) in FUS R521G mutant motor neurons versus controls (55). (D) As
for (C) in SOD1 A4V mutant motor neurons versus controls (56). (E) Violin plots showing PSI values (y axis) for SFPQ splicing events (wtSFPQ/exon 9 to 10 in red; altSFPQ/
exon 9to 11 in blue) in >200 sporadic ALS iPSMNs and >50 control samples (57, 58).

exhibits up-regulation and cytosolic aggregation in a hyperexcitability-
dependent manner (60). Other C terminus truncated TDP-43 splice
isoforms have been identified with similar localization characteris-
tics (61). Notably, SFPQ is redistributed in other neurodegenerative
diseases such as Alzheimer’s disease and FTD (18, 20, 21). Whether
SFPQ splicing is similarly dysregulated in these other diseases is of
notable interest. Our findings are also supported by a recent pre-
print from Zeng et al. (62), demonstrating that knockdown of the
ALS-associated TDP-43 protein shifts poly(A) site usage from
proximal to distal in the SFPQ gene, consistent with the shift from
wtSFPQ to altSFPQ expression, which we have identified across
models derived from patients with familial and sporadic ALS. This
may provide a mechanism contributing to SFPQ dysregulation, al-
though SOD1 and FUS fALS should progress by a different mech-
anism given that these cases typically lack TDP-43 pathology.
Seminal work identified SFPQ (PSF as it was previously known)
as a spliceosome-associated nuclear protein and described multiple
SFPQ transcript isoforms including one consistent with altSFPQ
mRNA (26, 43, 63). However, although proteolytically truncated
SEPQ proteins have been identified in specific contexts (64), no al-
ternative splicing determined proteoform has been demonstrated
to the best of our knowledge. Our data suggest that, under normal
conditions, wtSFPQ mRNA expression markedly outweighs that of
altSFPQ. Consistent with this, SFPQ is typically observed as a highly
expressed nuclear protein wherein it carries out numerous functions
including transcriptional regulation, splicing and polyadenylation,
DNA damage repair, and paraspeckle formation (6, 65). Nonethe-
less, cytoplasmic functionality of SFPQ was recently reported in
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neurons, including roles in mRNA transport (15, 16, 66). Further-
more, axonal developmental defects in zebrafish conferred by total
loss of SFPQ are at least partially rescued by a ANLS cytoplasmic
SFPQ protein (17). Although altSFPQ loses a classical NLS, it retains
two RNA recognition motifs, a NonA/paraspeckles (NOPS) do-
main, and a coiled-coil domain (67). We have demonstrated that it
retains capacity to bind established SFPQ RNA targets, including
those with which it associates in axonal RNA transport granules
(16). Gene distal alternative last exon isoforms broadly display pref-
erential localization to neurites (68), promoting isoform-specific
axonal translation and formation of a distinct translatome (69). We
have observed altSFPQ mRNA localization within neurites of hiPSC-
derived motor neurons; it follows that altSFPQ may undergo local
translation to carry out known SFPQ functions in axonal and synap-
tic maintenance (17). Notably, low-level expression of an ALS-linked
C-terminally truncated FUS protein, which thereby exhibits cyto-
plasmic localization, causes marked changes in the spinal cord tran-
scriptome (70), implicating small changes in cytoplasmic SFPQ
expression as potentially impactful. However, the contribution of
increased altSFPQ to ALS pathogenesis via a cytoplasmic gain of
function is currently undetermined.

High conservation of the altSFPQ first alternative exon implies
important functionality. The two additional downstream exons dis-
play much less conservation. Considering that its NMD sensitivity is
likely conferred by the presence of downstream introns within the 3’
untranslated region, it is possible that, in lower-order organisms, the
alternative protein is expressed from a relatively stable transcript,
assuming that lower conservation predicts lower usage. As such, the
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protein function of the altSFPQ isoform may have preceded a more
complex role involving autoregulation as well as alternative protein
localization and function. Of note, although PTC presence is gener-
ally predictive of NMD sensitivity, detectable protein can still be
generated from such transcripts despite their low levels (71).

In addition to a structured central region, SFPQ has low-complexity
N- and C-terminal regions, the latter of which drives its LLPS (46).
AItSFPQ lacks a large proportion of the C-terminal LCR present in
wtSFPQ. We predicted that this might confer reduced phase separa-
tion propensity and confirmed as such in vitro. Alternative isoforms
exhibiting differential phase separation mediated by differential
LCR inclusion have been demonstrated for at least one other gene
(72), supporting our model whereby alternative splicing regulates
SFPQ protein biocondensation properties and thereby presumably
its cytoplasmic function. LLPS droplets of ALS-relevant RBPs may
transition into aggregates with time (73, 74). The biocondensates
(spherical droplets) we observed in our phase separation studies for
both SFPQ proteins did not completely fuse once settled to the slide
surfaces, thereby resulting in the appearance of many “deformed”
spherical structures. This is consistent with initial LLPS formation,
which progresses to a viscous liquid-like or even a gel-like state (75);
this has been directly related to progression toward pathological fi-
brillization in the context of other RBPs relevant to ALS (76). The
degree to which this state is reversible has not been examined in this
study, but it is noteworthy that cytoplasmic aggregates containing SFPQ
are sometimes observed in ALS postmortem tissue (24). AItSFPQ
does not lack biocondensate properties but rather displays reduced
propensity to form biocondensates compared to wtSFPQ. As such,
whereas differential biocondensation proclivity may subserve dif-
ferential functions, increased altSFPQ in ALS over time may still
lead to the formation of cytoplasmic aggregates or contribute to an
“aggregation-prone” environment for other proteins. On the other
hand, the low-level diffuse cytoplasmic signal, rather than aggre-
gates, also described for SFPQ in ALS pathology is also consistent
with altSFPQ protein expression.

Mechanisms underlying direct wtSFPQ nuclear-to-cytoplasmic
relocalization have been described (22); these may occur alongside
altSFPQ expression or represent context-specific requirements for
the cytoplasmic localization of SFPQ proteins with different behav-
iors and thereby functions. In line with this, we observed increased
altSFPQ expression, at least partially independent of wtSFPQ chang-
es during acute neuronal stress responses. Furthermore, we identi-
fied divergent classes of protein binding partners for the different
SEPQ proteins. Some of these are likely conferred by the differential
nuclear-to-cytoplasmic localization of wtSFPQ versus altSFPQ in
the contexts that we have assessed. However, differential binding of
altSFPQ and ANLS-SFPQ to ribosomal large subunit proteins, as an
example, implies divergent behavior within the cytoplasm. This may
be a direct consequence of the differential C-terminal sequences
conferring different binding, reduced stochastic low-complexity
binding, altered biocondensation, or a combination. In line with
this, despite potential assay-related biocondensate disruption, it was
intriguing to observe reduced binding of altSFPQ to mitochondrial
proteins, which were previously found to interact with the RBP FUS
in an LLPS-dependent manner (74). In addition, SFPQ has previously
been identified as a binder of the large ribosomal subunit in a large
omics study (77); it is plausible that this might have been altSFPQ,
considering that altSFPQ peptides would be indistinguishable from
those of wtSFPQ. Whether increased binding of altSFPQ to the
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ribosome confers altered translation in vivo is an interesting out-
standing question, particularly considering translation defects iden-
tified in ALS (78).

