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ABSTRACT OF THE DISSERTATION

Protein-RNA networks regulated by
normal and ALS-associated mutant HNRNPA2B1 in the nervous system

by

Fernando J. Martinez
Doctor of Philosophy in Biomedical Sciences
University of California , San Diego 2016
Professor Eugene Yeo, Chair

HnRNPA2B1 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

xviii

(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.

xix

INTRODUCTION

Altered levels or mutations within RNA binding proteins (RBPs) are increasingly
associated with neurological diseases, including Spinal Muscular Atrophy, Fragile X Syndrome, Amyotrophic Lateral Sclerosis (ALS), Frontotemporal Dementia (FTLD) (Mohagheghi et al., 2016) and Alzheimer’s disease (AD) (Belzil et al., 2013; Gallo et al., 2005; Ling
et al., 2013; Modic 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, with 90% of cases being sporadic.
The remaining 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) have
been identified as familial causes of ALS. Both familial and sporadic cases of ALS are characterized by TDP-43 or FUS positive aggregates or amyloid-like fibrils, even when neither
gene is mutated (Mackenzie et al., 2007; Neumann et al., 2006; Sreedharan et al., 2008).
FUS/TLS and TDP-43 are both members of the heterogeneous nuclear ribonucleoprotein particle protein (hnRNP) family of RBPs. Another prominent member is the hnRNP
A2/B1 gene, implicated in neurological diseases. HnRNP A2/B1 is thought to be sequestered by multiple CGG repeats in FMR1 and, 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 Alzheimer’s disease, 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., 2010; Watts et al., 2004). Excitingly, whole exome sequencing of a multiplex
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MSP family recently revealed a p.D290V mutation in the HNRNPA2B1 gene (Kim et al.,
2013), and muscle samples from affected patients exhibit hnRNP A2/B1 mislocalization.
Although hnRNP A2/B1 is believed to have numerous functions, its role in the
central nervous system (CNS) is poorly understood. HnRNP A2/B1 exists in two distinct isoforms, A2 (341aa) and B1 (353aa), both transcribed from the HNRNPA2B1 gene.
The putative functions of hnRNP A2/B1 include pre-mRNA splicing (Clower et al., 2010;
Hutchison et al., 2002), mRNA trafficking (Gao et al., 2008; Raju et al., 2011; Shan et al.,
2003), transcript stability (Fahling et al., 2006; Goodarzi et al., 2012), 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 in 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). It is notable that the pathogenic D290V mutation occurs within the GRD of hnRNP
A2/B1. This is akin to TDP-43 where most ALS-causing mutations also occur in its GRD
(Lagier-Tourenne et al., 2010).
While we and others have previously characterized the function of hnRNP A2/
B1 in human cell-lines (Huelga et al., 2012), the role that hnRNP A2/B1 plays in vivo in
CNS tissues and disease-relevant cell-types is largely unknown. Furthermore, the effects of
pathogenic mutations in hnRNP A2/B1 on RNA metabolism are not understood. Here, we
map the endogenous binding sites of hnRNP A2/B1 in mouse spinal cord and human induced pluripotent stem cell (iPSC)-derived motor neurons (MNs). We identify alternative
splicing (AS) and unexpectedly, alternative polyadenylation events affected by depletion
of hnRNP A2/B1 in vivo. Surprisingly, we identify an alternative cassette exon within the
D-amino acid oxidase (Dao) gene that is affected by hnRNP A2/B1 loss. Skipping of this
exon leads to a shorter DAO isoform that is unstable and enzymatically inactive. Since loss
of DAO activity and elevated levels of D-serine have been proposed to cause ALS (Sasabe et
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al., 2007), this unexpected link between splicing and amino acid metabolism provides new
insights into the importance of maintaining hnRNP A2/B1 levels in the nervous system. In
addition to assessing the normal function of hnRNP A2/B1 in the CNS, we generated iPSC
models with mutant (D290V) hnRNP A2/B1 that exhibited AS defects far in excess of what
was anticipated from simple loss of hnRNP A2/B1. Longitudinal image analysis revealed
a decreased survival rate of mutant hnRNP A2/B1 neurons. Upon stress, hnRNP A2/B1
D290V iPSC-MNs showed a propensity to accumulate hnRNP A2/B1 protein in cytoplasmic aggregates, further cementing the utility of these cells as an in vitro model for ALS/
MSP. Finally, we show that iPSC-MNs generated from patients with MSP exhibit excessive
changes in gene expression and AS after chemical stress.
The introduction is a modified adaptation of the material as it appears in: Protein-RNA networks regulated by normal and ALS-associated mutant HNRNPA2B1 in the
nervous system. Fernando J. Martinez, Gabriel A. Pratt, Eric Van Nostrand, Ron Batra,
Stephanie C. Huelga, Katannya Kapeli, Mark Fang, Peter Freese, Seung J. Chun, Chelsea
Gelboin-Burkhart, Layla Fijany, Harrison Wang, Hong-joo Kim, Rea Lardelli, Shibing
Tang, Balaji Sundararaman, John P. Donohue, Jens Lykke-Andersen, Sheng Ding, ShuoChien Ling, Frank Bennett, Manuel Ares Jr., Christopher B. Burge, J. Paul Taylor, Frank
Rigo, Gene W. Yeo. Neuron. 2016 Nov. The dissertation author was the primary investigator
and author of this paper.

