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Abstract
Mutations in the RNA binding protein FUS cause amyotrophic lateral sclerosis (ALS), a
devastating neurodegenerative disease in which the loss of motor neurons induces
progressive weakness and death from respiratory failure, typically only 3-5 years after onset.
FUS has been established to have a role in numerous aspects of RNA processing, including
splicing. However, the impact of ALS-causative mutations on splicing has not been fully
characterised, as most disease models have been based on FUS overexpression, which in
itself alters its RNA processing functions. To overcome this, we and others have recently
created knock-in models, and have generated high depth RNA-sequencing data on FUS
mutants in parallel to FUS knockout. We combined three independent datasets with a joint
modelling approach, allowing us to compare the mutation-induced changes to genuine loss
of function. We find that FUS ALS-mutations induce a widespread loss of function on
expression and splicing, with a preferential effect on RNA binding proteins. Mutant FUS
induces intron retention changes through RNA binding, and we identify an intron retention
event in FUS itself that is associated with its autoregulation. Altered FUS regulation has
been linked to disease, and intriguingly, we find FUS autoregulation to be altered not only by
FUS mutations, but also in other genetic forms of ALS, including those caused by TDP-43,
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VCP and SOD1 mutations, supporting the concept that multiple ALS genes interact in a
regulatory network.

Introduction
Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive neurodegenerative disorder
characterised by loss of motor neurons, leading to muscle paralysis and death (Taylor,
Brown, and Cleveland 2016). 5-10% of cases are inherited in an autosomal dominant
fashion (Taylor, Brown, and Cleveland 2016). Numerous genes have been identified as
disease-causative, and have been central to the understanding of pathogenesis.
RNA-binding proteins (RBPs), most prominently TDP-43 and FUS, have been identified as a
major category of causative genes in familial ALS (Sreedharan et al. 2008; Vance et al.
2009). In post-mortem tissue, TDP-43 and FUS are found to be depleted from the nuclei,
where they are normally predominantly localised, and accumulated in cytoplasmic
inclusions, suggesting both a nuclear loss of function and a cytoplasmic gain of toxic function
play a role in disease (Ling, Polymenidou, and Cleveland 2013). TDP-43 and FUS have
multiple roles in RNA metabolism, including transcription, splicing, polyadenylation, miRNA
processing and RNA transport (Polymenidou et al. 2011; Lagier-Tourenne et al. 2012; Rogelj
et al. 2012; Ishigaki et al. 2012; Masuda et al. 2015; Ling, Polymenidou, and Cleveland
2013).
Although many studies have investigated the physiological functions of FUS and
TDP-43 through knockout and overexpression experiments (Chiang et al. 2010; Iguchi et al.
2013; Wils et al. 2010; Shan et al. 2010; Wegorzewska et al. 2009; Barmada et al. 2010;
Arnold et al. 2013; Hicks et al. 2000; Kino et al. 2015; Verbeeck et al. 2012; Mitchell et al.
2013; Shiihashi et al. 2016; Qiu et al. 2014; Sharma et al. 2016), the effect of
disease-causing mutations on RNA splicing has been harder to investigate. Indeed, partly
due to the fact that both proteins are very sensitive to dosage changes and very tightly
regulated (Ayala et al. 2011; Zhou et al. 2013), mutation overexpression models are unfit to
address these questions.
We and others have used mice carrying mutations in the endogenous Tardbp gene
to show that TDP-43 mutations induce a splicing gain of function (Fratta et al. 2018; White et
al. 2018). Here, we use our novel knock-in mouse model of FUS-ALS, FUS-Δ14 (Devoy et
al. 2017), in combination with data from other physiological mouse and cellular models of
FUS-ALS, to address the impact of ALS-causing FUS mutations on RNA metabolism, and
splicing in particular. Although mutations have been observed throughout the FUS gene, the
most aggressive FUS ALS-causing mutations cluster in the C-terminal region of the protein,
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where the nuclear localisation signal (NLS) resides (Figure 1A) (Shang and Huang 2016).
These mutations affect the recognition of the nuclear localisation signal by transportin and
induce an increase in cytoplasmic localisation of the protein (Dormann et al. 2010; Shang
and Huang 2016).
We find that FUS mutations induce a splicing loss of function, particularly in intron
retention events. These events are enriched in transcripts encoding RBPs, and FUS itself
uses intron retention to autoregulate its own transcript. Finally, we show that this regulation
event is altered in different ALS model systems. These findings shed light on primary
changes caused by ALS mutations, on how RBPs act as a network to regulate each other,
and on the mechanism for FUS autoregulation. This is of central importance for the vicious
cycle of cytoplasmic accumulation of RBPs driving further RBP expression and
mislocalisation that ensues in disease (Fratta and Isaacs 2018) and is a target for
therapeutic strategies.

Results
Joint modelling identifies high confidence FUS gene expression targets
To identify transcriptional changes induced by ALS-causing FUS mutations, we performed
high depth RNA-seq on spinal cords of FUS-Δ14 mice, a recently described knockin mouse
line carrying a frameshift mutation in the FUS C-terminus (Devoy et al. 2017). The mutation
leads to a complete NLS loss (Figure 1A,B) and its replacement with a novel peptide.
Analysis of homozygous mutations is important to identify the effects of mutant FUS and, as
homozygous FUS-Δ14 mice are perinatally lethal, we used late-stage homozygous,
heterozygous and wildtype (E17.5) embryonic spinal cords. In order to directly compare
mutation-induced changes to genuine FUS loss of function, we in parallel performed similar
experiments using FUS knockout (KO) and littermate control E17.5 spinal cords. We refer to
these samples in the manuscript as the “Fratta samples”.
We took advantage of two publicly available mouse CNS datasets, where
ALS-causing FUS mutations were inserted in the endogenous Fus gene, expressed
homozygously, and where FUS KO was used in parallel, to identify changes relevant across
FUS mutations. The RNA-seq datasets (described in Supplementary Table 1A) were a)
E18.5 brains from FUS-ΔNLS and FUS-KO mice (Scekic-Zahirovic et al. 2016), referred to
as the “Dupuis samples”; and b) ES-derived motor neurons from FUS-P517L and FUS-KO
(Capauto et al. 2018), referred to as the “Bozzoni samples” (Figure 1B). After performing
differential expression analyses on each individual comparison, we combined the three
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datasets and performed two joint analyses for the KO and NLS mutation samples with their
respective controls. Throughout the manuscript, we refer to these two joint models as KO
and MUT respectively. This approach identifies differentially expressed and spliced genes
that have a shared direction of effect between the three KO or MUT datasets.
At FDR < 0.05 the KO and MUT joint differential gene expression models contain
2,136 and 754 significantly differentially expressed genes respectively. When comparing the
genes found by the two joint analyses to the six individual analyses there is only a moderate
overlap (Supplementary Table 2), suggesting that a large number of genes called as
significant in each dataset cannot be replicated in the others, despite being the same
condition and all being generated from embryonic neuronal tissue.
FUS mutations have a loss-of-function effect on gene expression
We next looked for evidence of either a shared or divergent gene expression signal between
the KO model and the MUT model. With a conservative threshold for overlap, where a gene
must be significant at FDR < 0.05 in both models, we found an overlap of 425 shared genes
between KO and MUT, with 329 genes being classified as mutation-specific and 1,711 as
knockout specific. More permissive overlap criteria, where a gene overlaps if it reaches FDR
< 0.05 in one model and an uncorrected P < 0.05 in the other, increased the overlap to 1,318
genes, reducing the specific genes to 186 in the MUT model, and 961 in KO (Figure 2A).
Comparing the direction of changes found for the 1,318 overlapping genes between FUS KO
and FUS MUT showed that only 7 genes are altered in opposing directions, confirming a
loss of function effect of Fus mutations on gene expression (Figure 2B). Fitting a linear
model between the fold changes of the two datasets showed that the effect of FUS MUT on
gene expression is 76% that of FUS KO. (β = 0.76; P < 1e-16 F-test; R2 = 0.90). This
suggests that while FUS KO and FUS MUT affect the same genes in the same directions,
the magnitude of change is greater in FUS KO than FUS MUT. This relationship is not an
artefact of the relaxed overlap criteria as fitting the model on just the 425 strictly overlapping
genes had a similar outcome (β = 0.8; P < 1e-16). The relative weakness of NLS mutations
compared to knockouts can be explained as NLS mutant FUS can still be detected in the
nucleus, although at lower amounts (Devoy et al. 2017; Scekic-Zahirovic et al. 2017).
ALS-causative mutations induce synaptic and RNA-binding gene expression changes
Amongst the changed genes are the other members of the FET family of RNA-binding
proteins, Taf15 and Ewsr1, as well as Trove2, the gene encoding the 60 kDa SS-A/Ro
ribonucleoprotein, which is downregulated in MUT only and unchanged in KO
(Supplementary Figure 2). The X-linked mouse-specific lymphocyte receptor genes, Xlr3a,
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Xlr3b, Xlr4a and Xlr4b, which form a cluster of paralogous genes on the X chromosome and
are paternally imprinted in mice (Raefski and O’Neill 2005), are all strongly upregulated in
both conditions but more so in KO than MUT (Supplementary Figure 2).
Gene ontology (GO) analyses show that the FUS KO and MUT overlapping genes
were strongly direction-specific, with upregulated genes enriched in RNA binding, splicing
and metabolism terms, and downregulated genes in synaptic and neuronal terms (Figure
2C). KO-specific and MUT-specific genes were less clearly enriched in specific functions.
(Figure 2C).
We used the coordinates of FUS binding sites in FUS iCLIP dataset from embryonic
day 18 mouse brain (Rogelj et al. 2012) to investigate a relationship between FUS binding to
particular genomic features and the direction of differential expression. Intronic and 3’UTR
binding was most common, as has been seen before (Lagier-Tourenne et al. 2012; Rogelj et
al. 2012). Comparing each set of differentially expressed genes to a non-differentially
expressed set matched for gene length and wildtype expression, we found enrichment of
FUS binding specifically within downregulated genes. This effect was primarily driven by
binding within introns (Supplementary Figure 2).
ALS-causative FUS mutations induce splicing loss of function
We used the joint modelling approach to assess the impact of FUS MUT on alternative
splicing, including all possible alternative splicing isoforms, both novel and annotated. The
joint models increased power as for MUT and KO respectively 93 and 890 events are found
to be significantly altered, more than the sums of the individual analyses (Supplementary
Table 3). There is also a very good concordance between each individual analysis and their
joint model, with the exception of the Bozzoni dataset (only 7 out of 31). Comparison of
splicing events between the heterozygous and homozygous FUS-Δ14 and FUS-KO samples
found

