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Abstract

HnRNFAZB1 encodes an RNA binding protein associated with neurodegeneration. However, its
function in the nervous system is unclear. Transcriptome-wide cross-linking and
immunoprecipitation in mouse spinal cord discover UAGG motifs enriched within ~2,500 hnRNP
A2/B1 binding sites and an unexpected role for hnRNP A2/B1 in alternative polyadenylation.
HNRNP A2/B1 loss results in alternative splicing (AS), including skipping of an exon in
amyotrophic lateral sclerosis (ALS)-associated D-amino acid oxidase (DAO) that reduces D-serine
metabolism. ALS-associated hnRNP A2/B1 D290V mutant patient fibroblasts and motor neurons
differentiated from induced pluripotent stem cells (iPSC-MNs) demonstrate abnormal splicing
changes, likely due to increased nuclear-insoluble hnRNP A2/B1. Mutant iPSC-MNs display
decreased survival in long-term culture, and exhibit hnRNP A2/B1 localization to cytoplasmic
granules as well as exacerbated changes in gene expression and splicing upon cellular stress. Our
findings provide a cellular resource and reveal RNA networks relevant to neurodegeneration,
regulated by normal and mutant hnRNP A2/B1.

Introduction

Altered levels or mutations in RNA binding proteins (RBPs) are associated with
neurological diseases, including spinal muscular atrophy, fragile X syndrome, amyotrophic
lateral sclerosis (ALS), frontotemporal lobar degeneration (FTLD) (Mohagheghi et al.,
2016) and Alzheimer’s disease (AD) (Belzil et al., 2013; Nussbacher et al., 2015;
Polymenidou et al., 2012). ALS is a fatal neurodegenerative disorder characterized by
progressive loss of upper and lower motor neurons. The causes of ALS remain largely
unknown; 90% of cases are sporadic and 10% have a hereditary component (Pasinelli and
Brown, 2006). Mutations in RBPs, including TAR DNA Binding Protein (TDP-43), Fused in
Sarcoma (FUS) and TAF15 (Couthouis et al., 2011; Kabashi et al., 2008; Van Deerlin et al.,
2008; Vance et al., 2009) cause familial ALS. Both familial and sporadic cases of ALS show
TDP-43 or FUS positive aggregates or amyloid-like fibrils, even when neither gene is
mutated (Mackenzie et al., 2007; Neumann et al., 2006).

FUS/TLS and TDP-43 are members of the heterogeneous nuclear ribonucleoprotein particle
protein (hnRNP) family of RBPs, which includes hnRNP A2/B1, thought to be sequestered
by CGG repeats in the FMR1 transcript. In a Drosophila fragile X-associated tremor/ataxia
syndrome (FXTAS) model, hnRNP A2/B1 over-expression rescued the neurodegenerative
phenotype (Sofola et al., 2007). In AD, hnRNP A2/B1 is depleted in patient brains, and this
loss is mediated by the death of cholinergic neurons (Berson et al., 2012). Multisystem
proteinopathy (MSP) is an autosomal dominant disorder characterized by muscle weakness
and skeletal abnormalities. Mutations in the gene encoding Valosin Containing Protein
(VCP) have been shown to cause MSP with motor neuron degeneration (Johnson et al.,
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2010; Watts et al., 2004) and whole exome sequencing of a multiplex MSP family recently
revealed a p.D290V mutation in the HNRNPAZBI gene (Kim et al., 2013).

HNRNP A2/B1 has two isoforms, A2 and B1 (341 and 353 amino acids, respectively), both
transcribed from the HNRNPAZBI gene. The putative functions of hnRNP A2/B1 include
pre-mRNA splicing (Clower et al., 2010; Hutchison et al., 2002), mRNA trafficking (Shan et
al., 2003), transcript stability (Fahling et al., 2006), and translational control (Kosturko et al.,
2006). Like TDP-43, hnRNP A2/B1 contains two RNA recognition motifs (RRMs) and has
a glycine-rich domain (GRD) near the C-terminal end. HnRNP A2/B1 is primarily localized
to the nucleus; however, nuclear-cytoplasmic trafficking does occur and is controlled in part
by a nuclear localization signal in the GRD (Siomi et al., 1997). The pathogenic D290V
mutation lies in the GRD of hnRNP A2/B1, akin to TDP-43, where most ALS-causing
mutations occur in its GRD (Lagier-Tourenne et al., 2010). While we and others have
characterized the function of hnRNP A2/B1 in human cell-lines (Huelga et al., 2012), the
role that hnRNP A2/B1 plays /n vivoin CNS tissues is largely unknown. Furthermore, the
effects of pathogenic mutations in hnRNP A2/B1 on RNA metabolism are not understood.

Discovery of hnRNP A2/B1 RNA binding sites in mouse spinal cord and human iPSC-MNs

We constructed transcriptome-wide maps of hnRNP A2/B1 binding sites in 8-week old
mouse spinal cord by immunoprecipitating UV-crosslinked protein-RNA complexes (Figure
1A (left); Figures S1A and S1B). Individual-nucleotide CLIP (iCLIP) procedures identified
2,394 clusters of hnRNP A2/B1 binding sites in 564 genes (Figure 1B; Data S1A). Gene
ontology (GO) analyses of mRNA targets revealed significantly enriched (p < 1075)
categories, such as protein binding, myelination, axon and neural projection. Most binding
sites were within 3" untranslated regions (3" UTRs) of protein-coding genes (Figure 1B).
Motif analysis revealed a significantly enriched UAG[A/G] sequence within these clusters
(Figure 1C) that resembled the previously identified binding sequence of hnRNP A2/B1
(Huelga et al., 2012). We confirmed this motif using RNA Bind-N-Seq (RBNS) (Lambert et
al., 2014). We found that hexamers containing the UAGG core sequence were shifted
significantly towards higher hnRNP A2/B1 RBNS enrichment and also showed strong
enrichment in hnRNP A2/B1 CLIP binding sites (Figure 1D; Figure S1C). We conclude that
hnRNP A2/B1 binds to UAGG motifs within RNAs without requiring co-factor associations.

We observed abundant 3"UTR binding in the myelin basic protein (Mbp) gene, a known
hnRNP A2/B1 RNA substrate (Ainger et al., 1997) (Figure 1E), the neurofilament heavy
chain gene (Neffi) (Figure 1F) and the astroglial inward rectifying potassium channel gene
Kenj10 (Figure 1G). Thus, hnRNP A2/B1 binds transcripts characteristic of
oligodendrocytes (Mbp), neurons (Nefh) and astroglia (Kcrij10). We also evaluated if
hnRNP A2/B1 protein interacts with RNA encoded by ALS-associated genes. We found
seven genes, of which five exhibited hnRNP A2/B1 binding within 3"UTRs, including
HnrpaZbl itself, the glial glutamate transporter S/c1a2, and Ubgin2 (Figure S1D). Fus
contained hnRNP A2/B1 binding sites within an intronic region that may be processed as an
alternative 3'UTR (Figure 1H). HnRNP A2/B1 binding was also found within long,
unannotated 3"UTRs, as illustrated by the murine splicing factor proline/glutamine-rich
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(Sfpg) gene (Figure 11) and its human ortholog (Figure 1J). The region bound in the SFPQ
gene illustrates an intronic region that may be retained to lengthen the 3"UTR. We conclude
that hnRNP A2/B1 binds to 3"UTRs within CNS transcripts, including ALS-associated
genes.