AItSFPQ readily interacted with endogenous SFPQ in our data-
set, implying in vivo heterodimerization; SFPQ and the other DBHS
proteins form both homo- and heterodimers with one another (44).
Furthermore, coexpression of wtSFPQ and altSFPQ proteins resulted
in subcellular redistribution of both, with clear signal colocalization
in the cytoplasm, whereas the overexpressed altSFPQ protein caused
redistribution of endogenous NONO toward the cytoplasm. DBHS
domain-containing proteins in the dipteran Chironomus tentans
regulate one another’s subcellular localization (79), which raises the
intriguing prospect of human DBHS protein heterodimerization regu-
lating subcellular localization of SFPQ proteins, as well as NONO
and possibly PSPC1. The relative impact will depend on expression
level and heterodimer affinities, which are nonuniform across dif-
ferent cells and tissues (65). In the context of ALS, this implies that
expression of altSFPQ will not immediately “drag” wtSFPQ from the
nucleus, but as dysregulated isoform expression shifts increasingly
toward altSFPQ during the course of disease, this will progressively
affect nuclear wtSFPQ levels through direct protein-protein interac-
tions. As well as subcellular localization, it follows that altSFPQ dimer-
ization with DBHS proteins might regulate their biocondensation,
given that intrinsically disordered protein composition determines
phase separation and aggregation propensity of these proteins (46),
and thereby alter their molecular functions (80). We have also de-
scribed the formation of fibrillar structures, rather than droplets,
upon addition of RNA to eGFP-SFPQ proteins in vitro. A similar
behavior has been observed for NONO and PSPCI proteins (80, 81)
but not FUS: RNA initially enhances the formation of globular drop-
lets, until high levels of RNA are added, whereupon droplets are
solubilized (82). This implies a shared mechanism by which RNA-
dependent modulation of biocondensation regulates DBHS protein
function, including altSFPQ.

Our stress data raise the possibility that altSFPQ derives from a
reservoir of “poised” SFPQ intron-retaining transcripts, which we
and others have previously identified as increased in expression in
familial and sporadic ALS (5, 24, 25). Broadly, stress-responsive splic-
ing out of normally retained introns has been proposed as a mecha-
nism for cellular adaptation to stress (50, 83, 84). Candidate-based
single-molecule fluorescence in situ hybridization (smFISH) studies
have suggested that alternatively spliced exons are posttranscription-
ally spliced at a greater frequency than their constitutively spliced
counterparts (85). This possibility has been orthogonally supported
by metabolic labeling studies using 4-thiouridine to identify and
isolate RNA within minutes of transcription, which revealed that
alternative splicing is slower than constitutive splicing (86). Further
evidence supporting this phenomenon whereby a reservoir of IR
transcripts are “poised” and then posttranscriptionally spliced in a
stimulus-specific manner comes from live-cell reporters, which have
convincingly demonstrated that introns with relatively weak splice
sites are removed over a longer time frame compared to introns with
stronger and canonical splice sites (87). Additionally, retained in-
trons are more evolutionarily conserved than their constitutive coun-
terparts, which is consistent with functional significance (50).

Together, we have highlighted dysregulated splicing of SFPQ in ALS,
the translation potential of a previously identified mRNA isoform, and
present this as a potential mechanism driving the nuclear loss and cyto-
plasmic gain of SFPQ protein in this disease (Fig. 7). Many questions
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Fig. 7. Proposed model of SFPQ protein redistribution in ALS. Under control conditions, the SFPQ gene expresses at least two splicing isoforms; wtSFPQ (red RNA) encodes
a nuclear predominant protein, the other (altSFPQ; blue RNA) is largely degraded but encodes a primarily cytoplasmic protein. The altSFPQ protein exhibits reduced phase
separation propensity and partially distinct protein interactome, including translation-associated machinery. In ALS models, wtSFPQ is reduced whereas altSFPQ is increased,
possibly resulting in reduced nuclear and increased cytoplasmic SFPQ proteins, manifesting as the nuclear-to-cytoplasmic redistribution of total SFPQ protein in disease.

remain, including the extent of altSFPQ pathology in ALS, the general-
izability of altered SFPQ splicing in neurodegeneration, the functions of
altSFPQ, and whether these are cell type- and context-specific. Further
investigations addressing these points will determine the potential ther-
apeutic benefit of targeting this SFPQ splicing isoform in ALS.

MATERIALS AND METHODS

Experimental models

Ethics statement

Informed consent was obtained from healthy control donors and pa-
tients in this study. Experimental protocols were enacted according
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to regulations and guidelines outlined by UCLH’s National Hospital
for Neurology and Neurosurgery and UCLs Institute of Neurology
Joint Research Ethics Committee (09/0272).

hiPSCs and motor neurons

hiPSC lines used are detailed in table S3. Three control lines are com-
mercially available: Coriell (ND41866*C), Thermo Fisher Scientific
(A18945), and Cedars Sinai (CS02iCTR-NTn4). HiPSCs were main-
tained on Geltrex (Life Technologies) with Essential 8 media (Life
Technologies) and passaged using EDTA (Life Technologies, 0.5 mM).
Directed differentiation from hiPSCs to motor neurons was per-
formed using a previously published protocol (88). Briefly, hiPSCs
were first grown to 100% confluency and then differentiated to the
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neuroepithelium in chemically defined medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM)/F12 GlutaMAX,
Neurobasal, L-glutamine, N2 supplement, nonessential amino acids,
B27 supplement, f-mercaptoethanol (BME) (all from Life Technol-
ogies) and insulin (Sigma-Aldrich). Treatment with small molecules
from days 0 to 7 was as follows: 1 pM dorsomorphin (Millipore), 2 pM
SB431542 (Tocris Bioscience), and 3.3 pM CHIR99021 (Miltenyi
Biotec). Starting from day 8, the neuroepithelial layer was patterned
for 7 days with 0.5 pM retinoic acid and 1 pM purmorphamine. At
day 14, NPCs were treated with 0.1 pM purmorphamine for a fur-
ther 4 days before being terminally differentiated in 0.1 pM com-
pound E (Enzo Life Sciences) to promote cell cycle exit. All cultures
were maintained at 37°C and 5% CO,.