34

overlapping

FUS-Δ14

events

and

115

overlapping

FUS

KO

events

(Supplementary Figure 3). Comparing fold changes showed heterozygotes to have a
reduced effect size compared to the homozygotes in both FUS-Δ14 (beta = 0.57; P = 1e-11)
and FUS KO (beta =0.67; P < 1e-16).
Comparing the joint FUS KO and MUT splicing models, there are 405 overlapping
events at a permissive significance threshold, with 501 KO specific splicing events and only
16 MUT-specific splicing events (Figure 3A). There are no overlapping splicing events that
change in opposing directions between the two joint models, confirming FUS mutations have
a loss of function effect on splicing. Furthermore, larger fold changes are present in the KO
compared to the MUT joint models (β = 0.7, P < 1e-16; F-test; R2 = 0.89), supporting the
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reduced nuclear localisation of the FUS mutations as the main responsible factor for the loss
of splicing function.
Intron retention is the most common splicing change induced by FUS mutations
Analysis of the splicing type events shows a similar distribution between KO-specific and
MUT/KO overlapping events, both of which are dominated by both retained introns and
complex events (Figure 3C). These events are difficult to interpret as multiple types of
alternative splicing occur within the same locus. This is seen in Ybx1, where a retained
intron is accompanied by a cassette exon and the splicing of both are altered in both FUS
KO and MUT (Supplementary Figure 3). Cassette exons and alternate 5’ and 3’ splice sites
can also be found in all three sets of genes, with alternate 5’ sites appearing at twice the rate
of alternate 3’ splice sites.
Direct regulation of splicing events by FUS binding to introns has been proposed
using RNA-protein interaction experiments (Ishigaki et al. 2012; Lagier-Tourenne et al. 2012;
Rogelj et al. 2012). We used FUS iCLIP clusters from (Rogelj et al. 2012) to show that
retained introns are strongly enriched for FUS binding sites, with the strongest enrichment
present for the overlapping MUT/KO retained introns (P = 4.4e-22; Chi-squared; Figure 3D).
No enrichment was seen in cassette exons, suggesting that cassette exon splicing changes
may not be the direct result of a change in FUS binding.
FUS-regulated retained introns are enriched in RBPs and highly conserved
Gene ontology analysis for each category of events showed a clear enrichment in
RNA-binding and neuronal GO terms in the overlapping splicing events, with terms relating
to RNA binding dominating retained introns (Figure 4A). The RNA-binding transcripts
include the U1 splicing factor Snrnp70, the FET protein family members Ewsr1 and Taf15,
and Fus itself. Conversely neuronal terms were found in cassette exons.
RNA-binding proteins often contain intronic sequences that are very highly conserved
(Lareau et al. 2007) that have been proposed to be important for their regulation (Ni et al.
2007). To test whether the MUT FUS-targeted splicing events show high sequence
conservation, we calculated the median PhyloP score using the 60-way comparison between
mouse and other species for each encompassing intron (Pollard et al. 2010). Sets of events
were then tested on the proportion of the set with a median phyloP score >0.5, where a
score of 0 is neutral and >1 is highly conserved. Only retained introns were enriched in
sequence conservation, and at a greater extent for MUT/KO overlapping (P = 1.2e-10) than
KO-specific events (P = 0.048; Figure 4B). The 35 retained introns found in genes with
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RNA-binding GO terms are predominantly reduced in inclusion upon FUS KO or NLS
mutation with 20/35 having a FUS iCLIP cluster within 1kb of the intron (Figure 4C).
Taken together, these results show that nuclear loss of FUS through either knockout
or a NLS mutation leads to a set of splicing changes enriched in conserved intron retention
events affecting other RNA-binding proteins. Conversely, cassette exons are not bound by
FUS beyond the null expectation and originate from nonconserved introns.
FUS autoregulates through a highly conserved retained intron
The joint splicing analyses found two retained introns (introns 6 and 7) in the Fus transcript
are less retained in FUS NLS mutants. Both introns are highly conserved and contain large
numbers of FUS iCLIP binding peaks (Figure 5A; Supplementary Figure 4). Numerous
RNA-binding proteins regulate their expression by binding their own transcript (Dredge et al.
2005; Rossbach et al. 2009; Wollerton et al. 2004; Ayala et al. 2011). This is autoregulation,
where when protein levels are high, splicing shifts towards the production of a non-coding
isoform, most commonly by making the transcript sensitive to nonsense-mediated decay
(NMD) (Rosenfeld, Elowitz, and Alon 2002; Jangi et al. 2014; McGlincy and Smith 2008).
The FUS intron 6/7 region has been suggested to be the locus of autoregulation through
skipping of exon 7, which is NMD sensitive (Zhou et al. 2013). When examining
RNA-sequencing coverage of the FUS gene in all our datasets, we could not observe any
changes in the inclusion of exon 7 in any sample. However, the retention of both introns 6
and 7 decreased in the presence of MUT FUS mutations in all three datasets (Figure 5B),
despite the baseline level of intron retention being variable. Heterozygous FUS-Δ14 mice
also showed a reduction in retention, demonstrating a dose-dependent response. We
validated our findings using RT-PCR and confirmed that intron retention decreased in a
mutation dose-dependent manner (intron 6 P = 5.7e-4; intron 7 P = 8.7e-4; ANOVA). We
failed to detect a band corresponding to the skipping of exon 7 in any sample (Figure 5C,D).

Fus intron 6/7 retention determines transcript nuclear detention
Retaining two introns would be expected to cause NMD through premature stop codons,
which are abundant in both intron 6 and 7. Experiments inhibiting NMD with cycloheximide
(CHX) showed no effect on intron retention in wildtype or FUS Δ14 homozygous cells
(Figure 5D). Retained intron transcripts have been shown to accumulate in the nucleus
(Boutz, Bhutkar, and Sharp 2015). Repeating the intron retention RT-PCR on nuclear and
cytoplasmic fractions demonstrated that the retention of introns 6 and 7 is enriched in the
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nuclear fraction (Figure 5E). This suggests that FUS intron retention regulates FUS
translation by detaining FUS mRNA in the nucleus.
FUS intron retention is co-regulated by TDP-43 and altered in other ALS models
FUS shares RNA targets with another ALS-associated RNA-binding protein, TDP-43
(Lagier-Tourenne et al. 2012). Despite FUS iCLIP peaks being present throughout the
Tardbp gene, neither FUS knockout or NLS mutation altered Tardbp expression or splicing.
However, using TDP-43 CLIP data from human and mouse we identified a conserved
TDP-43 binding site within FUS intron 7, approximately 400 nucleotides downstream of the
5’ splice site (Figure 6A,B) in a GT-rich region conserved between mouse and humans. GU
dinucleotides are the known binding motif of TDP-43 (Lukavsky et al. 2013). To test whether
TDP-43 is also involved in regulating the retention of FUS introns 6 and 7, we re-analysed
RNA-seq data where TDP-43 was knocked down in adult mice with an antisense
oligonucleotide (Polymenidou et al. 2011) as well as adult mice homozygous for a C-terminal
TDP-43 mutation (M323K) which we previously showed cause a gain of splicing function
(Fratta et al. 2018). TDP-43 knockdown caused a reduction in FUS intron retention, similar
to FUS NLS mutations (Figure 6C). Conversely, TDP-43 M323K mice had an increase in
FUS intron retention relative to wildtype. We observed no changes in FUS intron retention in
embryonic mice homozygous for a splicing-null mutation (F210I) (Fratta et al. 2018),
suggesting a developmental component to TDP-43 cross-regulation of FUS. FUS introns 6
and 7 are also bound by fellow FET family members TAF15 and EWSR1 (Supplementary
Figure 4).
A previous study differentiated human motor neurons from induced pluripotent stem
cells (iPSC) with and without mutations in VCP, an ALS gene