CHAPTER 1: RESULTS

1.1 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 protein-RNA binding
sites from UV-irradiated 8-week old mouse spinal cord. Protein-RNA complexes were immunoprecipitated using hnRNP A2/B1-specific antibodies (Figure 1A (left); Figures S1A
and S1B). Using the individual-nucleotide CLIP (iCLIP) protocol, 2,394 clusters representing hnRNP A2/B1 binding sites in 564 genes (Fig. 1B; Data S1A) were identified by
the CLIPper algorithm (Lovci et al., 2013). Gene ontology (GO) analyses of hnRNP A2/
B1 RNA targets revealed statistically significantly enriched (p<10-5) categories, including
protein binding, myelination, axon and neural projection. Most binding sites were within
3’ untranslated regions (3’UTRs) of protein-coding genes (Figure 1B) and motif analysis
revealed a statistically significantly enriched UAG[A/G] sequence within these clusters
(Figure 1C) that resembled the previously identified binding sequence of hnRNP A2/B1
protein (Huelga et al., 2012). To further characterize the sequence specificity of hnRNP
A2/B1, we applied RNA Bind-N-Seq (RBNS) (Lambert et al., 2014). Recombinantly expressed and purified hnRNP A2/B1 containing both RNA recognition domains was used
for RBNS at five concentrations with an RNA pool consisting of random 20-mer RNAs
(Figure 1A, right). The tagged hnRNP A2/B1 protein was then affinity-purified along with
bound RNAs, which were subjected to RT-PCR, library preparation and high-throughput
sequencing. We applied motif analysis on k-mers of lengths 4 to 6, calculating their enrichment in the hnRNP A2/B1 pull-down libraries compared to the input random-mers
(enrichment is computed by dividing the frequency in pull-down with that in the input library). We found that hexamers containing the UAGG core sequence were not only shifted
significantly towards higher hnRNP A2/B1 RBNS enrichments, but they also showed stron-
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Figure 1. HnRNP A2/B1 predominantly binds 3’ untranslated regions (3’UTRs) and
recognizes a UAGG motif.
(A) Schematic of experimental approaches. Individual nucleotide crosslinking followed by
immunoprecipitation (iCLIP) in mouse spinal cord was used to identify hnRNP A2/B1
protein-RNA binding sites in vivo (left). RNA binding followed by sequencing (RNA bindn-seq, RBNS) using the recombinantly expressed and purified RNA binding domain of hnRNP A2/B1 was employed to identify high affinity RNA nucleotides in vitro motifs (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).
(C) The UAGG motif is statistically 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). y axes 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 y axis 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 log2 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.
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ger enrichments among hnRNP A2/B1 CLIP binding sites than other hexamers (Figure 1D;
Figure S1C). This result is in agreement with a UAGGG motif identified by RNAcompete
(Ray et al., 2013). Thus we conclude that hnRNP A2/B1 binds to UAGG motifs within
RNAs in mouse spinal cord tissue without requiring co-factor associations.
Next we investigated if hnRNP A2/B1 binds to genes specifically expressed in the
major cell-types in the spinal cord. 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 (Nefh) (Figure 1F) and the astroglial inward rectifying potassium channel gene Kcnj10 (Figure 1G). Thus, hnRNP A2/B1 binds transcripts