To characterize the RNA binding properties of hnRNP A2/B1 in human cells, we
differentiated human iPSCs to motor neurons (iPSC-MNs; Figure S6A; Data S1B) and
employed enhanced CLIP (eCLIP; (Van Nostrand et al., 2016); Figure S1E). Cluster
identification in iPSC-MNs revealed 866 clusters in 527 genes enriched above input (Figure
S1E; Data S1C). Compared to mouse spinal cord, the regional distribution of hnRNP A2/B1
binding did not concentrate as heavily in 3"UTRs but was still highly enriched above
expectation (Figure S1F). The UAGG motif, previously identified by iCLIP and RBNS, was
significantly enriched near the center of eCLIP clusters (Figure S1G). Despite differences in
heterogeneity and maturity of cell-types, the 35 target transcripts conserved between adult
mouse spinal cord and human iPSC-MNs (Figure S1H) included a surprisingly large number
of RBPs (yellow) and motor proteins (green) (Figure S11). Many genes had similar binding
patterns across transcripts of homologous genes, such as PNISRand LENGS (Figures S1J
and S1K). We conclude that hnRNP A2/B1 binds similar regions in mouse spinal cord and
human iPSC-MNs and harbors a conserved propensity to bind transcripts encoding RBPs.

HNRNP A2/B1 depletion in vivo results in limited changes in gene expression

To investigate molecular pathways controlled by hnRNP A2/B1, we targeted its transcript
with antisense oligonucleotides (ASOs) in mouse spinal cord (Figure 2A). We achieved
~75% protein depletion after 28 days (Figure 2B). Surprisingly, we detected only a small
number of gene expression changes either by RNA-seq (Figure 2C; Data S1D) or microarray
analysis (Figure 2D; Data S1E). Specifically, we identified only ten significantly down-
regulated genes, including HnrnpaZ2bl itself. Interestingly, of the similar numbers of
upregulated genes, we detected reproducible increases in mRNA levels of splicing factors
Hnrnpal, Hnrnphl, and Srsf7. These were validated by quantitative RT-PCR (Figures 2E,
S2A-S2C). We also observed increased protein levels of hnRNP Al and SRSF7 (Figure
S2D), consistent with our previous report of cross-regulation (Huelga et al., 2012). We did
not find altered protein levels for hnRNP H1, M or U (Figure S2D). We conclude that loss of
hnRNP A2/B1 does not lead to widespread changes in transcript levels in the nervous
system, in contrast to other ALS-associated RBPs such as TDP-43, FUS/TLS and TAF15
evaluated in mouse brain (Kapeli et al., 2016; Lagier-Tourenne et al., 2012; Polymenidou et
al., 2011).

HNRNP A2/B1 depletion in vivo and in vitro has minimal effect on mature microRNA levels

A previous study reported a role for h(nRNP A2/B1 in microRNA biogenesis (Alarcon et al.,
2015). We performed small RNA sequencing in mouse spinal cords and human iPSC-MNs
treated with hnRNP A2/B1-targeting and control ASOs (Figure 2B; Figures 6E and 6F) and
detected ~500 distinct mature microRNAs. Upon hnRNP A2/B1 depletion in human iPSC-
MNs, none were changed (adjusted p < 0.05). In mouse spinal cord, only a single microRNA
(miR-146a) was differentially expressed (upregulated by two-fold) (Figure S2E; Data S1F
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and S1G). We conclude that hnRNP A2/B1 does not play a major role in regulating the
steady-state levels of microRNAs in the CNS.

HNRNP A2/B1 regulates alternative 3’ cleavage choice in vivo

As hnRNP A2/B1 binds in 3"UTRs, we next evaluated whether hnRNP A2/B1 affects
alternative polyadenylation. To identify alternative 3" cleavage sites, we used the DaPars
algorithm (Xia et al., 2014) to analyze the RNA-seq data from ASO-treated spinal cords. We
identified 81 alternative polyA site (PAS) shifts (Figure 2F; Data S1H), of which 61 (~80%)
resulted in distal polyA site usage to generate a longer 3"UTR upon depletion of hnRNP
A2/B1, with the remainder exhibiting 3" UTR shortening (proximal polyA usage; Figure
2G). Strikingly, half (40) of the 81 APA changes contained hnRNPA2/B1 binding sites
within the 3"UTR (Figure 2H). To illustrate, we identified a 3"UTR shortening in the
ATPase, Na+/K+ Transporting, Beta 2 polypeptide (Af1b2) gene (Figure 21), 3’UTR and a
lengthening in Hnrnph1 (Figure 2J). Quantitative RT-PCR validated PAS shifts within these
genes (Figure S2F). We conclude that hnRNP A2/B1 binding within 3"UTRs is associated
with hnRNP A2/B1-dependent alternative polyadenylation choice.

Hundreds of alternative splicing events depend on hnRNP A2/B1 protein level in vivo

We identified 276 AS changes from our splicing-sensitive microarrays (Figure 3A, Data
S1l). The largest differences were observed in alternative cassette exons, which were more
frequently skipped (repressed) upon depletion of hnRNP A2/B1 than included (activated)
(Figure 3B). Interestingly, while only 12% (17) of cassette events harbored hnRNP A2/B1
binding sites in flanking intronic regions (Figure 3C), five of the top 20 cassette events had
hnRNP A2/B1 binding proximal to the exon (genes marked in green in Figure 3D). RT-PCR
validation of AS events confirmed the microarray data (Figure 3E; Figure S3A).
Intriguingly, we identified an alternative cassette exon within the 3"UTR of the Hnrnpa2bl
gene itself (Figure 3F). iCLIP data indicated that hnRNP A2/B1 binds upstream of the exon
to enhance its use, resulting in an isoform that is expected to be subjected to nonsense-
mediated decay (NMD) (McGlincy et al., 2010). This mode of autoregulation is consistent
with our and others’ reports of splicing factors controlling their own levels (Huelga et al.,
2012; McGlincy et al., 2010). We also observed AS events within 3" UTRs of other genes.
HNRNP A2/B1 binding was observed in a region that alternatively encodes either an intron
or a 3"UTR for a shorter isoform in the Arginine/serine-rich protein 1 (Rsrp) gene.
Depletion of hnRNP A2/B1 result in removal of the intron that generates a longer isoform
(Figure 3G). We also found that decreased levels of hnRNP A2/B1 affect the AS of cassette
exons within other ALS-associated genes, namely D-amino acid oxidase (Dao), Ataxin-2
(Atxn2) and inositol triphosphate receptor, type 2 (/fpr2) (Figure S3B). We conclude that
loss of hnRNP A2/B1 affects hundreds of AS events /n vivo, including an exon within its
own 3'UTR.