that induces TDP-43

pathology (Luisier et al. 2018)(Hall ref). The authors observed a set of retained introns that
occur earlier in differentiation in the VCP mutant cells compared to the wildtype. These
changes occurred primarily in RNA-binding proteins, suggesting a perturbation in splicing
factor networks during development. To compare the FUS-regulated murine splicing events
with those found in VCP mutant human cells, we overlapped the 143 human genes found to
have intron retention events with the set of 219 mouse genes with either intron retention or
complex events in both FUS MUT and FUS KO and found an overlap of 12 genes (P = 1e-5,
Fisher’s exact test; Supplementary Table 4). Remarkably this included FUS itself.
Re-analysis of RNA-seq data from Luisier et al demonstrated that the retention of FUS
introns 6 and 7 is increased specifically in the transition between iPSC and neural precursor
cell (NPC) stage in the VCP mutant cells (Figure 7A).
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Luisier and colleagues also found intron retention changes in another ALS model,
SOD1 A4V mutations in iPSC-derived motor neurons (Kiskinis et al. 2014). Re-analysis of
the RNA sequencing data showed a robust increase in FUS intron retention in the presence
of SOD1 mutations (Figure 7B). These findings suggest that FUS regulation is altered in the
presence of ALS-causative mutations in other genes.

Discussion
FUS has been found to be a central player in ALS and its role in RNA metabolism has been
intensively studied, but whether disease-causing mutations directly impact on RNA
processing is still to be determined. One limitation has been that FUS, like many other
RBPs, is extremely sensitive to gene dosage. Therefore, commonly used models, where
mutant FUS is overexpressed, cannot disentangle the effects of overexpression from those
of the mutation. We and others have generated FUS-ALS models where mutations were
inserted into the endogenous gene to observe the impact on gene expression and splicing.
To do this, and in order to specifically investigate splicing changes, we generated high depth
and long-read sequencing data from our mutant FUS spinal cords, alongside FUS knockout
samples, to compare mutant-induced changes to a pure loss of function. In order to identify
high-confidence changes relevant to all FUS-ALS models, we performed a joint analysis of
our data along with other publicly available datasets where endogenous Fus mutations had
been studied in parallel to samples from knockout tissue. The sequencing conditions differed
between datasets (Supplementary Table 1B), with some more suited for expression
analysis – which had indeed been the main focus of the original research. Nonetheless, the
joint analysis model proved to be extremely powerful and allowed us to identify more splicing
changes than using any single dataset independently. Furthermore, this approach limits
artifactual findings from single datasets and allowed us to define a comprehensive
high-confidence list of both expression and splicing targets induced by ALS-FUS mutations
and FUS loss.
The comparisons between the joint analysis of FUS mutations and FUS knockout
show that FUS mutations have a loss of function effect both on expression and splicing. The
effect seems to be weaker than full knockout, and this is compatible with the fact that mutant
FUS is still found at low levels in nuclei of all the analysed mutants. This is a key difference
from mutations in TDP-43, the other major RBP implicated in ALS, where mutations lead to
gain of splicing function (Fratta et al. 2018; White et al. 2018).
The high quality of our data allowed us to conduct an unbiased analysis of splicing,
which highlighted intron retention and complex splicing events to be the most frequently

9

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.
altered class of changes, whilst cassette exon events, which had been previously described
by using a targeted approach (Scekic-Zahirovic et al. 2016), are less abundant. Interestingly,
when we assessed the link of FUS binding to the different splicing events, FUS was linked
directly to intron retention, but not to cassette exon splicing, suggesting the latter category
could be due to downstream or indirect effects. Indeed, genes changed both at the splicing
and expression level by Fus mutations are enriched in “RNA metabolism” GO terms,
supporting a secondary effect on splicing of other RBPs.
Intriguingly, amongst the RBPs with intron retention changes induced by FUS
mutations, is FUS itself, with the mutation inducing a reduction in retention of introns 6 and
7. This region had been previously suggested to be involved in FUS autoregulation through
alternative splicing of exon 7 (Zhou et al. 2013), but we were unable to observe this at
significant levels in any of our datasets. The two introns are highly conserved across
species, and FUS iCLIP data showed widespread FUS binding across both introns,
supporting their retention as a putative autoregulatory mechanism. Although the retained
introns are predicted to undergo NMD, we found the retained intron transcripts to be
NMD-insensitive. Instead we find they could be detained in the nucleus (Boutz, Bhutkar, and
Sharp 2015), a phenomenon also observed in a recent study on RNA localisation within
different cellular compartments (Fazal et al. 2018) (Figure 8).
The observation that FUS mutations induce changes in other RBPs is compatible
with the growing evidence of RBPs functioning as a sophisticated regulatory network (Jangi
et al. 2014; Mohagheghi et al. 2016; Huelga et al. 2012). This raises the question as to what
other proteins contribute to regulate FUS levels, and whether other ALS-linked proteins
could play a role. We found TDP-43 to bind reproducibly to intron 7 in both human and
mouse, and that in adult mice TDP-43 knockdown induces a significant decrease in retention
of both introns, whilst the opposite was found in the presence of gain-of-function TDP-43
mutations. No changes were found in an embryonic dataset from mice where TDP-43 has
decreased RNA binding capacity. This observation could be due to the fact that TDP-43 is
expressed at extremely high levels at the embryonic stage, and potentially relies on different
regulatory systems (Sephton et al. 2010; Cragnaz et al. 2015). Further supporting an
integrated network for RBP regulation, FUS binds and regulates EWS and TAF15 levels,
and both EWS and TAF15 bind to Fus introns 6/7 (Supplementary Figure 4). Although FUS
depletion leads to an upregulation of TAF15, reducing TAF15 has no effect on FUS
expression (Kapeli et al. 2016).
Lastly, Fus intron retention is also altered in the presence of both VCP and SOD1
mutations, two ALS-related genes that are not RBPs and have recently been linked to intron
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retention (Luisier et al. 2018). Of note, ALS forms have been subdivided by the pathology
findings and FUS-ALS, TDP-43 ALS (which includes VCP-ALS) and SOD1 ALS, although
clinically similar, show mutually exclusive proteins to be accumulated in post-mortem brain,
raising the possibility they could act through independent mechanisms. Our findings showing
FUS regulation to be altered by TDP-43, VCP and SOD1 mutations, suggest that these
proteins act upon a common network in disease.
In conclusion, we have found that FUS mutations induce a loss of splicing function,
particularly affecting intron retention events in other RBPs. We show that an intron retention
event in the FUS transcript is a putative mechanism for its autoregulation and is modified not
only by mutations in FUS, but also by ALS-causative mutations in TDP-43, VCP and SOD1.
These findings inform the understanding of both FUS-ALS and the wider biology of ALS.