characteristic of oligodendrocytes (Mbp), neurons (Nefh) and astroglia (Kcnj10). 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 Hnrnpa2b1 itself, the glial glutamate transporter Slc1a2, and Ubqln2 (Figure S1D).
FUS/TLS 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 (Sfpq) gene (Figure 1I) and its human ortholog expressed in iPSC-MNs (Figure
1J). The bound region 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; see Data S1B for a
list of cell lines) and employed enhanced CLIP (eCLIP; (Van Nostrand et al., 2016); Figure
S1E). Compared to iCLIP, eCLIP uses improved ligation strategies that increase recovery
of RNA fragments and efficiency of library generation and features a size-matched input
control to decrease false-positive rates (Van Nostrand et al., 2016), and is useful for limited
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Figure S1. Supplemental data related to iCLIP, eCLIP and RNA Bind-N-Seq (Figure
1).
(A) Efficient immunoprecipitation of hnRNP A2/B1 complexes used for iCLIP. Western
blot of mouse spinal cord lysate immunoprecipitated with either hnRNP A2/B1 specific
antibody or rabbit IgG (Rb. IgG) and used for iCLIP. Input (In.), Supernatant (Sup.), Immunoprecipitate (IP).
(B) Autoradiogram of 32P-labeled protein-RNA complexes fractionated by PAGE. White
box indicates the area cut and used for iCLIP library preparation.
(C) RNA sequences found in 3’UTRs by iCLIP contain k-mers that are significantly enriched for UAGG (red dots) in RBNS data compared to all other k-mers (black dots). p-values were calculated by HOMER.
(D) Table of significantly bound iCLIP target genes that have been previously implicated in
ALS.
(E) Efficient immunoprecipitation of hnRNP A2/B1 complexes used for eCLIP. Western
blot of iPSC-MN lysate immunoprecipitated with either hnRNP A2/B1 specific antibody or
rabbit IgG (Rb. IgG) and used for eCLIP. Input (In.), Supernatant (Sup.), Immunoprecipitate (IP). Black bars denote serial dilution of RNase I used for RNA fragmentation. White
box indicates the area cut and used for eCLIP library preparation.
(F) hnRNP A2/B1 eCLIP-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).
(G) Fold-enrichment of UAGG motifs in the genome plotted as a function of their distance
to the center of the actual eCLIP peaks vs a shuffled control set.
(H) Venn diagram showing the overlap between the sets of hnRNP A2/B1-bound target
genes from eCLIP and iCLIP in human motor neurons and mouse spinal cord, respectively.
(I) Table of the 35 hnRNP A2/B1-bound genes from (G) overlapping in both CLIP datasets.
The 12 genes in yellow are RBPs. The 3 genes in green are motor proteins (2 kinesins and 1
dynein).
(J-K) Genome browser tracks of hnRNP A2/B1 iCLIP (mouse spinal cord) and eCLIP
(human iPSC-MNs) targets. The binding pattern for both species is similar for the Pnisr /
PNISR (J) and Leng8 / LENG8 (K) genes.
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cell numbers. eCLIP 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. Nevertheless, 3’UTR binding 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 celltypes, the 35 target transcripts conserved between both adult mouse spinal cord and human
iPSC-MNs (Fig. S1H) included a surprising number of RBPs (yellow) and motor proteins
(green) (Figure S1I), often with similar binding patterns across transcripts of homologous
genes, including those encoding PNISR and LENG8 (Figures S1J-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.