HNnRNP A2/B1 interacts with RNA components of the spliceosome

To evaluate if hnRNP A2/B1 interacts with components of the splicing machinery, we used
northern blotting to measure SnRNA levels in hnRNP A2/B1 immunoprecipitates of mouse
spinal cord. We confirmed specific enrichment of U2, U4, U5, and U6 but not U1 snRNA
(Figure S3C). Total snRNA levels were unchanged upon of hnRNP A2/B1 depletion (Figure
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S3D). We conclude that hnRNP A2/B1 interacts with snRNAs but loss of hnRNP A2/B1
does not affect SnRNA levels.

HNnRNP A2/B1-dependent splicing of the D-amino acid oxidase transcript results in
reduced expression and enzymatic activity

The AS event with the largest magnitude change in our splicing microarray analysis is a
118-nucleotide cassette exon (exon 9) in the Dao gene (Figure 4A). This event is prominent
because of previous studies implicating Daoin ALS (Kosuge et al., 2009; Sasabe et al.,
2007). Dao codes for an enzyme important in the metabolism of D-serine and is largely
expressed in the brainstem and spinal cord. D-serine is an agonist of the NMDA receptor
and increased D-serine levels have been reported to contribute to excitotoxicity in ALS
(Sasabe et al., 2007). Depletion of hnRNP A2/B1 protein did not change overall Dao mRNA
expression (Figure 4B), but substantially decreased the abundance of the longer transcript
relative to the shorter transcript isoform (Figure 4C). This alteration is predicted to cause a
reading frame shift and early termination of the protein, but the location of the premature
termination codon is not predicted to lead to NMD. In agreement with the mRNA data, we
observed a 30% reduction in protein levels of the long isoform while the short isoform was
not detected by western blotting (Figure 4D). The short isoform is predicted to lack two
alpha helices and three beta sheets (Figure 4E).

We stably expressed both isoforms in human 293 FRT cell lines (Figure 4F) and found that
while both were similarly expressed at the mRNA level (Figure 4G), the protein level of the
short isoform was significantly reduced (Figure 4F), suggesting that it is subjected to
reduced translation or protein stability. We treated cell lines stably expressing each isoform
with the proteasome inhibitor MG-132 and performed immunoblotting over 24 hours. We
found that while the short isoform accumulated, the levels of the long isoform remained
stable (Figures S4A and S4B). We measured DAO enzymatic activity in a cell-based assay
(Figure S4C) and found significant DAO activity in cells expressing the long isoform, while
cells expressing the short isoform had no DAO activity above the background level (Figure
4H). We measured the activity of both isoforms produced in cell-free extracts (Figure 41)
and found that the short isoform has an 85% reduction in enzymatic activity (Figure 4J).
Taken together, we conclude that hnRNP A2/B1 depletion leads to production of a shorter
isoform of Dao, which is subject to proteasomal degradation and exhibits ~six-fold
reduction in enzymatic activity.

To determine if AS of Daois evolutionarily conserved, we inspected the orthologous 118bp
exon in human DAO, which has high amino acid conservation to the murine exon but is not
annotated as being alternatively spliced. We were unable to detect expression of DAO
MRNA human iPSC-MNs and iPSC-Astrocytes (data not shown). As expression of DAOis
thought to be region- and cell-type specific (Horiike et al., 1994), we consulted the Brain
RNA-seq database (Zhang et al., 2014). Little to no expression of DAO in any of the samples
in this database was reported (Figures S4D and S4E). In a panel of human CNS RNA
samples, we detected DAO mRNA expression only in astrocytes from human cerebellum
and spinal cord (Figure S4F, top). Sanger sequencing of the bands confirmed a longer
isoform as human mRNA containing exons 8, 9, and 10 and a shorter isoform lacking exon 9
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(Figure S4F, bottom). We conclude that DAO mRNA is expressed primarily in human
cerebellum and spinal cord astrocytes and that its AS is conserved in mouse spinal cord.
Importantly, depletion of hnRNP A2/B1 in a human glioblastoma multiforme cell line
(U-251) revealed an increase in the shorter isoform, consistent with exon 9 skipping (Figure
4K). This result confirms conservation of hnRNP A2/B1-dependent splicing of DAO exon 9
in mice and humans. Thus, an unanticipated hnRNP A2/B1-dependent AS of an exon in Dao
dramatically reduces D-serine metabolism, implicating lower levels of hnRNP A2/B1 with
DAO-mediated pathogenicity observed in disease.

HNnRNP A2/B1 D290V mutation results in splicing defects in human fibroblasts

As mutations within the hnRNP A2/B1 gene are associated with MSP and ALS (Kim et al.,
2013), we next examined if the D290V mutation affects AS. RNA from fibroblasts with the
disease-associated hnRNP A2/B1 variant (two affected individuals) and from unaffected
control fibroblasts were used in splicing array analysis (Figure 5A; Data S1J). To evaluate if
splicing changes could be attributed to a mutant-dependent loss of normal splicing, we also
depleted hnRNP A2/B1 in fibroblasts from unaffected control individuals (Figures 5B and
5C). For splicing-sensitive array analysis, hnRNP A2/B1 mutant and depletion samples were
compared to two unrelated, unaffected control samples. For hnRNP A2/B1 D290V mutants,
~4,000 splicing events were altered relative to controls (Figure 5D). This is in contrast to
hnRNP A2/B1-depleted fibroblasts, where only 875 events were significantly different
(Figure 5D). Interestingly, in fibroblasts harboring a mutation in the only other known gene
related to MSP, the VCP R155H mutation, 703 AS events were altered (Figure 5D). We
compared the overlap of significantly changed alternative cassette events between the
different groups of samples (Figures 5E and 5F). For the VCP R155H mutant fibroblasts, we
found that 465 (129 are alternative cassette events) out of 703 (171 are alternative cassettes)
AS events were shared between both of the hnRNP A2/B1 mutant samples. This indicates a
very strong and statistically significant (o < 10725) overlap between the splicing signatures
of these two disease-causing variants (Figure 5F). However, each of the hnRNP A2/B1
D290V samples had about 1,000 alternative cassette events that were not in common with
the VCP mutant samples, indicating potentially divergent molecular processes (Figure 5F).
In contrast, hnRNP A2/B1 knockdown samples had only a small, statistically insignificant
overlap in cassette events with hnRNP A2/B1 D290V or VCP R155H mutant samples (p =
0.21 and p=0.11, respectively). To further investigate the difference between hnRNP A2/B1
depletion and the D290V mutation, we analyzed the 32 splicing events that were
significantly different in all four comparisons tested and found that the direction of splicing
changes in the three mutant samples was usually anti-correlated with the knockdown sample
(Figure 5G). We conclude that in fibroblasts, disease-causing mutations in hnRNP A2/B1
result in thousands of splicing changes, the majority of which were not observed when
hnRNP A2/B1 was depleted. Furthermore, we find a remarkable (66%) overlap in significant
splicing changes in patient samples with mutations in the only two genes known to cause
MSP (hnRNP A2/B1 and VCP).