References
Anders, Simon, Paul Theodor Pyl, and Wolfgang Huber. 2015. “HTSeq--a Python Framework to Work
with High-Throughput Sequencing Data.” Bioinformatics  31 (2): 166–69.
Arnold, E. S., Ling S.-C., S. C. Huelga, C. Lagier-Tourenne, M. Polymenidou, D. Ditsworth, H. B.
Kordasiewicz, et al. 2013. “ALS-Linked TDP-43 Mutations Produce Aberrant RNA Splicing and
Adult-Onset Motor Neuron Disease without Aggregation or Loss of Nuclear TDP-43.”
Proceedings of the National Academy of Sciences 110 (8): E736–45.
Ayala, Youhna M., Laura De Conti, Ashish Dhir, Maurizio Romano, Andrea D. Ambrogio, James
Tollervey, Jernej Ule, et al. 2011. “TDP-43 Regulates Its mRNA Levels through a Negative
Feedback Loop.” The EMBO Journal 30 (2): 277–88.
Barmada, S. J., G. Skibinski, E. Korb, E. J. Rao, J. Y. Wu, and S. Finkbeiner. 2010. “Cytoplasmic
Mislocalization of TDP-43 Is Toxic to Neurons and Enhanced by a Mutation Associated with
Familial Amyotrophic Lateral Sclerosis.” Journal of Neuroscience 30 (2): 639–49.
Boutz, Paul L., Arjun Bhutkar, and Phillip A. Sharp. 2015. “Detained Introns Are a Novel, Widespread
Class of Post-Transcriptionally Spliced Introns.” Genes and Development 29 (1): 63–80.
Capauto, Davide, Alessio Colantoni, Lei Lu, Tiziana Santini, Giovanna Peruzzi, Silvia Biscarini,
Mariangela Morlando, et al. 2018. “A Regulatory Circuitry Between Gria2, miR-409, and miR-495
Is Affected by ALS FUS Mutation in ESC-Derived Motor Neurons.” Molecular Neurobiology, 1–17.
Chakrabarti, Anob M., Nejc Haberman, Arne Praznik, Nicholas M. Luscombe, and Jernej Ule. 2018.
“Data Science Issues in Studying Protein–RNA Interactions with CLIP Technologies.” Annual
Review of Biomedical Data Science 1 (1): 235–61.
Chiang, Po-Min, Jonathan Ling, Yun Ha Jeong, Donald L. Price, Susan M. Aja, and Philip C. Wong.
2010. “Deletion of TDP-43 down-Regulates Tbc1d1, a Gene Linked to Obesity, and Alters Body
Fat Metabolism.” Proceedings of the National Academy of Sciences 107 (37): 16320–24.
Clarke, E., and S. Sherrill-Mix. 2017. “Ggbeeswarm: Categorical Scatter (violin Point) Plots.” R
package version 0.6. 0. Retrieved from https://CRAN. R-project. org ….
Cragnaz, L., R. Klima, L. De Conti, G. Romano, F. Feiguin, E. Buratti, M. Baralle, and F. E. Baralle.
2015. “An Age-Related Reduction of Brain TBPH/TDP-43 Levels Precedes the Onset of
Locomotion Defects in a Drosophila ALS Model.” Neuroscience 311 (December): 415–21.
Devoy, Anny, Bernadett Kalmar, Michelle Stewart, Heesoon Park, Beverley Burke, Suzanna J. Noy,
Yushi Redhead, et al. 2017. “Humanized Mutant FUS Drives Progressive Motor Neuron
Degeneration without Aggregation in `FUSDelta14’ Knockin Mice.” Brain: A Journal of Neurology
140 (11): 2797–2805.

11

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.
Dobin, Alexander, Carrie A. Davis, Felix Schlesinger, Jorg Drenkow, Chris Zaleski, Sonali Jha,
Philippe Batut, Mark Chaisson, and Thomas R. Gingeras. 2013. “STAR: Ultrafast Universal
RNA-Seq Aligner.” Bioinformatics  29 (1): 15–21.
Dormann, Dorothee, Ramona Rodde, Dieter Edbauer, Eva Bentmann, Ingeborg Fischer, Alexander
Hruscha, Manuel E. Than, et al. 2010. “ALS-Associated Fused in Sarcoma (FUS) Mutations
Disrupt Transportin-Mediated Nuclear Import.” The EMBO Journal 29 (16): 2841–57.
Dredge, B. Kate, Giovanni Stefani, Caitlin C. Engelhard, and Robert B. Darnell. 2005. “Nova
Autoregulation Reveals Dual Functions in Neuronal Splicing.” The EMBO Journal 24 (8):
1608–20.
Fazal, F. M., S. Han, P. Kaewsapsak, K. R. Parker, and J. Xu. 2018. “Atlas of Subcellular RNA
Localization Revealed by APEX-Seq.” BioRxiv.
https://www.biorxiv.org/content/10.1101/454470v2.abstract.
Fratta, Pietro, and Adrian M. Isaacs. 2018. “The Snowball Effect of RNA Binding Protein Dysfunction
in Amyotrophic Lateral Sclerosis.” Brain: A Journal of Neurology 141 (5): 1236–38.
Fratta, Pietro, Prasanth Sivakumar, Jack Humphrey, Kitty Lo, Thomas Ricketts, Hugo Oliveira, Jose
M. Brito-Armas, et al. 2018. “Mice with Endogenous TDP-43 Mutations Exhibit Gain of Splicing
Function and Characteristics of Amyotrophic Lateral Sclerosis.” The EMBO Journal, e98684.
Gentleman, R., and R. Ihaka. 1996. “R: A Language for Data Analysis and Graphics.” Journal of
Computational and Graphical Statistics: A Joint Publication of American Statistical Association,
Institute of Mathematical Statistics, Interface Foundation of North America 5 (3): 299–314.
Hicks, G. G., N. Singh, A. Nashabi, S. Mai, G. Bozek, L. Klewes, D. Arapovic, et al. 2000. “Fus
Deficiency in Mice Results in Defective B-Lymphocyte Development and Activation, High Levels
of Chromosomal Instability and Perinatal Death.” Nature Genetics 24 (2): 175–79.
Hlavac, Marek. 2015. “Stargazer: Well-Formatted Regression and Summary Statistics Tables.” R
Package Version 5 (2).
Hu, Boqin, Yu-Cheng T. Yang, Yiming Huang, Yumin Zhu, and Zhi John Lu. 2017. “POSTAR: A
Platform for Exploring Post-Transcriptional Regulation Coordinated by RNA-Binding Proteins.”
Nucleic Acids Research 45 (D1): D104–14.
Huelga, Stephanie C., Anthony Q. Vu, Justin D. Arnold, Tiffany Y. Liang, Patrick P. Liu, Bernice Y.
Yan, John Paul Donohue, et al. 2012. “Integrative Genome-Wide Analysis Reveals Cooperative
Regulation of Alternative Splicing by hnRNP Proteins.” Cell Reports 1 (2): 167–78.
Iguchi, Yohei, Masahisa Katsuno, Jun Ichi Niwa, Shinnosuke Takagi, Shinsuke Ishigaki, Kensuke
Ikenaka, Kaori Kawai, et al. 2013. “Loss of TDP-43 Causes Age-Dependent Progressive Motor
Neuron Degeneration.” Brain: A Journal of Neurology 136 (5): 1371–82.
Ishigaki, Shinsuke, Akio Masuda, Yusuke Fujioka, Yohei Iguchi, Masahisa Katsuno, Akihide Shibata,
Fumihiko Urano, Gen Sobue, and Kinji Ohno. 2012. “Position-Dependent FUS-RNA Interactions
Regulate Alternative Splicing Events and Transcriptions.” Scientific Reports 2: 1–8.
Jangi, Mohini, Paul L. Boutz, Prakriti Paul, and Phillip A. Sharp. 2014. “Rbfox2 Controls
Autoregulation in RNA-Binding Protein Networks Rbfox2 Controls Autoregulation in RNA-Binding
Protein Networks.” Genes and Development 28: 637–51.
Kapeli, Katannya, Gabriel A. Pratt, Anthony Q. Vu, Kasey R. Hutt, Fernando J. Martinez, Balaji
Sundararaman, Ranjan Batra, et al. 2016. “Distinct and Shared Functions of ALS-Associated
Proteins TDP-43, FUS and TAF15 Revealed by Multisystem Analyses.” Nature Communications
7: 12143.
Kino, Yoshihiro, Chika Washizu, Masaru Kurosawa, Mizuki Yamada, Haruko Miyazaki, Takumi Akagi,
Tsutomu Hashikawa, et al. 2015. “FUS/TLS Deficiency Causes Behavioral and Pathological
Abnormalities Distinct from Amyotrophic Lateral Sclerosis.” Acta Neuropathologica
Communications 3: 24.
Kiskinis, Evangelos, Jackson Sandoe, Luis A. Williams, Gabriella L. Boulting, Rob Moccia, Brian J.
Wainger, Steve Han, et al. 2014. “Pathways Disrupted in Human ALS Motor Neurons Identified
through Genetic Correction of Mutant SOD1.” Cell Stem Cell 14 (6): 781–95.
Koressaar, Triinu, and Maido Remm. 2007. “Enhancements and Modifications of Primer Design
Program Primer3.” Bioinformatics  23 (10): 1289–91.
Lagier-Tourenne, Clotilde, Magdalini Polymenidou, Kasey R. Hutt, Anthony Q. Vu, Michael Baughn,
Stephanie C. Huelga, Kevin M. Clutario, et al. 2012. “Divergent Roles of ALS-Linked Proteins
FUS/TLS and TDP-43 Intersect in Processing Long Pre-mRNAs.” Nature Neuroscience 15 (11):
1488–97.
Lareau, Liana F., Maki Inada, Richard E. Green, Jordan C. Wengrod, and Steven E. Brenner. 2007.