1.2 HnRNP A2/B1 depletion in vivo results in limited changes in gene expression
To gain insights into the molecular pathways controlled by hnRNP A2/B1 in vivo,
antisense oligonucleotides (ASOs) targeting Hnrnpa2b1 or saline controls, were injected
into the lateral ventricle of adult mice (Figure 2A). After 28 days, the spinal cords were harvested and examined for hnRNP A2/B1 expression. HnRNP A2/B1 protein was reproducibly depleted by ~75% (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 10 significantly down-regulated genes, which
included Hnrnpa2b1 itself, indicating successful ASO targeting of Hnrnpa2b1 RNA. Interestingly, of the similar numbers of upregulated genes, we detected reproducible increases in
mRNA levels of splicing factors such as Hnrnpa1, Hnrnph1, and Srsf7, which were validated by quantitative RT-PCR (Figure 2E; Figures S2A-S2C). We observed increased protein
levels of hnRNP A1 and SRSF7 upon hnRNP A2/B1 depletion compared to non-targeting

11
Figure 2. HnRNP A2/B1 depletion results in alternative polyadenylation changes.
(A) Experimental approach. An antisense oligonucleotide (ASO) targeting the Hnrnpa2b1
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 later.
(B) Western blotting shows that ASO treatment leads to a ~75% reduction in hnRNP A2/B1
protein levels compared to saline controls. A non-specific band was used a 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) analyses, respectively. Downand upregulated genes are indicated in black and white, respectively. Significance was defined using a false-discovery rate threshold of 0.05 of 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, Hnrnpa1, Hnrnph and Hnrnpf (left),
and decreased transcript levels for all ten genes, including Hnrbpa2b1 itself (right), upon
ASO-mediated depletion of hnRNP A2/B1. Tbp was used as a reference gene
(F) DaPars analysis of RNA-seq data from the mouse spinal cord samples reveals that depletion of hnRNP A2/B1 leads to changes in poly(A) site (PAS) utilization. The scatterplot of
distal PAS (dPAS) usage indexes (PDUIs) in control and hnRNP A2/B1 depletion samples is
shown. Significantly (FDR < 0.05, |ΔPDUI| ≥ 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.
(I–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.
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control ASO treatment (Figure S2D). This upregulation of hnRNP A1 is consistent with our
previous report of cross-regulation among hnRNP A2/B1 and other RNA binding proteins
(Huelga et al., 2012). We did not, however, find altered protein levels for hnRNP H1, M or
U (Fig. 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; Rogelj et al., 2012; Tollervey et al., 2011).