Altered hnRNP A2/B1-dependent alternative splicing in human iPSC-MNs

To evaluate if RNA processing was altered in hnRNP A2/B1 D290V iPSC-MNs, we
generated iPSCs from affected and unaffected fibroblasts (Figures 5A and S5A). Normal
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ploidy and pluripotency was confirmed by array CGH (Figure S5A) and
immunofluorescence (Figure S5B), respectively. PSCs were differentiated to motor neurons
using a modified dual-SMAD inhibition protocol (Burkhardt et al., 2013; Chambers et al.,
2009) (Figure S6A) for up to 53 days, at which point cells abundantly expressed pan-
neuronal markers, such as MAP2 and phosphorylated Neurofilament (SM131). We also
observed robust expression of the motor neuron-specific markers ISLET1, HB9 and
cholinergic marker CHT1 (Figure S6B). Multi-electrode array analysis showed high
frequency action potentials and synchronous firing (Figures S6C-S6G), confirming mature
and active motor neuron networks.

To identify AS events affected by depletion of hnRNP A2/B1 in normal iPSC-MNs and to
study if these events are similarly affected in the D290V mutant lines, iPSC-MNs
differentiated from one non-affected and one D290V mutant iPSC line were treated with
non-targeting control (NTC) and hnRNP A2/B1 targeting ASOs (Figure 6A). HNnRNP A2/B1
protein was successfully reduced in normal and D290V mutant human iPSC-MNs (Figure
6B) and mRNA subjected to splicing-sensitive microarrays (Data SIK-S1M; Supplemental
Experimental Procedures). We found 67 differentially altered AS events that were indicative
of loss of normal hnRNP A2/B1 function, 512 events that were mutant-dependent gain-of-
function, and 223 mutant-dependent loss-of-function events (Figures 6C and 6D). Notably,
nearly two-thirds of all splicing events grouped into the mutant-dependent gain-of-function
category, corroborating our findings in patient fibroblasts (Figure 5).

We hypothesized that hnRNP A2/B1 D290V mutant protein may be aggregating in the
nucleus, thus causing widespread splicing changes. To test this, we performed cellular
fractionation of PSC-MNs from unaffected and MSP patients. We observed increased levels
of nuclear, insoluble hnRNP A2/B1 in samples from a VCP R155H patient and one of two
hnRNP A2/B1 D290V patients (Figure S7A), suggesting that these mutant proteins are
indeed more aggregation-prone than wildtype protein and may start to aggregate in the
nucleus; this aggregation may lead to dysfunction affecting other RBPs. We next measured
SRSF7, hnRNP Al and hnRNP H1 protein levels, previously shown to be subjected to cross-
regulation by hnRNP A2/B1 (Huelga et al., 2012). In iPSC-MNs from one control
individual, hnRNP A2/B1 depletion led to no change in hnRNP Al or hnRNP H1 (Figures
6E and 6F). We observed a significant increase in SRSF7, consistent with our result
observed in mouse spinal cord (Figure S2D). We next compared the protein levels between
three unaffected and three affected individuals (o > 0.05) and found that SRSF7 levels were
significantly lower in affected samples compared to unaffected samples (p < 0.05) (Figures
6G and 6H). Our findings indicate divergent regulation of SRSF7 at the protein level by
mutant and wild-type hnRNP A2/B1. We conclude that AS is abnormal in MSP iPSC-MNSs,
potentially caused in part by increased nuclear insolubility of mutant hnRNP A2/B1.

hnRNP A2/B1-mutant neurons display increased risk of death during long-term culture

We hypothesized that increased nuclear insolubility of hnRNP A2/B1 and abnormal RNA
processing in hnRNP A2/B1 D290V MNs might cause decreased survival over time. To
monitor the progressive death of motor neurons — a defining characteristic of ALS — we
tracked iPSC-MNs, transfected with a mApple reporter under the control of the synapsin

Neuron. Author manuscript; available in PMC 2017 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martinez et al.

Page 9

promoter (marking neurons), from affected and unaffected individuals (Figure 7A),
according to methods previously described (Skibinski and Finkbeiner, 2013). We found a
significantly higher risk of death in iPSC-MNs from two affected individuals compared to
two unrelated controls (Figures 7B and 7C). We conclude that our /77 vitro iPSC-MN model
of hnRNP A2/B1 D290V proteinopathy exhibits progressive death.

hnRNP A2/B1-mutant iPSC-MNs exhibit excess hnRNP A2/B1 in stress granules

Another hallmark of ALS and other related diseases is the accumulation of protein
aggregates in the cytoplasm of affected cells (Mackenzie et al., 2007; Neumann et al., 2006;
Van Deerlin et al., 2008). HNRNP A2/B1-positive aggregates were previously reported for
patient muscle biopsy samples from individuals with the hnRNP A2/B1 D290V mutation
(Kim et al., 2013). However, hnRNP A2/B1 aggregation has not been observed in human
neurons with endogenous expression of mutant RBPs. In unstressed PSC-MNs, we do not
have biochemical evidence for increased insoluble hnRNP A2/B1 in the cytoplasm (Figure
7D; Figures STA-D). Indeed, hnRNP A2/B1 was localized to the nucleus and cytoplasmic
aggregates were not observed in either affected individuals or controls (Figures 7D-E and
S7B-D). We challenged PSC-MNSs with puromycin for 24 hours to induce the formation of
stress granules (Kedersha et al., 2000; Liu-Yesucevitz et al., 2010). PSC-MNs developed
dense cytoplasmic aggregates positive for the stress granule markers G3BP1 (white arrows
in Figure 7D), TIA1, PABP, and TDP-43 (Figure S7B). In iPSC-MNs from patients with
D290V mutations, these aggregates were positive for hnRNP A2/B1 (magenta arrows in
Figure 7D; Figures S7B and S7C). In contrast, control samples rarely accumulated any
cytoplasmic hnRNP A2/B1 even during puromycin treatment (Figures 7D and 7E).
Interestingly, iPSC-MNs from a VCP R155H patient had increased hnRNP A2/B1-
containing granules upon puromycin induction (Figure S7C). We conclude that iPSC-MNs
from hnRNP A2/B1 D290V patients exhibit reproducible disease-relevant cellular attributes
such as increased propensity for stress granule accumulation.