For RNA interference, NPCs were plated onto 12-well plates in
N2B27 media at density of 5 X 10° cells per well and then transfected
with 30 pmol of siRNA targeting SFPQ (pool of four siRNAs, ON-
TARGETplus SmartPool SFPQ siRNA, L-006455-00-0005, Horizon)
or nontargeting control siRNA (pool of four siRNAs, ON-TARGETplus
Non-targeting Control Pool, D-001810-10-05, Horizon). Two mi-
croliters of Lipofectamine RNAiMax was used as a transfection re-
agent according to the manufacturer’s protocol. Following overnight
incubation, cell media were changed to fresh N2B27 neural media
supplemented with 0.1 pM compound E to push cells into terminal
differentiation. After 3 days in this medium (96 hours posttransfec-
tion), samples were harvested. For CHX treatments, CHX was
added directly to growth media at a final concentration of 100 pg/ml
and cells were maintained in culture for 6 hours. For SMGI1 inhibi-
tion, 0.5 uM hSMG-1 inhibitor 11e (a kind gift from O. Muehlemann,
University of Bern) was added directly to growth media on cells and
cells were maintained in culture for 24 hours. For CHX and SMG1i
treatments, dimethyl sulfoxide (DMSQO) was used as the vehicle
control. For osmotic stress experiments, 0.4 M sorbitol was add-
ed onto cells in normal motor neuronal media and incubated for
1 hour in a standard 37°C incubator. For oxidative stress experi-
ments, 0.5 mM sodium arsenite (Sigma-Aldrich) was added, again
for 1 hour at 37°C. Treatment compounds were diluted in cell
media. Cells from each condition plus untreated cultures were then
harvested.

HEK293T, HeLa, and N2A cell lines

The HEK293T, HeLa, and N2A lines were obtained from the Francis
Crick Cell Services facility, following mycoplasma testing. Cells
were cultured in DMEM containing 10% fetal bovine serum and
penicillin/streptomycin and grown at 37°C and 5% CO,. Cells were
transfected with Lipofectamine 2000 in Opti-MEM according to the
manufacturers’ guidelines. For CHX treatments, CHX was added
directly to growth media at a final concentration of 100 pg/ml and
cells were maintained in culture for 6 hours. For SMG1 inhibition, 1 pM
SMGli was added directly to growth media on cells and cells were
maintained in culture for 24 hours. DMSO was used as the vehicle
control for CHX and SMG1i treatments. For DRB (Sigma-Aldrich)
treatments, DRB was added directly to growth media at a final con-
centration of 75 nM and cells were maintained in culture for indi-
cated times. For alpha-amanitin treatments, alpha-amanitin (Roche)
was added directly to growth media at a final concentration of 5 pg/ml
and cells were maintained in culture for indicated times.

iNeuron cell culture

Stably expressing doxycycline-inducible BS6 2H9 Neurogenin2 (Ngn2)
i3-iPS cells were used for rapid differentiation into cortical neurons
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(i3Neurons) using a previously described method (89). Briefly, i3iPS
cells were grown to 80% confluency, washed with phosphate-buffered
saline (PBS), lifted with Accutase (Gibco), and plated at 1 X 107 cells
in a 10-cm Geltrex-coated dish (DIV0). Cells were maintained from
DIV0-3 in an induction medium consisting of DMEM/F12 (Gibco),
1x N2 (Thermo Fisher Scientific), 1x GlutaMAX (Gibco), 1X Hepes
(Gibco), 1X nonessential amino acids (Gibco), doxycycline (2 pg
ml™), and 10 MM Y-27632 (DIVO only; Tocris), which was exchanged
daily. On DIV3, cells were dissociated with Accutase and replated
on to poly(ethylenimine)-coated (Sigma-Aldrich) and laminin-
coated (Sigma-Aldrich) 12-well plates at 7.5 x 10° cells per well in
neuronal maintenance medium consisting of Neurobasal medium
(Gibco), supplemented with 1x B27 (Gibco), brain-derived neuro-
trophic factor (10 ng ml™'; PeproTech), NT-3 (10 ng ml™'; PeproTech),
laminin (1 pg ml™}), and 5-fluor-2’-deoxyuridine (FDU; 2 pM DIV4,
0.5 uM thereafter; Gibco). From DIV3 to DIV 14, cells were main-
tained in neuronal maintenance medium. Lentiviral transduction
(multiplicity of infection: 7) to overexpress SFPQ-T2A-mAPPLE pro-
teins was carried out 1 hour after DIV3 replating, with a full me-
dia change carried out the next day. On day 11 posttransduction
(DIV14 overall), cells were washed once in PBS, then lifted with
EDTA, pelleted at 2000g for 5 min at 4°C, and then processed for
RNA extraction.

Method details
Generation of plasmids
pcDNA3.1-HA-SFPQ was a gift from R. Segal (Addgene plasmid
no. 166959; http://n2t.net/addgene:166959; RRID:Addgene_166959).
For the HA-altSFPQ plasmid, a unique C-terminal altSFPQ coding
sequence was amplified from HEK293T cDNA with esp3I and ecoRI
overhangs and cloned into the HA-SFPQ plasmid with the esp3I-
ecoRI insert removed. For the HA-NLS-SFPQ plasmid, a portion of
the wtSFPQ coding sequence up to, but not including, the terminal
nuclear localization sequence was amplified from HEK293T cDNA
with esp3I and ecoRI overhangs and cloned into the HA-SFPQ plas-
mid with the esp3I-ecoRI insert removed. For the EV plasmid, a mul-
tiple cloning site with kpnl-ecoRI overhangs was cloned into the
HA-SFPQ plasmid with the kpnl-ecoRI insert (entire HA-wtSFPQ
sequence) removed. eGFP-wtSFPQ and mAPPLE-altSFPQ expression
constructs were generated by cloning eGFP or mAPPLE sequences
intopcDNA3.1-HA-(wt/alt)SFPQ plasmids using NEBuilder (NEB).
To generate His6-Tev-eGFP-SFPQ-Tev-MBP plasmids ORF (open
reading frame) codon optimized for Escherichia coli, wtSFPQ and
altSFPQ coding sequences (GeneArt, Thermo Fisher Scientific)
were cloned into pMal-C5-Tev-eGFP-Tev--His6 (generated by gene
synthesis and cloning of Tev-eGFP-Tev-His6 cDNA into SacI-HindIII
sites of pMalC5x, General Biosystems) using Xbal and BamHI
restriction sites to generate pMal-C5-Tev-SFPQ-eGFP-Tev--His6.
pMal-C5-Tev-SFPQ-eGFP-Tev--His6 was then used to PCR and then
combine the following four fragments using Gibson assembly (NEB):
ATG-His6-TEV-GFP-SFPQ, (wt/alt)SFPQ-TEV-MBP, MBP-STOP,
and MBP-STOP-vector_backbone-ATG-His6-TEV-GFP, giving final
His6- Tev-eGFP-SFPQ- Tev--MBP constructs. For in vitro transcrip-
tion of SFPQ intron 9 RNA, an 800-bp region (GTAATGTATCC-
UGAAUGUGGAU), which is bound by SFPQ (5), was generated by
gene synthesis and cloned into a pMA vector, with a T3 promoter up-
stream and an EcoRV restriction site downstream of the SFPQ in-
tron sequence (GeneArt, Thermo Fisher Scientific).
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Lentivirus production