1.3 HnRNP A2/B1 depletion in vivo and in vitro has minimal effect on mature microRNA levels
A previous study reported a role for hnRNP A2/B1 in microRNA biogenesis, with
61 microRNAs decreased in expression by more than 50% upon hnRNP A2/B1 depletion
in HEK293 human embryonic kidney cells (Alarcon et al., 2015). We sought to recapitulate
these findings in mouse spinal cords and human iPSC-MNs that had been treated with
ASOs targeting hnRNP A2/B1 or non-targeting controls in triplicate (Figure 2B; Figures 6E
and 6F). Small RNA sequencing detected about 500 distinct mature microRNAs per sample. However, differential expression analysis indicated only minimal changes in microRNA
levels, with no microRNAs passing a 0.05 adjusted p-value cutoff in the human iPSC-MN
samples. Similarly, only a single microRNA (miR-146a) was differentially expressed (upregulated by two-fold) upon hnRNP A2/B1 depletion in mouse spinal cord (Figure S2E; Data
S1F 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.
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Figure S2. Supplemental data related to gene expression changes upon hnRNP
A2/B1 depletion (Figure 2).
(A) Correlation of log2 fold change in hnRNP A2/B1 ASO treated mouse spinal cord compared to saline treated spinal cord for 32 genes with the highest fold-change as judged by
RNA-seq or microarray. Fold change is determined by qPCR (x-axis) and RNA-seq (y-axis).
Dotted line is the least-squares linear regression.
(B) Correlation of log2 fold change in hnRNP A2/B1 ASO treated mouse spinal cord vs. saline treated spinal cord (X-axis) and hnRNP A2/B1 ASO treated spinal cord, vs. NTC ASO
(y-axis), for the same 32 genes. Dotted line is the least squares linear regression.
(C) Table of the 32 most highly differentially expressed upon hnRNP A2/B1 depletion in
mouse spinal cord. Differential expression was determined by RNA-seq and microarray
and then confirmed by qPCR. Genes marked in green contain iCLIP enrichment.
(D) Western blotting showing upregulation, upon hnRNP A2/B1 depletion, of the levels of
hnRNP A1 and SRSF7, but not of the other splicing factors indicated. Tubulin served as a
loading control. Each lane represents lysate prepared from one spinal cord.
(E) Summary of small RNA sequencing results from mouse spinal cords and human iPSC-MNs in which hnRNP A2/B1 was depleted by ASO treatment, compared to control
treatment (n=3 replicates per treatment and cell/tissue type, for a total of 12 samples). The
data show that among 578 and 460 microRNAs detected in mouse spinal cords and human
iPSC-MNs, respectively, only one microRNA (miR-146a) was significantly differentially
expressed in mouse spinal cords, while none were found to be affected by hnRNP A2/B1
depletion in human iPSC-MNs.
(F) Validation of alternative poly-A site usage upon knockdown of hnRNP A2/B1 of events
in Figures 2I and 2J. qPCR was performed for each gene with primer sets detecting the
proximal and distal cleavage sites. The ratio is displayed on the y-axis. Error bars are SEM
calculated with three replicates per condition.
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1.4 HnRNP A2/B1 regulates alternative 3’ cleavage choice in vivo
As hnRNP A2/B1 binds within 3’UTRs, we next evaluated whether hnRNP A2/
B1 affects alternative polyadenylation. To identify alternative 3’ cleavage sites, we utilized
the DaPars algorithm (Xia et al., 2014) to analyze the RNA-seq data obtained from the
ASO-treated mouse 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
shortening of the 3’UTR in the ATPase, Na+/K+ Transporting, Beta 2 polypeptide (Atp1b2)
gene (Figure 2I), and a lengthening of the 3’UTR in Hnrnph1 (Figure 2J). Quantitative RTPCR successfully 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.

1.5 Hundreds of alternative splicing events depend on hnRNP A2/B1 protein level
We identified 276 AS changes from our splicing-sensitive microarray data (Figure
3A, Data S1I). The largest differences were observed in the class of AS events known as
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), we did observe that 5 of the top 20 cassette events featured 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 using both saline (vehicle) as well as non-targeting
ASO as controls (Figure 3E; Figure S3A). Intriguingly, we identified an alternative cassette
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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 6 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 4 replicates per condition.
(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 (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 3E.
(G) An example of alternative 3’UTR usage (grey box) regulated by hnRNP A2/B1, in the
Rsrp1 gene with nearby iCLIP clusters. Color coding of the browser tracks is as in (1E-J).
The red, grey and green lines above the gene models indicate the position of primers used
for qPCR validation. Colors correspond to the bar graph in the inset. Inset: qPCR validation
of alternative 3’UTR usage. Tbp was used as the reference gene. Error bars are SEM computed with 3 replicates per condition.
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exon within the 3’UTR of the Hnrnpa2b1 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 (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. For example, hnRNP A2/B1 binding is 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 (Rsrp1) gene (Figure 3G). Depletion of hnRNP A2/B1 results 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 (Itpr2) (Figure S3B). We conclude that loss of hnRNP A2/B1 affects hundreds of AS
events in vivo, including an exon within its own 3’UTR.