MSP/ALS iPSC-MNs exhibit exacerbated transcriptome changes in response to stress

To determine if iPSC-MNs derived from MSP patients would exhibit unusual AS and
expression changes in response to stress, we exposed PSC-MNs to puromycin treatment and
measured the changes using splicing sensitive microarrays (Figure S8A; Data S1N and
S10). We used cells from three hnRNP A2/B1 D290V individuals, one VCP R155H
individual, and three unaffected individuals. The majority of gene expression and AS
changes were shared among all seven samples (Figures 8A and 8B). A large fraction of gene
expression and AS changes was observed only in affected samples (pink crescent in Figures
8A and 8B). A smaller fraction was observed only in control cells (green crescent in Figures
8A and 8B). Analysis of alternative cassette events showed a clear bias towards exon
skipping upon stress in all sample types (Figure 8C). Hierarchical clustering showed a clear
delineation of stressed and unstressed samples (Figure S8B). As expected, we found
significant upregulation of the Hsp70-like gene HSPA14, the chaperone DNAJC12and early
response genes JUNand FOS in all samples (Data SIN). We also observed significant AS
changes in the transcription factor H#SF2, the chaperones DNAJC12, DNAJBZ, DNAJC120,
DNAJC13, and DNAJCZ1 in all samples tested (Data S10).
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To identify stress-responsive, mutant-specific AS and expression changes, we performed
hierarchical clustering using pairwise fold-changes (748 genes) and AS differences (2333
events) in all samples. We found two distinct clusters, one containing affected samples, and
another containing the unaffected controls (Figures S8C and S8D). Regression analysis
showed a highly significant slope value less than one when comparing median fold-changes
or AS differences from affected to unaffected samples (Figure 8D and 8E). This result
indicates a trend towards increased magnitude expression and splicing changes in affected
samples compared to controls upon stress. Indeed, the median change was larger in
magnitude for affected samples than unaffected samples for 15 of the top 20 AS events
(Figure 8F). Therefore, we find that stress induces both shared and disease-specific changes
in gene expression and AS, with the iPSC-MNSs derived from patients with MSP exhibiting
an exacerbated stress response compared to controls.

Discussion

Our study provides a systematic transcriptome-wide analysis of hnRNP A2/B1 binding and
function in the nervous system. Strikingly, the binding pattern of hnRNP A2/B1 in in vivo
adult nervous system is largely distinct from the binding modes observed for FUS/TLS,
TDP-43 and TAF15, which bind mostly in introns. We find that for hnRNP A2/B1, the
majority of binding sites are in 3" UTRs. While FUS and TDP-43 each bind thousands of
transcripts (Lagier-Tourenne et al., 2012; Polymenidou et al., 2011), hnRNP A2/B1 binds a
much more modest number. These qualitative differences indicate distinct roles in RNA
processing. Previous data has shown that FUS/TLS associates with Polll complexes and may
be deposited co-transcriptionally (Schwartz et al., 2012). Similarly, TDP-43 may be involved
in transcriptional elongation and Polll pausing (Lalmansingh et al., 2011). Our finding of
hnRNP A2/B1 in 3’UTR regions and not “coating” introns indicates that hnRNP A2/B1 is
not deposited until the nascent mMRNA is almost completely transcribed. These findings are
consistent with our observation that very few genes (<30) exhibit significant expression
changes after depletion of hnRNP A2/B1.

When we compared AS changes induced by hnRNP A2/B1 depletion /n vivoto hnRNP
A2/B1 binding sites, we found that while the most significantly ranked AS changes did
harbor proximal binding sites, the vast majority of splicing changes did not. This is also in
contrast to other ALS proteins (FUS/TLS, and TDP-43), where binding sites are frequently
observed proximal to AS events and depletion is associated with widespread gene
expression changes (Lagier-Tourenne et al., 2012; Polymenidou et al., 2011). Aside from a
strong intronic binding site downstream of an auto-regulated alternative exon in the 3’UTR
of HNRNPAZBI, our data supports our conclusion that the majority of the AS changes
observed after depletion of hnRNP A2/B1 are not likely due to direct pre-mRNA binding of
hnRNP A2/B1. Significant hnRNP A2/B1 association to the U2, U5 and U6 snRNAs
suggests that hnRNP A2/B1 may play a role in spliceosome assembly or snRNA recycling
and thereby affects AS without direct interaction with the affected transcripts. Another
possible mechanism is indirect action through regulation of other splicing factors, such as
SRSF7.
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Aside from AS regulation we unexpectedly identified alternative polyadenylation events
affected by loss of hnRNP A2/B1 in vivo. Importantly, half exhibited hnRNP A2/B1 binding
within the 3"UTRs. Two notable transcripts — RSRPI and HNRNPHI —encoding splicing
factors showed large differences in 3"UTR selection preference near hnRNP A2/B1 binding
sites after depletion and could also be responsible for a large number of secondary splicing
changes in other genes.

The most significant and robust splicing change observed after depletion of hnRNP A2/B1
in the mouse spinal cord is an exon within the gene encoding D-amino-acid-oxidase.
Although low in abundance, D-amino acids are important receptor co-agonists in the CNS
with disease implications (Paul and de Belleroche, 2014). D-serine is a known agonist for
the NMDA receptor and has been implicated in schizophrenia and ALS (Burnet et al., 2008;
Mitchell et al., 2010; Paul et al., 2014; Yang et al., 2013). Previous studies have shown that
D-serine metabolism is affected in the SOD1 transgenic mouse model of ALS and mutant
mice that do not express DAO protein exhibit muscle weakness, motor neuron loss, and
other ALS-like symptoms (Sasabe et al., 2012; Thompson et al., 2012). Recently, a large
study of ALS patients found polymorphisms in DAOto be associated with decreased
survival (Cirulli et al., 2015). In our study, we observed exon skipping of a 118 nt exon in
the Dao transcript after depletion of hnRNP A2/B1. The resulting protein isoform is highly
unstable and compromised in its enzymatic activity. We also demonstrated that AS of DAO
exon 9 is evolutionarily conserved in human and mouse. Determining if D-serine
metabolism is perturbed by mutations in hnRNP A2/B1 may require new transgenic mouse
models or the analysis of post-mortem human tissue harboring HNRNPAZB1 mutations. We
opine that this connection between AS and regulation of D-amino acid metabolism is
relevant to neurodegeneration. Reduced levels of hnRNP A2/B1 have been associated with
AD and this depletion was specifically linked to loss of cholinergic neurons (Berson et al.,
2012). Our unexpected findings link the levels of an RBP to a physiologically important
enzyme.

Our data provides compelling hypotheses regarding how mutations in hnRNP A2/B1 may
lead to neurodegeneration. iPSC-MNs derived from patients with MSP mutations showed
reduced survival in long-term culture, recapitulating a defining characteristic of ALS,
namely progressive neuronal death. We also found a substantial number of differential AS
events in hnRNP A2/B1 D290V mutant cells that were not present upon hnRNP A2/B1
depletion. This indicates that at least by AS, the effects of hnRNP A2/B1 D290V are not
equivalent to simple loss-of-function. Instead, our observation is reminiscent of a recent
study showing that a toxic FUS mutation causes motor neuron degeneration in mice not by
loss-of-function, but by a combination of loss- and gain-of-function (Scekic-Zahirovic et al.,
2016). One possible mechanism underlying the abnormal AS changes we observe is
suggested by the presence of increased nuclear, insoluble hnRNP A2/B1 protein in
unstressed mutant motor neurons. This aberrant assembly of protein-RNA granules likely
sequesters hnRNP A2/B1 protein, as well as other RBPs, from their RNA substrates, leading
to both loss- and gain-of-function effects in RNA processing. As hnRNP A2/B1 also affects
the levels of other RBPs, it is reasonable to expect that the normal control of AS is impacted.
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We expected that the propensity of hnRNP A2/B1 to form aggregates would also be
reflected in an increase in insoluble hnRNP A2/B1 in the cytoplasm of unstressed motor
neurons. However, chemical stress was required to induce hnRNP A2/B1 to move to
cytoplasmic aggregates, called stress granules (Kim et al., 2013; Molliex et al., 2015; Xiang
et al., 2015). Similar phenomena have been observed for other ALS-related RBPs including
TDP-43, FUS/TLS, and EWSRL. It is hypothesized that cytoplasmic aggregation represents
a loss-of-function and may be the cause of neurodegeneration in ALS (Iguchi et al., 2013;
Sun et al., 2015; Wu et al., 2012; Yang et al., 2014). In light of our data, we put forward an
alternative interpretation. The RBPs mentioned above are also normally localized to the
nucleus. Although aggregation is typically described in the cytoplasm, nuclear aggregates of
TDP-43 have been reported (Burkhardt et al., 2013; Udan-Johns et al., 2014). Thus,
cytoplasmic aggregation may represent an end-stage symptom of dysfunction that begins in
the nucleus.