A pCDH-hSYN lentiviral plasmid was used as the vector to create the
control and SFPQ lentiviral constructs. Subcloning of SFPQ constructs
was undertaken as a three-fragment insertion of the (i) HA-SFPQ cod-
ing sequence, (ii) T2A, and (iii) mAPPLE using NEBuilder (NEB) to
yield final pCDH-hSYN-HA_SFPQ-T2A-mAPPLE products. Control
was generated by cloning the mAPPLE only into the vector to generate
the pPCDH-hSYN-mAPPLE plasmid.

Third-generation VSV-G lentiviruses were prepared in HEK293T
cells: SFPQ or control lentiviral transfer plasmids transfected with
pLP1, pLP2, and pVSV-G lentiviral packaging and envelope plasmids,
using Lipofectamine 2000 (Thermo Fisher Scientific). Virus-containing
supernatants were collected 48 and 72 hours posttransfection, com-
bined, and concentrated by precipitation with PEG-8000-NaCl (final
8% and 80 mM, respectively) for >4 hours at 4°C. Virus contain-
ing pellets were resuspended in PBS and titered using ddPCR (from
Addgene; https://addgene.org/protocols/lentivirus-ddpcr-titration/)
and then aliquoted and stored at —80°C until use.

Recombinant protein expression and purification

Expression and purification of recombinant His6-eGFP-SFPQ-MBP
(wt and alt) were performed using a protocol adapted from (90). In
brief, the bacterial expression vectors were transformed into Rosetta-
2(DE3)-pLysS E. coli and grown in standard Lysogeny broth (LB) me-
dium supplemented with chloramphenicol (33 pg/ml) and carbenicillin
(100 pg/ml). At an optical density at 600 nm (ODggp) of ~0.8, cells were
induced with 0.1 mM IPTG (isopropyl-p-D-thiogalactopyranoside)
for 24 hours at 12°C. Cells were lysed by sonication (5 x 1-min pulses
with 5-min breaks between pulses) in lysis buffer [50 mM Na,HPO,/
NaH,POy4 (pH 8.0), 300 mM NaCl, 20 pM ZnCl,, 20 mM imidazole,
and 10% glycerol] supplemented with 4 mM PME, DNasel (20 U/ml;
Roche), and RNase A (200 pg/ml; Sigma-Aldrich), and the debris was
removed by centrifugation at 24,500¢ and 10°C for 1 hour. The cleared
lysates were then incubated with Ni-NTA agarose beads (Qiagen) and
washed with lysis buffer before elution in HisTrap buffer [50 mM
Na,HPO4/NaH,PO, (pH 8.0), 300 mM NaCl, 20 pM ZnCl,, 250 mM
imidazole, and 4 mM BME]. The eluate was then incubated with amy-
lose resin (NEB), washed with wash buffer [50 mM Na,HPO,/NaH,PO,
(pH 8.0), 300 mM NaCl, 20 pM ZnCl,, 20 mM imidazole, and 4 mM
BME], and subsequently eluted in wash buffer (+ 20 mM maltose). Last,
proteins were concentrated using 100-kDa molecular weight cut-off
Viva spin concentrator columns, then aliquoted, and stored at
—80°C for one time use per aliquot. Protein concentrations were de-
termined from their absorbance at 280 nm using € predicted by the
ProtParam tool; 260-/280-nm ratios of all purified proteins were ~0.6.
In vitro phase separation assays

Purified full-length His6-eGFP-SFPQ-MBP stock proteins (wt or alt)
were centrifuged at 17,000¢ for 10 min at 4°C to remove the precipi-
tated/aggregated protein, and then protein concentrations were rees-
tablished by measuring the absorbance at 280 nm by NanoDrop using
the respective extinction coefficients (g). Samples were then diluted in
salt-free droplet buffer [50 mM Na,HPO,/NaH,PO, (pH 8.0) and
20 pM ZnCl,] to a final 150 mM NaCl concentration.

For droplet assays, phase separation was induced by addition of
TEV protease (Sigma-Aldrich) at 25°C for 60 min, followed by addi-
tion of PEG-8000 crowding agent and transfer to p-slide 18-well-flat
chambers (IBIDI). Imaging for quantification of eGFP-tagged SFPQ
proteins was performed by wide-field fluorescence microscopy; one
20x magnification image was taken per condition in each experimen-
tal batch. Flat-field illumination correction, filtering, noise reduction,

Neeves et al., Sci. Adv. 11, eadt4814 (2025) 22 August 2025

object identification, and output measurements were performed with
CellProfiler. Imaging for figs. S4B and S6B were taken on an 880
laser scanning confocal microscope (Zeiss) at 63x objective.