12

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.
“Unproductive Splicing of SR Genes Associated with Highly Conserved and Ultraconserved DNA
Elements.” Nature 446 (7138): 926–29.
Ling, Shuo-Chien, Magdalini Polymenidou, and Don W. Cleveland. 2013. “Converging Mechanisms in
ALS and FTD: Disrupted RNA and Protein Homeostasis.” Neuron 79 (3): 416–38.
Love, Michael I., Wolfgang Huber, and Simon Anders. 2014. “Moderated Estimation of Fold Change
and Dispersion for RNA-Seq Data with DESeq2.” Genome Biology 15 (12): 550.
Luisier, Raphaelle, Giulia E. Tyzack, Claire E. Hall, Jamie S. Mitchell, Helen Devine, Doaa M. Taha,
Bilal Malik, et al. 2018. “Intron Retention and Nuclear Loss of SFPQ Are Molecular Hallmarks of
ALS.” N
 ature Communications 9 (1): 2010.
Lukavsky, Peter J., Dalia Daujotyte, James R. Tollervey, Jernej Ule, Cristiana Stuani, Emanuele
Buratti, Francisco E. Baralle, Fred F. Damberger, and Frédéric H-T Allain. 2013. “Molecular Basis
of UG-Rich RNA Recognition by the Human Splicing Factor TDP-43.” Nature Structural &
Molecular Biology 20 (12): 1443–49.
Masuda, Akio, Jun-Ichi Takeda, Tatsuya Okuno, Takaaki Okamoto, Bisei Ohkawara, Mikako Ito,
Shinsuke Ishigaki, Gen Sobue, and Kinji Ohno. 2015. “Position-Specific Binding of FUS to
Nascent RNA Regulates mRNA Length.” Genes and Development, 1045–57.
McGlincy, Nicholas J., and Christopher W. J. Smith. 2008. “Alternative Splicing Resulting in
Nonsense-Mediated mRNA Decay: What Is the Meaning of Nonsense?” Trends in Biochemical
Sciences 33 (8): 385–93.
Mitchell, Jacqueline C., Philip McGoldrick, Caroline Vance, Tibor Hortobagyi, Jemeen Sreedharan,
Boris Rogelj, Elizabeth L. Tudor, et al. 2013. “Overexpression of Human Wild-Type FUS Causes
Progressive Motor Neuron Degeneration in an Age- and Dose-Dependent Fashion.” Acta
Neuropathologica 125 (2): 273–88.
Mohagheghi, Fatemeh, Mercedes Prudencio, Cristiana Stuani, Casey Cook, Karen Jansen-West,
Dennis W. Dickson, Leonard Petrucelli, and Emanuele Buratti. 2016. “TDP-43 Functions within a
Network of hnRNP Proteins to Inhibit the Production of a Truncated Human SORT1 Receptor.”
Human Molecular Genetics 25 (3): 534–45.
Ni, Julie Z., Leslie Grate, John Paul Donohue, Christine Preston, Naomi Nobida, Georgeann O’Brien,
Lily Shiue, Tyson A. Clark, John E. Blume, and Manuel Ares. 2007. “Ultraconserved Elements
Are Associated with Homeostatic Control of Splicing Regulators by Alternative Splicing and
Nonsense-Mediated Decay.” Genes and Development 21 (6): 708–18.
Pollard, Katherine S., Melissa J. Hubisz, Kate R. Rosenbloom, and Adam Siepel. 2010. “Detection of
Nonneutral Substitution Rates on Mammalian Phylogenies.” Genome Research 20 (1): 110–21.
Polymenidou, Magdalini, Clotilde Lagier-tourenne, Kasey R. Hutt, C. Stephanie, Jacqueline Moran,
Tiffany Y. Liang, Shuo-Chien Ling, et al. 2011. “Long Pre-mRNA Depletion and RNA Missplicing
Contribute to Neuronal Vulnerability from Loss of TDP-43.” Nature Neuroscience 14: 459–68.
Qiu, Haiyan, Sebum Lee, Yulei Shang, Wen Yuan Wang, Kin Fai Au, Sherry Kamiya, Sami J.
Barmada, et al. 2014. “ALS-Associated Mutation FUS-R521C Causes DNA Damage and RNA
Splicing Defects.” The Journal of Clinical Investigation 124 (3): 981–99.
Raefski, Adam S., and Michael J. O’Neill. 2005. “Identification of a Cluster of X-Linked Imprinted
Genes in Mice.” Nature Genetics 37 (6): 620–24.
Rogelj, Boris, Laura E. Easton, Gireesh K. Bogu, Lawrence W. Stanton, Gregor Rot, Tomaž Curk,
Blaž Zupan, et al. 2012. “Widespread Binding of FUS along Nascent RNA Regulates Alternative
Splicing in the Brain.” Scientific Reports 2: 1–10.
Rosenfeld, Nitzan, Michael B. Elowitz, and Uri Alon. 2002. “Negative Autoregulation Speeds the
Response Times of Transcription Networks.” Journal of Molecular Biology 323 (5): 785–93.
Rossbach, O., L-H Hung, S. Schreiner, I. Grishina, M. Heiner, J. Hui, and A. Bindereif. 2009. “Autoand Cross-Regulation of the hnRNP L Proteins by Alternative Splicing.” Molecular and Cellular
Biology 29 (6): 1442–51.
Scekic-Zahirovic, Jelena, Hajer El Oussini, Sina Mersmann, Kevin Drenner, Marina Wagner, Ying
Sun, Kira Allmeroth, et al. 2017. “Motor Neuron Intrinsic and Extrinsic Mechanisms Contribute to
the Pathogenesis of FUS-Associated Amyotrophic Lateral Sclerosis.” Acta Neuropathologica 133
(6): 887–906.
Scekic-Zahirovic, Jelena, Oliver Sendscheid, Hajer El Oussini, Mélanie Jambeau, and Sun Ying.
2016. “Toxic Gain of Function from Mutant FUS Protein Is Crucial to Trigger Cell Autonomous
Motor Neuron Loss.” The EMBO Journal, 1–21.
Sephton, Chantelle F., Shannon K. Good, Stan Atkin, Colleen M. Dewey, Paul Mayer 3rd, Joachim
Herz, and Gang Yu. 2010. “TDP-43 Is a Developmentally Regulated Protein Essential for Early

13

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.
Embryonic Development.” The Journal of Biological Chemistry 285 (9): 6826–34.
Shang, Yulei, and Eric J. Huang. 2016. “Mechanisms of FUS Mutations in Familial Amyotrophic
Lateral Sclerosis.” Brain Research 1647: 65–78.
Shan, X., Chiang P.-M., D. L. Price, and P. C. Wong. 2010. “Altered Distributions of Gemini of Coiled
Bodies and Mitochondria in Motor Neurons of TDP-43 Transgenic Mice.” Proceedings of the
National Academy of Sciences 107 (37): 16325–30.
Sharma, Aarti, Alexander K. Lyashchenko, Lei Lu, Sara Ebrahimi Nasrabady, Margot Elmaleh,
Monica Mendelsohn, Adriana Nemes, Juan Carlos Tapia, George Z. Mentis, and Neil A.
Shneider. 2016. “ALS-Associated Mutant FUS Induces Selective Motor Neuron Degeneration
through Toxic Gain of Function.” Nature Communications 7: 10465.
Shiihashi, Gen, Daisuke Ito, Takuya Yagi, Yoshihiro Nihei, Taeko Ebine, and Norihiro Suzuki. 2016.
“Mislocated FUS Is Sufficient for Gain-of-Toxic-Function Amyotrophic Lateral Sclerosis
Phenotypes in Mice.” Brain: A Journal of Neurology 139 (9): 2380–94.
Slowikowski, Kamil. n.d. “Ggrepel: Repulsive Text and Label Geoms for ‘ggplot2’, 2016.” R Package
Version 0. 5.
Sreedharan, J., I. P. Blair, V. B. Tripathi, X. Hu, C. Vance, B. Rogelj, S. Ackerley, et al. 2008. “TDP-43
Mutations in Familial and Sporadic Amyotrophic Lateral Sclerosis.” Science 319 (5870): 1668–72.
Taylor, J. Paul, Robert H. Brown Jr, and Don W. Cleveland. 2016. “Decoding ALS: From Genes to
Mechanism.” Nature 539 (7628): 197–206.
Vance, Caroline, Boris Rogelj, Tibor Hortobágyi, Kurt J. De Vos, Agnes Lumi Nishimura, Jemeen
Sreedharan, Xun Hu, et al. 2009. “Mutations in FUS, an RNA Processing Protein, Cause Familial
Amyotrophic Lateral Sclerosis Type 6.” Science 323 (5918): 1208–11.
Verbeeck, Christophe, Qiudong Deng, Mariely DeJesus-Hernandez, Georgia Taylor, Carolina
Ceballos-Diaz, Jannet Kocerha, Todd Golde, et al. 2012. “Expression of Fused in Sarcoma
Mutations in Mice Recapitulates the Neuropathology of FUS Proteinopathies and Provides Insight
into Disease Pathogenesis.” Molecular Neurodegeneration 7 (1): 1.
Wegorzewska, Iga, Shaughn Bell, Nigel J. Cairns, Timothy M. Miller, and Robert H. Baloh. 2009.
“TDP-43 Mutant Transgenic Mice Develop Features of ALS and Frontotemporal Lobar
Degeneration.” Proceedings of the National Academy of Sciences of the United States of
America 106 (44): 18809–14.
White, Matthew A., Eosu Kim, Amanda Duffy, Robert Adalbert, Benjamin U. Phillips, Owen M. Peters,
Jodie Stephenson, et al. 2018. “TDP-43 Gains Function due to Perturbed Autoregulation in a
Tardbp Knock-in Mouse Model of ALS-FTD.” Nature Neuroscience.
https://doi.org/10.1038/s41593-018-0113-5.
Wickham, Hadley. 2017. “Tidyverse: Easily Install and Load’tidyverse’packages.” R Package Version
1 (1).
Wils, Hans, Gernot Kleinberger, Jonathan Janssens, Sandra Pereson, Geert Joris, Ivy Cuijt, Veerle
Smits, Chantal Ceuterick-de Groote, Christine Van Broeckhoven, and Samir Kumar-Singh. 2010.
“TDP-43 Transgenic Mice Develop Spastic Paralysis and Neuronal Inclusions Characteristic of
ALS and Frontotemporal Lobar Degeneration.” Proceedings of the National Academy of Sciences
107 (8): 3858–63.
Wollerton, Matthew C., Clare Gooding, Eric J. Wagner, Mariano A. Garcia-Blanco, and Christopher W.
J. Smith. 2004. “Autoregulation of Polypyrimidine Tract Binding Protein by Alternative Splicing
Leading to Nonsense-Mediated Decay.” Molecular Cell 13 (1): 91–100.
Zhou, Yueqin, Songyan Liu, Guodong Liu, Arzu Öztürk, and Geoffrey G. Hicks. 2013.
“ALS-Associated FUS Mutations Result in Compromised FUS Alternative Splicing and
Autoregulation.” PLoS Genetics 9 (10). https://doi.org/10.1371/journal.pgen.1003895.