Cells with hnRNP A2/B1 D290V mutations and VCP R155H mutations also responded to
stress with numerous changes in gene expression and AS. Some of these changes were
unique to affected cells; however, most were also detected in controls. Surprisingly, when we
examined these common changes we found that affected cells systematically responded with
changes in the same genes but at greater magnitude than controls. We believe that hnRNP
A2/B1 D290V mutant motor neurons respond to stress in largely the same way as controls,
but their response is exacerbated. This may indicate that drugs that dampen the stress
response or reduce the assembly of stress granules may be useful in treating ALS or other
neurodegenerative diseases.

Experimental Procedures

RNA Bind-n-Seq (RBNS)

RBNS was performed with N-terminally GST-tagged HNRNPA2B1 amino acids 1-197
(containing both RRMs) essentially as previously described (Lambert et al., 2014), except
that binding was at 4 °C. Motif enrichment (R) values we re calculated for 6-mers as the
motif frequency in the RBP-selected pool over the frequency in the input RNA library. R
values were considered significant at Z-score = 2.

CLIP analysis

iCLIP using flash-frozen, ground and UV-irradiated spinal cords of 8-week old, female,
C57/BL6J mice was performed as described (Huppertz et al., 2014) and CLIP-seq libraries
sequenced in single-end 50 bp mode. CLIP-seq peaks were identified as previously
described (Zisoulis et al., 2010). eCLIP using UV-irradiated day 28-day iPSC-MN was
performed as described (Van Nostrand et al., 2016) and libraries sequenced in paired-end 50
bp. eCLIP peaks were identified using CLIPPER (Lovci et al., 2013). Peaks were called
significant if the number of reads in the IP sample was greater than the number of reads in
the size-matched input sample and the peaks had a Bonferroni-corrected Fisher exact test p-
value < 0.05.
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DAO activity assays

For cell-based assays, stable cell lines expressing the short and long isoforms of DAO were
generated using the FLP-In-293 system (Thermo Fisher Scientific). D-serine was added to
the media (50 mM final concentration) and H,O, released by DAO-catalyzed oxidation of
D-serine measured with the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo
Fisher Scientific) using a fluorescence plate reader (Infinite 200 PRO; Tecan). For cell-free
assays, 3XFLAG-tagged versions of the long and short isoforms of mouse Dao were
expressed in rabbit reticulocyte lysates (TNT Quick Coupled Reticulocyte Lysate kit;
Promega) and assayed in the presence of 50 mM D-serine and 500 nM FAD, as described
above.

Stress granule assays

iPSC-MNs were generated from healthy and affected individuals. Cells were treated with 36
UM puromycin or vehicle for 24 hours starting 28 days after differentiation. iPSC-MNs were
fixed and processed for immunofluorescence. Four images were taken for each condition
from each cell line used. Images were blinded and then nuclei and G3BP1 and hnRNP
A2/B1 foci were counted manually. For microarray experiments, iPSC-MNs were harvested
with Trizol following puromycin treatment. RNA was prepared and hybridized to
Affymetrix HTA 2.0 microarrays. Gene expression and alternative splicing changes were
determined as described elsewhere (Huelga et al., 2012).

Long term imaging experiments

iPSC lines from two ALS patients and two unaffected individuals were differentiated into
motor neurons according to (Burkhardt et al., 2013; Chambers et al., 2009) with
modifications from (Du et al., 2015). MNs were dissociated and plated in 96-well plates,
then lipofected with a construct containing mApple under the control of the Synapsin
promoter. iPSC-MNs were imaged starting 2 days after transfection, once every 6 hours.
Individual neurons were tracked and analyzed for survival as described (Skibinski and
Finkbeiner, 2013).

Data Availability

Small RNA-seq, RNA-seq, iCLIP, eCLIP and microarray data are available at: http://
www.nchbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86464.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HnRNP A2/B1 recognizes UAGG and predominantly binds 3" untranslated regions
3'UTRs

EA) Expgrimental approaches. Individual nucleotide crosslinking followed by
immunoprecipitation (iCLIP) in mouse spinal cord was used to identify hnRNP A2/B1
protein-RNA binding sites 7n vivo (left). RNA binding followed by sequencing (RNA bind-
n-seq, RBNS) using the recombinant RNA binding domain of hnRNP A2/B1 was used to
identify high-affinity RNA maotifs /n vitro (right). Motifs enriched by both methods were
compared.

(B) hnRNP A2/B1 iCLIP-derived clusters are enriched in 3’UTRs of protein coding genes
(left) when compared to the expected distribution of gene regions (5" and 3"UTRs, exons,
and exon-proximal and distal portions of introns; right). Proximal intron regions are defined
as extending up to 2 kb from an exon-intron junction (bottom).
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(C) The UAGG motif is significantly enriched in clusters from all regions (top) and those
restricted to 3’UTRs (bottom). p-values were determined by the HOMER algorithm.

(D) Hexamers from RNA sequences found by RBNS and iCLIP that contain UAGG are
significantly enriched (red dots) compared to those that did not contain UAGG (black dots).
p-values were calculated by a Kolmogorov-Smirnov test on the distributions represented by
UAGG (red) and other k-mers (black).

(E-J) Genome browser views of CLIP reads (green, plotted in the positive direction of the y
axis) and clusters (maroon) mapped to selected genes characteristic of the spinal cord (blue).
yaxes are scaled to the read numbers indicated to the right of each plot. In (H), alternative
transcript isoforms are indicated in light blue. Reads from strand-specific RNA-seq analyses
are plotted in mauve in the negative direction of the yaxis in (F), (H) and (I). (E) — (I) show
iCLIP analyses from mouse spinal cord; (J) shows eCLIP analysis from human iPSC-
derived motor neurons, represented as log, ratio of antibody-enriched immunoprecipitate
(IP) over size-matched input. The dark green track is eCLIP reads enriched in IP. The light
green track is eCLIP reads enriched in input. The vertical axes denote RPM.
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Figure 2. HNRNP A2/B1 depletion results in alternative polyadenylation changes
(A) Experimental approach. An antisense oligonucleotide (ASO) targeting the HnrnpaZbl

transcript, or a vehicle control (saline) solution, was injected into the lateral ventricles of
mice (n = 4 mice per treatment) and RNA was isolated from spinal cords 28 days post-

injection.