For in vitro sedimentation assays, samples were processed as de-
scribed in (91). Briefly, the TEV protease was added and the sample
was incubated at 30°C for 2 hours to cleave the MBP tag and then
incubated a further 30 min at room temperature with or without
addition of PEG-8000 crowding agent. For experiments measuring
the impact of RNA addition, an 800-bp section of SFPQ intron 9 was
added for 30 min at room temperature without a crowding agent,
following MBP cleavage. The RNA was in vitro transcribed from
T3-SFPQintron9 using the T3 MEGAscript kit (Thermo Fisher
Scientific) following linearization of pMA-T3-SFPQintron9-EcoRV
by EcoRV-HF restriction enzyme digest and phenol/chloroform
cleanup; the reaction was incubated with TurboDNAse for 30 min at
37°C after transcription, RNA was precipitated by phenol/chloroform,
and a single 800-bp product was confirmed by running on an aga-
rose gel before use. After 30 min, room temperature incubation sam-
ples were centrifuged for 15 min at 17,000g at 4°C to pellet-formed
condensates. Supernatant fractions were collected, and pellets were
resuspended in the same volume of 150 mM NaCl droplet buffer; a
4x NuPAGE LDS sample buffer and 50 mM dithiothreitol (DTT)
final concentration were added, and protein samples were denatured
at 80°C for 10 min. Samples were equally loaded onto Invitrogen
NuPAGE 4 to 12% Bis-Tris gels, along with an unstained protein
ladder, and standard SDS-PAGE runs proceeded. Gels were then
fixed for 30 min in 50% ethanol and 10% acetic acid and then stained
overnight (SYPRO Ruby). The following day, gels were destained
with 10% ethanol and 10% acetic acid and then imaged on a GelDoc
XR+ (Bio-Rad). Intensities of cleaved, full-length eGFP protein bands
were quantified in Image].

Cell fractionation

Biochemical subcellular fractionation was achieved using the Ambion
PARIS kit cell fractionation buffer, following the manufacturer’s
general protocol, and an 8 M urea nuclear lysis buffer was prepared
in-house. Initially, cells were washed once using ice-cold PBS. Cyto-
solic fraction was then obtained by lysing cells directly in ice-cold
cell fractionation buffer for 10 min, thus disrupting plasma mem-
branes while leaving nuclear membranes intact. Lysates were then
centrifuged for 3 min at 500g and 4°C. The supernatant was then
collected and further centrifuged at maximum speed and 4°C, and
the resulting supernatant was then processed as cytosolic fraction.
Nuclear pellets from the first centrifugation step were washed once
with cell fractionation buffer and then lysed on ice for 30 min in 8 M
urea nuclear lysis buffer, containing 50 mM tris-HCI (pH 8), 100 mM
NaCl, 0.1% SDS, and 1 mM DTT. The resulting nuclear fraction was
then homogenized using a QIAshredder (QIAGEN) to shred chro-
matin and reduce viscosity, before being further processed for RNA
extraction. Both lysis buffers were supplemented with RiboLock
RNase Inhibitor (0.1 U/pl) and Halt Protease Inhibitor Cocktail.
Northern blotting

For altSFPQ Northern blot analysis, 5 pug of total RNA per condition
was denatured and electrophoresed on a 1% formaldehyde-agarose
gel for 2 hours at 80 V. Following washes in RNase-free H,O and 20x
SSC buffer, the blot was transferred onto a Hybond nylon membrane
(Amersham Biosciences) overnight via capillary transfer at room
temperature. The next day, RNA was cross-linked onto the membrane
by ultraviolet light (254 nm) exposure at 120 J. Then, the membrane
was blocked in prehybridization buffer (Sigma-Aldrich) plus preboiled
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salmon sperm single-stranded DNA (ssDNA) (100 pg/ml) at 68°C for
4 hours, following which the prehybridization solution was replaced
by PerfectHyb Plus Hybridization Buffer (Sigma-Aldrich) [plus de-
natured ssDNA (100 pg/ml)]. A purified probe was added, and the
membrane was incubated at 68°C overnight. Probes were synthesized
as follows: The target region was amplified from HEK293T cDNA
using 5'-3' (TGATTGATGTTGGCTGATATTGGA) and 3'-5" (AC-
GTTCATTCCTCCTTCCACT) primers and standard PCR. Probes
were labeled using the Random Primer DNA Labeling Kit v2 (Takara),
according to the manufacturer’s instructions. Briefly, 20 ng of the
probe (template), 2 pl of a random primer, and nuclease-free water
were combined in a 14-pl reaction, which was then heated at 95°C
for 3 min to denature template/primers. To this reaction, the following
was added: 2.5 pl of 10x buffer, 2.5 pl of a deoxynucleoside triphosphate
mixture [containing 0.2 mM dGTP (deoxyguanosine triphosphate),
dATP (deoxyadenosine triphosphate), and dTTP (deoxythymidine
triphosphate) each] and 5 pl of labeled deoxycytidine triphosphate
(dCTP) (32P-dCTP, 9.25 megabecquerels). Last, following the addi-
tion of 1 pl of exo-free Klenow fragment (2 U/pl), the reaction was
incubated at 37°C for 2 hours. Labeled probes were then purified
using MiniQuick Spin DNA Columns (Roche) according to the manu-
facturer’s instructions. The purified probe was denatured by heating
at 100°C for 5 min before addition to the hybridization buffer.

On the following day, the prehybridization solution was removed
and the membrane was washed three times in 2x SSC and 0.1% SDS
at 68°C, followed by final high stringency wash in 0.2x SSC and 0.1%
SDS. The hybridized membrane was then exposed to a storage phos-
phor screen for a few hours, capturing the hybridized signal, and
then developed using a Molecular Imager FX Pro Plus System and
Quantity One 1-D software (Bio-Rad).

Polysome profiling

Sucrose gradients (10 to 50%) were prepared by mixing 10 and 50% su-
crose solutions [prepared in 20 mM tris-acetate (pH 7.5), 150 mM NaCl,
and 4 mM MgCl,], using a Biocomp Gradient Master Base Unit (Wolf
Laboratories), according to the manufacturer’s instructions. Before us-
age, gradients were stored at 4°C. Cells were cultured until ~70 to 80%
confluent, unless alternative confluency was unavoidable (i.e., neural
induction), and then washed once in ice-cold PBS + CHX (100 pg/ml)
before lysis in lysis buffer [20 mM tris-HCI, 150 mM NaCl, 4 mM
MgCly, 1% Triton X-100, 1 mM DTT, 1x protease inhibitor cocktail
(EDTA-free), 1x RNase inhibitor (RiboLock and SUPERase-In), and
CHX (100 pg/ml)]. Nuclei were cleared with a brief centrifugation at
500g; the supernatant was then further cleared by centrifugation at max
speed to remove any insoluble material. In the case of EDTA treatment,
30 mM EDTA was added to the cleared lysate and incubated on ice for
30 min. Samples, containing equal quantities of RNA, quantified using
the QuantiFluor RNA system (Promega), were then loaded onto the su-
crose gradient and subjected to ultracentrifugation in a Beckman SW41
rotor at 39,000 rpm for 1.5 hours at 4°C. Fractions were collected using
the Biocomp machine (Wolf Laboratories) and on-screen profiles to
guide manual dispensal. Overnight RNA precipitation using 0.1 volume
of 3 M sodium acetate and 2.5 volumes of 100% ethanol was followed
by Turbo DNase (Invitrogen) treatment and lastly TRIzol:chloroform
RNA extraction.