14

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.

Figures

Figure 1: Illustration of the models and mutations used in this study
(A) The major FUS transcript in human and mouse is comprised of 15 exons. FUS protein is
comprised of a low complexity domain (LCD), an RNA recognition motif (RRM) domain, two
Arginine-Glycine-Glycine (RGG) domains, a zinc finger domain (Znf) and a nuclear localisation signal
(NLS). (B) The three FUS NLS mutations used in this study. The Bozzoni group knocked in a point
mutation to create the FUS P525L line, a missense mutation equivalent to the human ALS P517L
mutation. The Dupuis group created a FUS ∆NLS line where the entire NLS is removed. We have
used the FUS ∆14 mouse, where a frameshift mutation leads to the skipping of exon 14 and a
frameshifting of the remaining NLS sequence. (C) In wildtype cells FUS protein is predominantly
nuclear but can shuttle to the cytoplasm. When FUS is knocked out it will be reduced in both
compartments but if the NLS is mutated or deleted then FUS will accumulate in the cytoplasm.
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Figure 2: FUS mutations induce a loss of function on expression, with upregulation of
RBPs and downregulation of neuronal genes.
(A) Schematic of the strict and relaxed overlap thresholds between the two joint models. (B) Plotting
the log2 fold change for the MUT model against KO for the overlapping genes, plus knockout-specific
Fus and mutation-specific Trove2. (C) Gene Ontology (GO) terms enriched in the three categories of
genes split by direction of change.
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Figure 3: Mutant FUS induces a splicing loss of function
(A)Schematic of the strict and relaxed overlap thresholds between the two joint splicing models. (B)
Plotting the log2 fold change for the MUT model against KO for the overlapping splicing events. (C)
Counts of each category of splicing events found in the three sets. (D) The proportion of each type of
splicing variant in each category that overlap a FUS iCLIP cluster. Background sets of non-regulated
splicing events matched for length and wildtype expression and represented by dotted lines. P-values
from proportion test, corrected for multiple testing with the Bonferroni method.
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Figure 4: FUS modulates the inclusion of a set of highly conserved RNA-binding
protein introns
(A) Significantly enriched Gene Ontology terms found in genes split by category and splicing variant
type. (B) The proportion of each type of splicing event that has a median PhyloP conservation score
greater than 0.5. Background sets as before. P-values from proportion test, corrected for multiple
testing with the Bonferroni method. (C
 ) All intron retention events found in the Overlapping set found
to have an RNA-binding GO term, along with the two FUS introns which are Mutation-specific. dPSI
values calculated for each individual splicing analysis. Grey squares mean the splicing event was not
found in this comparison. Additionally, median PhyloP conservation across each intron and whether
the intron directly overlaps a FUS iCLIP cluster (black) or a cluster is within 1kb of either end of the
intron (dark grey).
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Figure 5: FUS autoregulation is dependent on intron retention
(A) FUS introns 6 and 7 are highly conserved and have multiple FUS iCLIP binding peaks. Retention
of introns 6 and 7 decreases with increasing dose of FUS ∆14. RNA-seq coverage for wildtype, FUS
∆14 heterozygous and FUS ∆14 homozygous samples are accompanied by FUS iCLIP (Rogelj et al.,
2012) and PhyloP conservation (60 way) tracks. (B) Percentage spliced in (PSI) values of intron 6,
intron 7 and exon 7 in the three datasets, including the FUS ∆14 heterozygotes. (C) RT-PCR
validation of the reduction in intron 6 and 7 inclusion with increasing dose of FUS ∆14 mutation. Left
panel: FUS intron 6; ANOVA genotype P=5.1e-4. Right panel: FUS intron 7; ANOVA genotype
P=8.5e-3. Pairwise t-tests reported on plot, corrected by Holm method. (D) Translation blocked with
cycloheximide

(CHX)

to

observe

whether the intron retention transcript is sensitive to

nonsense-mediated decay. Left panel: FUS intron 6 retention is not altered with CHX treatment.
ANOVA treatment P =0.96; genotype P =5.7e-5; interaction P = 0.86. Middle panel: FUS intron 7
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retention is unchanged by CHX treatment. ANOVA treatment P=0.10; genotype P = 7.9e-6; interaction
P = 0.1. Right panel - Srsf7 exon 4, a known NMD target, is increased by CHX treatment. ANOVA
treatment P = 1.1e-5; genotype P = 3.7e-4; interaction P = 1.4e-3. Pairwise t-tests reported on plot,
corrected by Holm method. (E) RT-PCR on FUS introns 6 and 7 repeated on nuclear and cytoplasmic
fractions. Left panel: intron 6 retention is reduced in the cytoplasm of FUS mutants. ANOVA fraction P
= 0.01; genotype P = 0.001; interaction P = 0.02. Right panel: intron 7 retention is reduced in the
cytoplasm in both wildtype and FUS mutant cells. ANOVA fraction P = 0.006; genotype P = 2.4e-4;
interaction P = 0.77. Pairwise t-tests reported on plot, corrected by multiple testing by Holm method.

20

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.

Figure 6: TDP-43 co-regulates FUS intron retention
(A) Mouse TDP-43 CLIP data overlap a TG-rich section of Fus intron 7. (B) Human TDP-43
CLIP data overlap within FUS intron 7 in a section rich with TG sequence. (C) RNA-seq
traces of representative samples demonstrate decreased Fus intron retention in TDP-43
knockdown and increased retention in TDP-43 M323K mutation, both in adult mouse brain.
No effect is seen with the RNA-binding mutant F210I in embryonic mouse brain. Y axis of
each trace refers to the maximum read depth. (D) Percent spliced in quantification from each
dataset of intron 6 and 7 retention. P-values from DEXSeq splicing analysis on each dataset.
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Figure 7: FUS intron retention is dysregulated in different ALS models
(A) RNA-seq traces from human induced pluripotent stem cell (iPSC) and neural precursor
cells (NPC) with and without mutations in VCP show a selective increase in retention of
introns 6 and 7. (B) RNA-seq traces from motor neurons (MN) with and without the A4V
mutation in SOD1. (C) Percent spliced in quantification of all samples across neural
differentiation from induced pluripotent stem cell (iPSC), neural precursor cell (NPC),
precursor motor neuron (pMN), immature motor neuron (MN) and mature motor neuron
(mMN). ANOVA on PSI ~ cell type : genotype

intron 6 P=0.019 intron 7 P=0.00052.