1.6 HnRNP A2/B1 interacts with RNA components of the spliceosome.
To evaluate if hnRNP A2/B1 interacts with components of the splicing machinery,
we performed isotonic lysis of mouse spinal cord samples and RNA immunoprecipitation
followed by Northern blotting with probes interrogating the snRNA family. We confirmed
specific enrichment of U2, U4, U5, and U6 snRNA with immunoprecipitation of hnRNP
A2/B1, but not U1 snRNA (Figure S3C). Using Northern blotting, we measured total snRNA levels in saline treated and hnRNP A2/B1 depleted mouse spinal cords. We did not
observe significant changes in overall snRNA levels (Figure S3D). From these data, we conclude that hnRNP A2/B1 interacts with snRNAs but loss of hnRNP A2/B1 does not affect
snRNA levels.
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Figure S3. Supplemental data related to AS changes induced upon hnRNP A2/B1
depletion (Figure 3).
(A) Three additional splicing changes detected in ASO treated mouse spinal cords validated by RT-PCR and capillary electrophoresis. Arrows point to the transcripts produced by
alternative cassette events.
(B) Table of significantly changed splicing events, altered upon depletion of hnRNP A2/B1
in mouse spinal cord, that overlap with previously published ALS related genes.
(C) Enrichment of hnRNP A2/B1 on RNA components of the spliceosome. hnRNP A2/B1
was immunoprecipitated from mouse spinal cord lysates. The bound RNA was recovered
and detected by northern blot against five snRNAs.
(D) Northern blot against five snRNAs from mouse spinal cord total RNA. There is no consistent difference in snRNA levels after hnRNP A2/B1 depletion.
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1.7 HnRNP A2/B1-dependent splicing in the D-amino acid oxidase gene results in
reduced expression and enzymatic activity
The AS event that harbored 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 Dao in 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 a known agonist of
the NMDA receptor, and reports have suggested that increased D-serine levels contribute
to excito-toxicity in ALS (Sasabe et al., 2007). Upon depletion of hnRNP A2/B1 protein,
overall Dao mRNA expression is unaltered (Figure 4B), but RT-PCR validation of the microarray-predicted exon skipping event shows a substantial increase in the abundance of
the shorter isoform, relative to the longer isoform (Figure 4C). This alteration is predicted
to cause a shift in reading frame and early termination of the protein, but the location of the
premature termination codon is not predicted to lead to nonsense-mediated decay.
Upon hnRNP A2/B1 knockdown, we observed a 30% reduction in protein levels of
the long isoform (Figure 4D). The predicted structure of the short isoform lacks two alpha
helices and three beta sheets, which are present in the structure of the full-length isoform
(Figure 4E). This suggests that the short isoform may have defects in enzymatic activity.
To test if the shorter mRNA isoform is translated and retains enzymatic activity, we stably
expressed both the long and short isoforms in human 293 FRT cell lines (Figure 4F). We
found that while both isoforms were similarly expressed at the mRNA level (Figure 4G),
the protein level of the short isoform was significantly reduced (Figure 4F), suggesting that
the shorter isoform is subjected to reduced translation or protein stability. To determine the
mechanism for reduced protein levels of the short isoform, we treated cell lines stably expressing each isoform with the proteasome inhibitor MG-132. We performed immunoblotting over 24 hours and found that cell lines expressing the short isoform of Dao accumu-
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Figure 4. hnRNP A2/B1-dependent AS in the D-amino acid oxidase (DAO) 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 qPCR. Tbp is used as reference. Error bars are
SEM computed with 4 replicates. The mean transcript level for the control mice is normalized to one.
(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.
(E) X-ray crystallography structure of human DAO (left; Protein Database ID 2E48, Kawazoe et al. (2006)) and the predicted structure of the short isoform (right). The circles denote