Splice-modulating ASOs

Before experimentation, all ASOs were dissolved in nuclease-free
H,0 and the concentration was determined by OD,4 absorbance.
PS backbone-, 2’MOE-modified 18-nucleotide ASOs were designed
(IONIS Pharmaceuticals) to target the SFPQ gene and modulate
splicing through steric blocking, without recruitment of RNase H.
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For the ASO screen, HEK293T cells were seeded onto 24-well
plates such that the confluency was around 30% the next day. Lipo-
fectamine 2000 and Opti-MEM were used, according to the manu-
facturer’s guidelines, to transfect 200 nM ASOs, and cells were
harvested 48 hours after transfection. Expression levels for target
mRNAs were compared to mock treatment in which Lipofectamine
reagent, but no ASO, was introduced. For follow-up experiments
using a candidate ASO, nontargeting control (NC2; IDT) was addi-
tionally included, having the same nucleotide length and chemistry,
to account for nonspecific effects.

RNA extraction and RT-qPCR

Cells were washed with PBS, and then total RNA was typically extracted
using the Maxwell RSC simplyRNA Cells kit (Promega), using associat-
ed reagents including DNase treatment and a Maxwell RSC 48 machine,
unless otherwise specified in associated methods. RNA concentrations
were determined via NanoDrop; 260/280 and 260/230 ratios provided
estimates of purity. Total RNA was reverse transcribed using the Rever-
tAid First Strand cDNA synthesis kit (Thermo Fisher Scientific) or Su-
perscript IV (Thermo Fisher Scientific) using random hexamer primers.
qPCR was performed using the PowerUP SYBR Green Master Mix
(Thermo Fisher Scientific) and the QuantStudio Flex Real-Time PCR
System (Applied Biosystems). Primers used are listed in table S4. Before
experimental use all primers used underwent quality control testing, in-
volving assessment of melting curves, amplification characteristics, and
agarose gel electrophoresis of the PCR product. Within each experi-
ment, an RT-minus sample was used as a negative control. The relative
transcript expression level was determined through normalization of
target expression to that of a housekeeping gene(s); where multiple
housekeeping genes were used, the geometric mean of these is used for
normalization. “Proportional transcript isoform expression” (e.g., per-
cent spliced in/splicing ratio) was determined through normalization of
the target isoform to the expression of a constitutively expressed region
within the host gene. Data were analyzed according to the ddCt method,
typically expressed as FC over the control/untreated group.

Protein extraction, quantification, and Western blotting

To extract total protein for Western blotting, cells were lysed in RIPA
(radioimmunoprecipitation assay) bufter [50 mM tris-HCI (pH 7.4),
150 mM NaCl, 0.5% sodium deoxycholate, and 1% NP-40], supple-
mented with Halt Protease Inhibitor Cocktail for 15 min on ice, followed
by 10 cycles of sonication (Bioruptor) with alternating 30-s on/off. Fol-
lowing a further 15-min incubation on ice, lysates were cleared by cen-
trifugation at max speed and 4°C. The protein was quantified using DC
Assay (Bio-Rad) as per the manufacturer’s instructions before down-
stream processing. When necessary, protein samples were concentrated
using methanol-chloroform precipitation. A 4x NuPAGE LDS sample
buffer and 50 mM DTT final concentration was added to the protein
sample and placed at 70°C for 10 min for denaturation. Samples were
loaded onto Invitrogen NuPAGE 4 to 12% Bis-Tris or 7% tris-acetate
protein gels and run at 100 to 180 V for 1 to 5 hours in NuPAGE MOPS
or tris-acetate running buffer, respectively. The protein was then trans-
ferred onto a polyvinylidene difluoride (Immobilon F-PL) membrane at
330 mA for 90 min at 4°C. Membranes were blocked for 1 hour in 5%
milk in 0.1% PBS-Tween 20 (PBS-T) and then incubated with primary
antibodies (see table S5) for 1 hour at room temperature or overnight at
4°C. After three washes in PBS-T, IRdye 680 and 800CW secondary an-
tibodies (1:10,000; LI-COR Biosciences), in PBS-T, were added as ap-
propriate for 1 hour at room temperature. Following a further three
washes, membranes were imaged using a LI-COR FC Odyssey CLx. Blot
densitometry was analyzed using ImageStudio Lite 5.2 or EmpiriaStudio.
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RNA immunoprecipitation

Cells were lysed in lysis buffer [50 mM Hepes (pH 7.4), 150 mM
NaCl,1% IGEPAL, and 1 mM EDTA] supplemented with RiboLock
RNase Inhibitor (0.1 U/pl) and Halt Protease Inhibitor Cocktail and
subjected to 10 cycles of sonication (Bioruptor) with alternating 30-s on/
off. Lysates were cleared of insoluble material by centrifugation and
quantified using DC Assay. One thousand micrograms of the total pro-
tein lysate was prepared for each condition. The lysate (10%) was kept
aside for total input RNA extraction. Pierce anti-HA magnetic beads
(1 mg/ml; Thermo Fisher Scientific) were washed two times with lysis
buffer and then added to the protein lysate and rotated for 2 hours at
4°C. Beads were washed four times with lysis buffer and once with PBS
each at 4°C followed by elution of RNA in extraction buffer (0.2 M so-
dium acetate, 1 mM EDTA, and 0.2% SDS), supplemented with Ri-
boLock RNase Inhibitor (0.1 U/pl), for 5 min at 70°C. Total input RNA
and immunoprecipitated RNA were purified using the PureLink RNA
Micro Scale Kit according to the manufacturer’s instructions with on-
column DNase digestion, reverse transcribed using Superscript IV and
random hexamers, and then analyzed by qPCR as described.
Immunoprecipitation