(B) Western blotting shows that ASO treatment leads to a ~75% reduction in hnRNP A2/B1
protein levels compared to saline controls. Tubulin was the loading control.

(C-D) Statistically significant changes in transcript levels were identified for 17 and 27
genes when analyzed by RNA-seq (C) and microarray (D), respectively. Down- and
upregulated genes are indicated in black and white, respectively. Significance was defined
using a false-discovery rate threshold of 0.05 for Benjamini-Hochberg corrected values for

multiple hypothesis testing.

(E) Quantitative RT-PCR validation of the results from (C) and (D) confirmed increased
transcript levels for nine of ten genes, including Srsf7, Hnrnpal, Hnrnphand Hnrmpf (left),
and decreased transcript levels for all ten genes, including Hnrbpa2b1 itself (right), upon
ASO-mediated depletion of hnRNP A2/B1. Thpwas the reference gene.
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(F) DaPars analysis of RNA-seq data from the mouse spinal cord samples revealed that
depletion of hnRNP A2/B1 leads to changes in poly(A) site (PAS) utilization. The
scatterplot of distal PAS (dPAS) usage indexes (PDUISs) in control and hnRNP A2/B1
depletion samples is shown. Significantly (FDR < 0.05, |JAPDUI| = 0.2, and [dPDUI| = 0.2)
shortened and lengthened transcripts are colored in red and blue, respectively. Gray dots
indicate transcripts that did not pass the significance threshold.

(G) Upon hnRNP A2/B1 depletion, 3"UTR shortening and lengthening was observed for 20
and 61 transcripts, respectively.

(H) Of the 81 transcripts displaying differential PAS utilization, 40 contained significant
hnRNP A2/B1 occupancy in their 3"UTRs, as identified by iCLIP.

(1-J) Examples of genes with differential PAS utilization that are bound by hnRNP A2/B1
in their 3"UTRs. Regions of alternative usage are highlighted in blue (control) and red (ASO
treated) in the corresponding RNA-seq track. Vertical axes are RPM.
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Figure 3. HNRNP A2/B1 depletion in mouse spinal cord affects alternative splicing
(A) Pie chart shows the classification of 276 significantly changing (q value < 0.05, sepscore

> 0.5) splicing events identified by splicing-sensitive microarray. The legend illustrates the
types of splicing events represented on the array.

(B) 137 alternative cassette events are altered upon loss of hnRNP A2/B1. 85 events were
repressed upon knockdown and 52 were activated.

(C) Of the 137 transcripts displaying differential inclusion of cassette exons, 17 contained
significant hnRNP A2/B1 occupancy, as identified by iCLIP.

(D) Ranked list of the 30 alternative cassette events with the largest absolute fold change.
Activated cassettes are in red. Repressed cassettes are in blue. Gene names shown in green
have significant hnRNP A2/B1 occupancy, as identified by iCLIP.

(E) RT-PCR validation of six alternative cassette events. Samples from control mice (white
bars) are normalized to 1. Samples from ASO treated mice are shown in red (activated) and
blue (repressed). Of the four samples from each treatment group used to generate the bar
graphs, three are shown in the gel images that were used to generate the bar graphs. Error
bars are SEM computed with four replicates per condition.
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(F) The alternative exon (dashed box) regulated by hnRNP A2/B1 within its own 3"UTR has
nearby iCLIP clusters. Color coding of the browser tracks is as in Figures 1E-J. The red
browser track shows the position of PCR primers used for validation. Inset: RT-PCR
validation of the event. Bars are as in Figure 3E.

(G) An example of alternative 3’ UTR usage (gray box) regulated by hnRNP A2/B1, in the
Rsrp1 gene with nearby iCLIP clusters. Color coding of the browser tracks is as in Figures
1E-J. The red, gray and green lines above the gene models indicate the position of primers
used for gPCR validation. Colors correspond to the bar graph in the inset. Inset: qPCR
validation of alternative 3’ UTR usage. 7hp was used as the reference gene. Error bars are
SEM computed with three replicates per condition.
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Figure 4. hnRNP A2/B1-dependent AS in the D-amino acid oxidase (DAQO) gene results in
reduced DAO protein expression and enzymatic activity

(A) Gene models of the long and short mRNA isoforms produced by AS of the hnRNP
A2/B1-dependent cassette exon (in white) in the Dao pre-mRNA. Unaffected exons are
shown as black boxes. Introns and UTRs are shown as thin boxes and lines, respectively. The
lengths of the predicted protein products are indicated. Amino acid (AA).

(B) The transcript levels of Dao mRNA in control and hnRNP A2/B1 depleted mouse spinal
cord (n = 4 mice per group) determined by gPCR. 7hp was used as reference. Error bars are
SEM computed with four replicates. The mean transcript level for the control mice is
normalized to 1.

(C) Gel-like image of AS of the Dao cassette exon in mice, determined by RT-PCR, shows
exon exclusion upon hnRNP A2/B1 depletion.

(D) Western blotting shows a reduction in DAO protein levels to ~70% of non-target control
levels in mice treated with hnRNP A2/B1 targeting ASO. Actin was the loading control.

(E) X-ray crystallography structure of human DAQ (left; Protein Database ID 2E48,
Kawazoe et al. (2006)) and the predicted structure of the short isoform (right). The arrows
denote two alpha helices and three beta sheets that are absent in the predicted shorter
isoform.
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(F) Schematic of constructs used to express DAO long and short isoforms in stable cell lines.
Western blotting shows reduced protein levels in clones expressing the short isoform.
Tubulin was the loading control.

(G) No difference in transcript level of Dao mMRNA from the clones shown in (F) determined
by gPCR. Thpwas used as a reference transcript. Error bars are SEM computed with four
replicates per condition.

(H) DAO activity in the clones shown in (F). Bars represent the ratio of substrate to non-
substrate dependent activity. Error bars are SEM computed with four replicates per
condition.

(1) Western blotting of DAO protein translated in rabbit reticulocyte lysate reveals similar
levels in cells expressing either isoform.

(J) DAO activity in the lysates shown in (J). The wedge below the bars denotes serial two-
fold dilutions of the lysates.

(K) Depletion of hnRNP A2/B1 in the human U-251 glioblastoma cell line. Three different
targeting shRNAs and one non-targeting control ShRNA plasmids were used in triplicates.
Splicing-sensitive RT-PCR (top) for DAO shows that under conditions where the short DAO
isoform cannot be detected in the NTC-shRNA treated samples, the short DAO isoform was
consistently detected in samples treated with the two most effective ShRNA constructs.
hnRNP A2/B1 depletion was verified by western blotting (bottom). Tubulin was the loading
control.
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Figure 5. Fibroblasts from patients with mutations in HNRNPA2B1 and VCP exhibit widespread
splicing defects

(A) A multiplex family affected by MSP, where affected (filled in black) individuals harbor
p.D290V mutations in the HNRNPAZBI gene. Fibroblasts and iPSCs used in experiments in
Figures 5-7 were obtained from the indicated individuals.