Individual P values from Tukey post-hoc test. For the MN samples with and without SOD1
mutations, P-values were taken directly from the splicing analysis.
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Figure 8: Cartoon summary
In wildtype cells FUS protein shuttles between the nucleus and cytoplasm. FUS binding
within FUS introns 6 and 7 promotes their inclusion. The intron retention transcript is
restricted to the nucleus, reducing the amount of cytoplasmic FUS mRNA available for
translation. In conditions of low FUS protein, intron retention will be reduced and cytoplasmic

 ill be increased. In contrast, in cells with FUS NLS mutations, mutant FUS is
FUS transcript w
not transported to the nucleus as effectively. This reduces the ability of FUS protein to
regulate FUS mRNA production through intron retention. This could lead to a vicious cycle of
ever-increasing FUS protein in the cytoplasm, which may have toxic effects.
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Supplementary Figures and Tables

Supplementary Table 1A: The three FUS mouse datasets used in this study.
mESC - mouse embryonic stem cell
Dataset

Tissue

Age

Knockout (KO)

Mutation (MUT)

Bozzoni
Motor neurons Shared
(Capauto et al. cultured
from
2018)
mESCs

-

Gene trap in exon 12
(Hicks et al. 2000)

P517L knock-in,
corresponding to human
P525L

Dupuis
Whole brain
(Scekic-Zahirovic
et al. 2016)

Separate

E18.5

Gene trap in intron 1

Stop codon after exon 14
(∆NLS)

Fratta

Separate

E17.5

Gene trap in intron 1

FUS-∆14
mutation

Spinal cord

Controls

-

Supplementary Table 1B: Characteristics of the three sequencing datasets.
Dataset

Replicates Library
per
type
condition

Mapped reads Read type
(millions)

Accession (SRA)

Bozzoni

3

Total
RNA

34-52

2 x 100bp

SRP111475

Dupuis

4-5

mRNA

15-25

1 x 50bp

SRP070906

Fratta

4

Total
RNA

52-65

2 x 150bp

TBD
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Supplementary Table 2: The results of the individual and joint gene expression
analyses.
Numbers refer to the number of genes found to be differentially expressed at FDR < 0.05.
Strict overlap between joint models refers to genes with FDR < 0.05 in both models. Relaxed
overlap refers to genes with FDR < 0.05 in one model and P < 0.05 in the other.
Bozzoni
MUT

Dupuis
MUT

Fratta
MUT

Bozzoni
KO

Dupuis
KO

Fratta
KO

Individual analysis

19

1552

88

100

2916

151

Joint analysis

754

Overlapping
model

2136

joint 5

368

57

51

1007

114

1184

31

49

1909

37

Unique to dataset

14

Overlap (strict)

329

425

1711

Overlap (relaxed)

186

1318

961

Supplementary Table 3: The results of the individual and joint splicing analyses.
Numbers refer to number of splicing events found to be differentially used at FDR < 0.05
Bozzoni
MUT

Dupuis
MUT

Fratta
MUT

Bozzoni
KO

Dupuis
KO

Fratta
KO

Total (FDR < 0.05)

31

1

56

211

46

230

Joint model

93

890

Overlapping joint model 7

1

30

143

38

169

Unique to dataset

21

0

11

67

8

58

Overlap (strict)

33

60

830

Overlap (relaxed)

16

405

501
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Supplementary Table 4: Genes overlapping with Luisier et al:

gene

coords

event

variant

nearest FUS

median

name

(mm10)

length

type

iCLIP

phyloP

/bp

cluster/kb

Atp13a3

chr16:30357274-30361420

4146

complex

0.54

0.234

Ccdc88a

chr11:29494093-29499335

5242

complex

66

0.439

Cdc16

chr8:13767587-13768561

974

retained intron

158

0.244

Fbxl5

chr5:43759825-43760707

882

retained intron

646

0.002

Fus

chr7:127972770-127974400

1630

retained intron

0

1.206

Hnrnpdl

chr5:100036195-100036481

286

retained intron

0.31

0.061

Mfn1

chr3:32562893-32563012

119

retained intron

0

0.255

Ncor1

chr11:62401267-62403799

2532

complex

2.80

0.878

Papola

chr12:105829277-105834710

5433

complex

7.32

0.234

Rbm6

chr9:107833507-107838835

5328

retained intron

13.8

0.150

Srsf5

chr12:80947865-80948129

264

retained intron

0

1.712

Tcerg1

chr18:42550108-42551110

1002

retained intron

25.5

0.428
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Supplementary Figure 1: Overlapping gene expression models shows concordant
effects of KO and MUT
(A) Log2 fold change of FUS KO plotted against log2 fold change in FUS MUT for all three
 nd Trove2 in each sample of
categories of genes. (B,C,D) Expression plots for Fus, Taf15, a
each dataset. Library size-normalised expression in MUT and KO samples is normalised to
that of each set of wildtype littermates (CTL). (E,F) Expression for Xlr3a and Xlr3b. Inferred
sex of the samples from Y chromosome gene expression: females (circles) and males
(triangles). Library size-normalised expression in MUT and KO samples is normalised to
that of each set of wildtype littermates (CTL).
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Supplementary Figure 2: Downregulated genes are enriched in FUS iCLIP clusters
(A) Proportion of genes that overlap a FUS iCLIP cluster. Genes divided by direction and
group (Knockout-specific, Mutation-specific and Overlapping). Proportions

in null sets

depicted with black dotted lines. (B) As above, but for U2AF65 iCLIP. All P-values corrected
for multiple testing with Bonferroni method. Any P-value > 0.05 not shown.

28

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.

Supplementary Figure 3
(A) Percentage spliced in (PSI) for three splicing events in the six comparisons. (B)
Representative RNA-seq traces for a complex event in Ybx1 in the Fratta MUT and KO
samples with their respective controls. (C) Proportions of knockout-specific and overlapping
splicing events in each category that contain TDP-43 or U2AF65 iCLIP peaks. P-values
corrected for multiple testing with Bonferroni method. (D) Comparing splicing events found
in Fratta MUT and KO homozygous samples with those found in heterozygous samples.
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Supplementary Figure 4: FUS, EWSR1, TAF15 and TDP-43 bind FUS introns 6 and 7 in
human and mouse

 ene of all CLIP data from the POSTAR/CLIPdb
(A) IGV traces across the human FUS g
database of the 4 RBPs. Scale indicates the maximum number of reads. (B) IGV traces

 ene. No mouse EWSR1 CLIP was present in the POSTAR/CLIPdb
across the mouse Fus g
database.
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Methods
Data availability
RNA-seq data for the FUS-∆14 mutant and FUS KO homozygous and heterozygous spinal
cord samples with their respective wildtype littermate controls has been deposited at the
Sequence Read Archive with accession number (TBD). FUS-∆NLS and FUS KO mouse
brain samples with their respective controls (Scekic-Zahirovic et al. 2016) were downloaded
from Sequence Read Archive with accession SRP070906. FUS P517L mutants, FUS KO
and shared control samples from mouse motor neurons (Capauto et al. 2018) were
downloaded from Sequence Read Archive accession SRP111475. Data from a series of
motor neuron differentiation experiments, where induced pluripotent stem cells with and
without VCP mutations were differentiated to mature motor neurons with RNA-seq libraries
created from cells taken at 0,7,14,21 and 35 days following differentiation (Luisier et al.
2018), were downloaded from the Gene Expression Omnibus with accession GSE98290.
Stem cell-derived human motor neurons carrying SOD1 A4V mutations and their isogenic
controls (Kiskinis et al. 2014) were downloaded from GSE54409.
TDP-43

mouse

iCLIP

(Rogelj

et

al.

2012)

clusters

were

FUS, U2AF65 and
downloaded

from

http://icount.biolab.si/. TDP-43, FUS, EWSR1 and TAF15 CLIP data from human and mouse
were downloaded from POSTAR (Hu et al. 2017). When the same CLIP sample had been
processed with more than one peak caller, the Piranha caller was selected for presentation.
All R code written for the project is publicly available as interactive Rmarkdown
notebooks (https://github.com/jackhump/FUS_intron_retention).

Mouse lines
FUS ∆14 mice were previously described (Devoy et al. 2017). FUS knockout mice were
obtained from the Mouse Knockout Project (Fustm1(KOMP)Vlcg). All procedures for the care
and treatment of animals were in accordance with the Animals (Scientific Procedures) Act
1986 Amendment Regulations 2012.