For SFPQIP, 0.71 pg of C-terminal SFPQ antibody (Abcam, ab177149)
was incubated with prewashed protein G Dynabeads (Invitrogen) in
lysis buffer [50 mM tris-HCI (pH 7.4), 150 mM NaCl, 1% IGEPAL +
1 mM EDTA + HALT Protease Inhibitor Cocktail] for 1 hour at 4°C.
Eighty to 100 pg of the HEK293T cell lysate, generated by incubating
cells with lysis buffer and 10 cycles of sonication (Bioruptor) with alter-
nating 30-s on/off, was added to antibody-conjugated Dynabeads and
rotated overnight at 4°C. The input lysate and three times washed beads
were boiled at 95°C in 1x LDS buffer + 50 mM DTT. The cleared super-
natant was subjected to methanol-chloroform precipitation, before
boiling in 1x LDS buffer + 50 mM DTT, to concentrate the protein to
enable adequate loading quantity for Western blotting. For HA-SFPQ
co-IP, cells were lysed in lysis bufter [50 mM Hepes (pH 7.4), 150 mM
NaCl, 1% IGEPAL, and 1 mM EDTA] supplemented with Halt Protease
Inhibitor Cocktail and subjected to 10 cycles of sonication (Bioruptor)
with alternating 30-s on/off. Lysates were cleared of insoluble material
by centrifugation and quantified using DC Assay. One thousand micro-
grams of the total protein lysate was prepared for each condition. Some
lysate was kept aside as an input. Pierce anti-HA magnetic beads (1 mg/
ml; Thermo Fisher Scientific) were washed two times with lysis buffer
and then added to the protein lysate and rotated overnight at 4°C. The
supernatant was kept aside as cleared material. Beads were washed four
times with lysis buffer and once with PBS each at 4°C followed by stor-
age at —80°C for MS or boiled at 95°C in 1x LDS buffer + 50 mM DTT
and resolved by SDS-PAGE.

Immunocytochemistry

HEK293T cells were plated onto poly-Dp-lysine-coated IBIDI 8-well
chamber slides (IBIDI) or 96-well plates (Thermo Fisher Scientific).
Before cell staining, cells were fixed using 4% paraformaldehyde for
10 min at room temperature and then washed and maintained in
PBS. Fixed cells were permeabilized by 0.3% Triton X-100 in PBS for
10 min and then blocked with 5% bovine serum albumin (BSA)
(Sigma-Aldrich) in PBS for 1 hour at room temperature. Immuno-
labeling was performed with primary antibodies in 5% BSA at 4°C
overnight, followed by species-specific Alexa Fluor-conjugated sec-
ondary antibodies (1:1000) in 5% BSA for 1 hour at room tempera-
ture. 4',6-Diamidino-2-phenylindole (DAPI) counterstain (100 ng/
ml) was subsequently applied for 10 min at room temperature, and
then cells were maintained in PBS until imaged. Primary antibodies
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used are detailed in table S5. Microscopy was carried out using an
880 laser scanning confocal microscope (Zeiss), at 63x objective,
1.4-numerical aperture oil immersion objective, or on an Opera
Phenix at 40x objective.

BaseScope ISH analysis

Cells cultured on 8-well chamber slides (Thermo Fisher Scientific)
were fixed in 10% neutral buffered formalin, dehydrated through
increasing concentrations of ethanol, and stored in 100% ethanol at
—20°C. On the day of assaying, slides were air-dried, loaded onto the
BOND RX (Leica Biosystems), and stained according to the Base-
Scope LS Reagent Assay protocol. Briefly, samples were rehydrated,
subjected to 5-min protease (ACDbio) pretreatment at room tem-
perature to retrieve RNA, and incubated with custom wtSFPQ (TV1)
or altSFPQ (T'V2) 1xZZ BaseScope probes for 2 hours at 40°C. Probe
design and manufacture were carried out by ACDbio/Bio-Techne;
probes were designed to span the exon-exon junctions unique to
either wtSFPQ or altSFPQ. The TV1 probe targets NM_005066.3
(transcript variant 1) and should not target NR_136702.2 (transcript
variant 2) or NR_136703.2 (transcript variant 3), whereas the TV2
probe targets both NR_136702.2 (tv2) and NR_136703.2 (tv3) and
should not target NM_005066.3 (tv1l). RNA signal visualization was
achieved with AP-Fast Red, and cell nuclei were counterstained
with DAPI. Slides were mounted using Vectamount aqueous mourn-
ing medium (Vector), and images were acquired on an 880 laser
scanning confocal microscope (Zeiss) at 40x objective. Images were
initially processed in Image] to max project and segment nuclei
(StarDist plugin), and then a CellProfiler pipeline was used to iden-
tify SFPQ RNA foci using a minimal intensity threshold filter.
Statistics

Statistical analysis and associated graph generation were conducted
using GraphPad Prism 8. Statistical tests used for each experimental
dataset are reported within the figure legends, when significant dif-
ferences were identified, alongside repeat numbers. When compar-
ing between two sets of data, an unpaired two-tailed Student’s ¢ test
was used. When comparing between more than two groups, one-
way analysis of variance (ANOVA) with Tukey or Dunnetts post
hoc comparison was used, assuming normal distribution. Data are
presented as means + SEM. Statistical significance was accepted at a
Pvalue of <0.05 and either displayed as actual value or star (*P < 0.05,
*#P <0.01, ¥*¥*P < 0.001, or ****P < 0.0001).

RNA-seq analysis

RNA-seq processing, integration, and quality control. Raw RNA-seq
reads (fastq files) and accompanying metadata were downloaded
using the nfcore/fetchngs v1.9 pipeline (92) and pysradb v1.3 using
the sample sequence read archive accession number. Reads were pro-
cessed using the nfcore/rnaseq v3.9 pipeline (92). Raw reads under-
went adaptor trimming with Trim Galore, removal of ribosomal RNA
with SortMeRNA, alignment to Ensembl GRCh38.99 human refer-
ence genome using splice-aware aligner, STAR v2.7.1, and BAM-level
quantification with Salmon. Gene counts were normalized for library
size and transformed on a log, scale using the variance stabilizing
transformation function in DESeq2. We excluded three control sam-
plesin Answer ALS that whole-genome sequencing revealed to have
pathogenic ALS mutations. In addition, four Answer ALS iPSMNs
from patients with non-ALS motor neuron diseases were excluded.
NeuroLINCS consists of three distinct iPSC protocols [induced mo-
tor neurons (iMNs), directly induced motor neurons (diMNs), and
undifferentiated iPSCs], of which only the iMN and diMN batches
were included.
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Alternative splicing analysis. All modes of alternative splicing were
analyzed using MAJIQ v2.4 (28, 29) on iPSMN RNA library sam-
ples. STAR-aligned BAMs were used as an input to the MAJIQ splice
graph builder using Ensembl GRCh38.99 transcript annotation. For
Tyzack et al. (25), VCP-ALS; Kapeli et al. (55), FUS-ALS; and Kiskinis
et al. (56), SOD1-ALS datasets, differential splicing was calculated
using the MAJIQ deltaPSI function, which is most appropriate for
small single-batch homogeneous experimental replicate datasets. For
nonmutant sporadic ALS datasets, Answer ALS and NeuroLINCS,
differential splicing was calculated using the MAJIQ heterogen func-
tion, designed for examining splicing across large and heterogeneous
datasets. A threshold of TNOM (thresholded nonparametric overlap
measure) P value < 0.05 was used to call significant splicing changes
between groups. Changes in splicing were examined using the Voila
modulize function that breaks down the complex local splice variants
into the classic binary splicing events (e.g., exon skipping or IR).