(B) Depletion of HNRNPAZB1 mRNA in fibroblasts from an unaffected individual by
treatment with ASOs, as measured by qPCR using GAPDH as reference. Error bars are
SEM computed with three replicates per condition. The control transcript level is normalized
to 1. The error for the control samples was added to the error for the other conditions by
error propagation.

(C) Western blot analysis showing successful depletion of hnRNP A2/B1 protein. GAPDH
was the loading control.

(D) Splicing-sensitive microarrays detected splicing changes in fibroblasts obtained from
individuals with the indicated genotype. hnRNP A2/B1 depletion is from samples in Figures
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5B and 5C. Significant splicing changes are determined by comparing to two different
unrelated control samples. Color coding and splicing event categories are as in Figure 3A.
(E) Quantification of alternative cassette events detected in the various samples. Colors
indicate the direction of the splicing change. Excluded refers to excluded in the depleted or
affected sample. Included refers to included in the depleted or affected sample.

(F) Venn diagrams illustrating overlapping splicing events between the indicated groups.
Overlapping events refers to identical splicing events flagged as significant in two or more
samples, regardless of the directionality of the changes.

(G) Heat map of 32 splicing changes that were flagged as significant in all four groups. Red
changes are activated compared to controls. Green changes are repressed. Color mapping is
performed according to the column-wise Z-score.
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Figure 6. iPSC-MNs from patients with mutations in HNRNPA2B1 exhibit splicing defects
(A) Schematic of experimental design. Fibroblasts expressing wildtype and hnRNP A2/B1

D290V were reprogrammed to iPSCs. iPSCs were differentiated to motor neurons. Motor
neurons were treated with ASO against HNVRNPAZB1 or non-targeting control (NTC). ASO
treated and NTC treated RNA from both individuals was subjected to splicing sensitive
microarray analysis.

(B) Depletion of hnRNP A2/B1 protein by ASO in motor neurons confirmed by western
blotting. Tubulin (Tub.) was the loading control.

(C) Classification of 802 alternative cassette splicing changes into loss of function, gain of
function, or normal function based on whether the event was detected in one genotype only,
or hoth.

(D) Scatterplots comparing the sepscore (ASO vs. NTC) for WT ANRNPAZBI vs.
HNRNPAZBI1 p.D290V. Dotted line is the least squares linear regression. The colors denote
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events detected in the WT sample only (blue), the mutant sample (green), or both samples
(red). See the Supplemental Experimental Procedures for a definition of sepscore.

(E) Western blotting for hnRNP A2/B1, hnRNP A1, hnRNP H1 and SRSF7 after ASO-
mediated hnRNP A2/B1 depletion, or non-targeting control (NTC) ASO, in iPSC-MNs from
an unaffected individual. Tubulin was the loading control. Each lane represents a technical
replicate of ASO treatment.

(F) Densitometry quantitation of the blot in (E) shows efficient depletion of hnRNP A2/B1,
a small decrease in levels of hnRNP H1 and a modest increase in levels of SRSF7. Averages
are plotted with error bars representing SEM. Three replicates per condition.

(G) Western blots of hnRNP A2/B1, hnRNP A1, hnRNP H1 and SRSF7 in iPSC-MNs from
three unaffected and three affected individuals. Tubulin served as a loading control. Each
lane contains lysate from a separate tissue culture well.

(H) Densitometry quantitation of the blot in (G). Dots represent band intensities normalized
to tubulin loading control, color-coded according to the individual. Lines represent the
median levels across all nine samples for each indicated protein. A two sample, two tailed,
homoscedastic #test was performed with n = 9 to generate the relevant p-values.
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Figure 7. hnRNP A2/B1 D290V motor neurons exhibit increased risk of death and accumulate
excess hnRNP A2/B1 in stress granules

(A) Schematic of experimental design for long term imaging and survival analysis. iPSCs
from affected and unaffected individuals were differentiated into iPSC-MNs, transfected
with Synapsin-mApple and plated in 96-well plates. Fluorescent cells were tracked over
time using time lapse imaging. Survival of motor neurons was evaluated using Kaplan-Meier
analysis.

(B) Cumulative risk of death curves derived from Kaplan-Meier survival curves for iPSC-
MNs differentiated from two affected (hnnRNP A2/B1 D290V) and two unaffected
individuals. Data was recorded over four days. Cells from both unaffected individuals are
combined into a single line for analysis purposes.

(C) Summary of Cox proportional hazard analysis of survival data depicted in (B). Affected
cells have a significantly higher hazard ratio compared to unaffected cells. A hazard ratio
greater than 1.0 indicates increased risk of death as compared to the control lines from
healthy individuals. See supplemental experimental procedures for a discussion of hazard
ratio and p-value calculations.

(D) Immunofluorescence staining of hnRNP A2/B1 and the stress granule marker G3BP1 in
iPSC-MNs from an unaffected and an affected individual. iPSC-MNs from both individuals
accumulate foci positive for G3BP1 when treated with puromycin, but not vehicle (PBS).
iPSC-MNs derived from the affected individual also accumulate hnRNP A2/B1 in the foci.
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White arrow: G3BP1 positive stress granule. Magenta arrow: G3BP1 and hnRNP A2/B1
positive stress granule. Scale bar = 10 ym.

(E) Quantification of images in (A). hnRNP A2/B1 positive granules per nucleus were
counted. “n” refers to the number of individuals analyzed with each genotype. Error bars are
SEM computed with the indicated sample size.
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Figure 8. iPSC-MNs from affected patients display an exaggerated response to stress
(A-B) Venn diagrams showing the overlap of stress-induced gene expression (A) and AS

(B) changes between iPSC-MNSs from four affected (pink) and three unaffected (green)

individuals. For both analyses, a plurality of events is shared.

(C) For each group in (B), the type of alternative cassette exon events (excluded vs.
included) were counted. Most stress-induced changes are exon-skipping in all groups.
(D-E) Scatterplots generated by calculating the median magnitude change from affected (x
axis) and unaffected () axis) samples for each shared event shown in (A-B). Dashed lines
represent the fit obtained by linear regression, with the coefficient of determination (R2) and
slope (beta) indicated. A Student’s #test shows that the slopes are significantly different
from one (p < 0.01) for both analyses, indicating that the magnitude of the stress-induced
events are more pronounced in affected than in unaffected samples. See Supplemental
Experimental Procedures for a definition of sepscore.
(F) The 20 splicing changes with the largest difference in Sepscore between affected and
unaffected samples are plotted along with the genes they are found in. While the direction
(exclusion vs. inclusion) is the same regardless of disease status, for 15 of the 20 events the
magnitudes of the stress-induced splicing changes were larger in affected samples than in

unaffected samples.
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