RNA sequencing
For RNA sequencing experiments FUS ∆14 or KO heterozygous and homozygous mice
were compared to their respective wild type littermates. Spinal cords were collected from
E17.5 mouse embryos. Tissues were snap frozen, genotyped and total RNA was extracted
from the appropriate samples using Qiazol followed by the mini RNAeasy kit (Qiagen). RNA
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samples used for sequencing all had RIN values of 9.9 or 10. cDNA libraries were made at
the Oxford Genomics facility using a TruSeq stranded total RNA RiboZero protocol
(Illumina). Libraries were sequenced on an Illumina HiSeq to generate paired end 150bp
reads.
Bioinformatic analysis
Mouse data was aligned to the mm10 build of the mouse genome and human data aligned
to the hg38 build of the human genome using STAR (v2.4.2) (Dobin et al. 2013). Prior to
differential expression analysis, reads were counted across genes with HTSeq (Anders, Pyl,
and Huber 2015). All code for exploratory data analysis, statistical testing and visualisation
was carried out in the R statistical programming language (Gentleman and Ihaka 1996),
using the tidyverse suite of packages (Wickham 2017). Data visualisation and figure creation
was aided by the patchwork (https://github.com/thomasp85/patchwork), stargazer (Hlavac
2015), ggbeeswarm (Clarke and Sherrill-Mix 2017) and ggrepel packages (Slowikowski,
n.d.).
Joint modelling of differential expression
Each dataset consists of FUS knockout samples, FUS NLS mutation samples and wildtype
controls. In the Bozzoni dataset the controls are shared but in the other two datasets the
knockout and mutation samples have their own separate controls for use in two-way
comparisons. Differential gene expression was tested with DESeq2 (Love, Huber, and
Anders 2014). Initially each comparison (wildtype vs knockout or wildtype vs mutation) was
performed separately for each dataset, creating six individual analyses. To boost power and
create a set of high confidence changes, two joint models were created using either the
knockout (KO) or mutation (MUT) samples with their specific controls. The joint model uses
all the samples of the same comparison together in a general linear model with a
dataset-specific covariate. DESeq2 uses a Bayesian shrinkage strategy when estimating the
log2 fold change. For each gene the estimated log2 fold change is a combination of the three
individual datasets. Genes are reported as significantly differentially expressed at a false
discovery rate (FDR) threshold of 0.05 (Benjamini and Hochberg, 1995). For plots, gene
expression values are raw counts multiplied by each sample’s size factor generated by
DESeq2. These normalised counts are then normalised to the wildtype samples for each
dataset to visualise the relative change in expression.
To assess the level of overlap between the KO and MUT joint models, two different
overlap thresholds were employed. The first, a more conservative threshold, depends on a
gene being significant at FDR < 0.05 in both datasets. The second, more relaxed threshold,
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calls a gene as significant if it falls below FDR < 0.05 in one dataset and has an uncorrected
P-value < 0.05 in the other.
Joint modelling of splicing
SGSeq was run on all the samples together to discover and classify all potential splicing
events using the default parameters for finding both annotated and novel splicing (Goldstein
et al., 2016). Differential splicing for individual comparisons and joint models with a
dataset-specific covariate were performed using DEXSeq (Anders et al., 2012). The same
overlap threshold strategies were employed as for differential gene expression. SGSeq looks
for all potential splicing events in each sample and then counts the reads supporting either
the inclusion or exclusion of that splicing variant. Percentage Spliced In (PSI) values (Katz et
al., 2010) for each splicing variant in each sample were calculated by taking the read counts
supporting the inclusion event and dividing by the total reads in that event.
Functional analysis of genes and splicing events
iCLIP data on FUS and U2AF65 from mouse brain (Rogelj et al., 2012) was reprocessed by
the iCOUNT iCLIP analysis pipeline (http://icount.biolab.si/), and the set of FUS iCLIP
clusters that passed enrichment against background at FDR < 0.05 were downloaded. Only
iCLIP clusters with a minimum of two supporting reads were kept. Untranslated region (UTR)
and coding exon (CDS) annotation were taken from GENCODE mouse (comprehensive;
mouse v12). Any intron-retention, nonsense mediated decay or "cds end nf" transcripts were
removed. UTR coordinates were split into 5’ and 3’ UTR based on whether they overlapped
an annotated polyadenylation site or signal (GENCODE mouse v18 polyadenylation
annotation). 3’ UTRs were extended by 5 kilobases downstream to capture any unannotated
sequence. Introns were defined as any gaps in the transcript model between CDS and UTR
coordinates. Promoter-antisense coordinates were taken by flanking the 5ÚTR sequence by
5kb upstream and inverting the strand. Overlaps between iCLIP clusters and genomic
features were created for each set of differentially expressed genes, split into upregulated
(log2 fold change > 0) or downregulated (log2 fold
change < 0). Overlaps were done in a

strand-specific manner, with only iCLIP clusters in the same direction being used.
Whether an iCLIP cluster overlaps a genomic region depends on both the affinity of
the chosen protein for RNA sequence of the motif and the abundance of the RNA in the cell
(Chakrabarti et al. 2018). In addition, a longer region would be more likely to overlap an
iCLIP cluster by random chance than a shorter region. When comparing sets of genomic
regions, whether genes or splicing events, this must be taken into account. See appendices
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for distributions of lengths and expressions between significant and non-significant genes
and splicing events.
To test for enrichment of FUS iCLIP clusters in upregulated and downregulated
genes, each set of tested genes was compared to a set of null genes with no evidence of
differential expression (P > 0.05 in both models). The null set was then restricted to genes
with both length and expression values that were within the first and third quartile of those of
the test gene set. The expression values were calculated by taking the mean number of
reads covering each gene in the Fratta wildtype samples, with each sample read count first
normalised by the library size factor for each sample calculated by DESeq2. The proportion
of each set of genes overlapping an iCLIP peak was then compared to that of the null set
with a χ2 test of equal proportions.
For the splicing events found in the joint models, enrichment tests were performed for
different genomic features. For these tests the coordinates of the entire encompassing intron
were used for each splicing variant. Each test set of splicing events was compared to a
matched set of null splicing events where P > 0.05 in both joint models. The null events were
chosen to have length and expression levels within the first and third quartiles of that of the
test set. Proportions of overlap with ICLIP clusters between splicing events and the null set
were tested using a χ2 test of equal proportions. As a positive control in both analyses, the
same overlaps were computed with iCLIP clusters from U2AF65, also from (Rogelj et al.
2012).
Per nucleotide PhyloP conservation scores (Pollard et al. 2010) comparing mouse
(mm10) with 60 other vertebrates was downloaded from UCSC. The median PhyloP score
was calculated for each splicing variant and compared.
RT-PCR
Primers were designed using Primer3 (Koressaar and Remm 2007) and in silico PCR
(UCSC). For both human and mouse FUS, the forward primer was designed for exon 6 and
the reverse primer designed to span the spliced exon 8/9 junction to preferentially amplify
spliced FUS mRNA. An additional third primer was designed to amplify a section of either
intron 6 or intron 7.
Cells were obtained from mouse spinal cord and/or cultured mouse embryonic
fibroblasts resuspended in Trizol (Thermo Fisher). RNA was extracted using miRNeasy Mini
Kit (Qiagen) following the manufacturer’s instructions cDNA was obtained from extracted
RNA using SuperScript IV Reverse Transcriptase kit (Thermo Fisher). Briefly, a mix was
made of RNA template (500ng for mouse brain; 100ng for cultured cells (cycloheximide
treatment), 10 mM dNTP, 50 mM oligo d(T)20, 50 mM random hexamer followed by 5 min of
35

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.
incubation at 65◦C and 1 min in ice. Mix was then complemented with 5X SuperScript IV
Reverse Transcriptase buffer, 100 nM DTT, RNase OUT and SuperScript IV Reverse
Transcriptase buffer followed by incubation at 23◦C, 55◦C and 80◦C, 10 min each.
RT-PCR was carried out using 10X AccuPrime Taq DNA polymerase mastermix
system (Invitrogen). Each PCR reaction mix contained 5 ng of gDNA, 10 mM of forward and
reverse primers. cDNA was amplified with the following conditions: Intron 6 retention: One
cycle of 5 min at 95◦C, followed by 30 cycles of 30 sec at 95◦C, 30 sec at 56◦C, and 30 sec
at 68◦C, and finishing with 5 min incubation at 68◦C. Intron 7 retention: One cycle of 5 min at
95◦C, followed by 30 cycles of 30 sec at 95◦C, 30 sec at 61◦C, and 30 sec at 68◦C, and
finishing with 5 min incubation at 68◦C. Srsf7 NMD positive control: One cycle of 5 min at
95◦C, followed by 35 cycles of 30 sec at 95◦C, 30 sec at 58◦C, and 15 sec at 68◦C, and
finishing with 5 min incubation at 68◦C. Amplified products were finally obtained using Agilent
4200 TapeStation System following the manufacturer’s instructions. Results were analysed
on TapeStation analysis software (Agilent). Intron retention events are plotted as the
percentage of integrated area of band corresponding to intron retention. One- or two-way
ANOVA designs were employed with pairwise t-tests with Holm correction for multiple
testing.
Cycloheximide treatment and fractionation
Mouse embryonic fibroblasts were treated with 100ug/ml cycloheximide (Sigma) for 6 hours
before RNA was extracted with Trizol (Thermo Fisher) and RT-PCR performed as before. As
a positive control, primers targeting the NMD-sensitive exon 4 of Srsf7 were used from
(Edwards et al., 2016). Nuclear and cytoplasmic fractions were obtained from primary MEF
cells using the Norgen Kit following manufacturer’s instructions.

36

bioRxiv preprint doi: https://doi.org/10.1101/567735; this version posted March 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Humphrey et al.
Supplementary Data
1. joint_model_expression.csv - Gene expression joint model output
2. expression_GO_full.tsv - all GO terms found in each category of differentially
expressed genes
3. joint_model_splicing.csv - Splicing joint model output with iCLIP distances and
PhyloP conservation
4. splicing_GO_full.tsv - all GO terms found in each category of splicing even
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