Data availability. HIPSC-derived motor neuron raw sequencing
data used in this study are available in public repositories under the
following accession numbers: Tyzack et al. [(25); GSE152983], Kapeli
et al. [(55); GSE77702], Kiskinis et al. [(56); GSE54409], Neuro-
LINCS Consortium et al. [(57); phs001231.v2.p1], and Baxi et al.
[(58); Answer ALS data portal]. Some raw data have restricted access
(NeuroLINCS dbGaP accession number: phs0001231.v2.p1; Answer
ALS database). Granting access to these is beyond the control of the
authors. Access can be obtained by applying to the relevant Data Ac-
cess Committees. Answer ALS requires a signed data use agreement
to have full access.

Mass spectrometry

For on-bead digestion of the pull-down samples, 100 pl of 100 mM
triethylammonium bicarbonate (TEAB) was added to the beads
followed by simultaneous reduction and alkylation and trypsin
digestion with 5 mM tris(2-carboxyethyl)phosphine, 10 mM IAA
(indole-3-acetic acid), and a trypsin concentration of 50 ng/pl with
overnight shaking at 900 rpm at room temperature. The bead-free
digests were SpeedVac dried and reconstituted in 25 pl of 100 mM
TEAB, and half of the volume was labeled with the TMTpro reagents
by adding 5 pl of the reagent (25 pg/pl). The peptide pool was frac-
tionated with high-pH reversed-phase chromatography using the
XBridge C18 column (1.0 mm by 100 mm, 3.5 pm, Waters) on an
UltiMate 3000 HPLC system over a 1% gradient in 35 min. Mobile
phase A was 0.1% (v/v) ammonium hydroxide, and mobile phase B
was 0.1% ammonium hydroxide (v/v) in acetonitrile. Peptide frac-
tions were pooled into eight samples for liquid chromatography-mass
spectrometry (LC-MS) analysis. LC-MS analysis was performed on
an UltiMate 3000 system coupled with the Orbitrap Ascend mass
spectrometer (Thermo Fisher Scientific) using a 25-cm capillary
column (Waters, nanoE MZ PST BEH130 C18, 1.7 pm, 75 pm by
250 mm) over a 100-min gradient 5 to 35% of mobile phase B com-
posed of 80% acetonitrile and 0.1% formic acid. Peptides were pre-
concentrated onto an Acclaim PepMap 100 (100 pm by 2 cm C18,
5 pm) trapping column at 10 pl/min of 0.1% trifluoroacetic acid,
and the analytical column was connected to an EASY-Spray emitter
(Thermo Fisher Scientific, ES991). MS spectra were collected at an
Orbitrap mass resolution of 120k, and precursors were targeted for
higher-energy collision dissociation (HCD) fragmentation in the
top speed mode (3 s) with a collision energy of 32% and ion trap
detection in turbo scan rate. MS3 scans were triggered by Real-Time
Search (RTS) against a fasta file containing UniProt Mus musculus
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reviewed canonical and isoform sequences concatenated with the
variant sequences of human SFPQ (HA-tag), with multinotch isola-
tion (10 notches) and HCD fragmentation with a collision energy of
55% at 45k Orbitrap resolution. Targeted precursors were dynami-
cally excluded from further activation for 45 s with a mass tolerance
of 10 parts per million (ppm), and RTS close-out was disabled. Static
modifications for RTS were TMTproléplex at K/n-term (4-304.2071)
and carbamidomethyl at C (457.0215), and variable modifications
were deamidated NQ (+0.984) and oxidation of M (+15.9949) with
maximum of one missed cleavage and two variable modifications
per peptide. The Sequest HT and Comet nodes in Proteome Discoverer
3.0 (Thermo Fisher Scientific) were used to search the raw mass
spectra against the same fasta file used in the RT'S analysis. The pre-
cursor mass tolerance was set at 20 ppm and the fragment ion mass
tolerance at 0.5 Da (or 1 Da for Comet) with up to two trypsin
missed cleavages allowed. TMTpro at N terminus/K and carbamido-
methyl at C were defined as static modifications. Dynamic modifica-
tions were oxidation of M and deamidation of N/Q. Peptide confidence
was estimated with the Percolator node, and peptide FDR (false dis-
covery rate) was set at 0.01 based on target-decoy search. Only unique
peptides were used for quantification, considering protein groups for
peptide uniqueness. Peptides with an average reporter signal-to-noise
greater than 3 were used for protein quantification.

Data availability

The MS proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (93) partner repository with the dataset
identifier PXD051918.

LC-MS/MS analysis

Statistical data analysis was performed in the Perseus software (94).
Normalized protein abundances were exported from Proteome Dis-
coverer and scaled to row mean (log,) per replicate batch. Two-
sample t tests were then performed for WT, ALT, and ANLS against
the EV samples to identify enriched proteins for each hSFPQ bait
protein under both untreated and oxidative stress conditions. In ad-
dition, the hSFPQ protein profile was regressed out from the log,
scaled data for WT, ALT, and ANLS, excluding EV's from the regres-
sion; i.e., a linear regression model was applied, using hSFPQ rela-
tive abundances as the independent variable to normalize target
protein abundances, assuming a linear relationship between bait
and prey signals. The hSFPQ scaled log, values were used as the in-
dependent variable (x), and the log, scaled values of each protein
were used as the dependent variable (y). The residuals of the
y = ax + b (ais the slope, and b is the intercept) model for each pro-
tein were used as the corrected relative log, ratios. Pearson correlation
values for each protein to hSFPQ were also computed. Matched log,
ratios comparing ALT and ANLS against WT as well as ANLS versus
ALT were further computed followed by one-sample ¢ tests to identify
differences between the hSFPQ conditions. Last, T values (log,FC X
—log;P value) were computed (95) only for proteins with positive
correlation to hSFPQ (Pearson > 0.3) as a means of significance
ranking. The ranking scores were used for network cluster enrich-
ment in STRING (54).

Supplementary Materials
The PDF file includes:

Figs.S1to S8

Legends for tables S1 and S2

Tables S3 to S5
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Other Supplementary Material for this manuscript includes the following:
Tables S1.and S2
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