2 alpha helices and 3 beta sheets that are absent in the predicted shorter isoform.
(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.
(G) No difference in transcript level of Dao mRNA from the clones shown in (F) determined by qPCR. Tbp was used as a reference gene. Error bars are SEM computed with 4
replicates per condition.
(H) D-amino acid oxidase activity in the clones shown in (F). Bars represent the ratio of
substrate to non-substrate dependent activity. Error bars are SEM computed with 4 replicates per condition.
(I) Western blotting of DAO protein translated in rabbit reticulocyte lysate reveals similar
levels in cells expressing either isoform.
(J) D-amino acid oxidase activity in the lysates shown in (J). The wedge below the bars denotes serial 2 fold dilutions of the lysates.
(K) Depletion of hnRNP A2/B1 in the human U251 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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lated the protein (Figures S4A and S4B). Conversely, cell lines expressing the long isoform
had stable levels of protein expression. To measure enzymatic activity, we subjected the
transgenic cell lines expressing each isoform to a cell-based assay that measures the release
of H2O2 during DAO activity (Figure S4C). Cell lines expressing the long isoform showed
significant DAO activity, while cell lines expressing the short isoform had no DAO activity
above background level (Figure 4H). To distinguish effects due to protein expression from
effects due to reduced enzymatic activity, we translated the long and short isoforms of Dao
in vitro using rabbit reticulocyte lysate (Figure 4I). We measured the activity of the in vitro
translated long and short protein 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 Dao is evolutionarily conserved, we inspected the orthologous 118bp exon in human DAO, which has high amino acid conservation to the murine exon. However, the exon is not annotated as being alternatively spliced. We designed
RT-PCR primers in the adjacent constitutive exons and checked for multiple isoforms in
human PSC-MNs. Unfortunately, we observed no expression of DAO mRNA in these samples (data not shown). As expression of DAO is thought to be region and cell-type specific
(Horiike et al., 1994), we consulted the Brain RNA-seq database (Zhang et al., 2014), which
comprises expression data for a variety of cell types obtained from mouse and human cerebral cortices. Little to no expression of DAO in any of the samples in this database was
reported (Figures S4D and S4E). Finally, we obtained a panel of human CNS RNA samples.
We observed DAO mRNA expression only in astrocytes from human cerebellum and spinal
cord (Figure S4F top). Sanger sequencing of the bands from RT-PCR analysis confirmed
a longer isoform as human mRNA containing exons 8, 9, and 10 and a shorter isoform as
lacking exon 9 (Figure S4F bottom). We conclude that DAO mRNA is expressed primarily
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Figure S4. Supplemental data related to exon skipping in the Dao gene after hnRNP A2/B1 depletion in mouse spinal cord (Figure 4).
(A) Western blot of DAO in transgenic cell lines expressing the long or short isoforms of
the protein. Cells were treated with MG-132 and harvested 1h, 2h, 4h, 10h and 24 later.
GAPDH served as a loading control. These data were used to generate the graph in Figure
4H. The top band is an unspecific band.
(B) Relative fold change in DAO protein after treatment with MG-132 determined by Western blotting. The zero time point for each line is normalized to 1.
(C) A schematic representation showing how the Amplex Red assay is coupled to DAO and
used to read out the activity level by fluorescence emission.
(D-E) Expression data from the Brain RNA-Seq project. FPKM values for DAO/Dao are at
the noise level for all samples in both human (D) and mouse (E).
(F) RT-PCR analysis of the long and short DAO transcript isoforms in a panel of RNA from
h isolated from healthy cortex and sALS primary motor cortex obtained from deceased
individuals, primary human astrocytes (ScienCell) and total brain, cerebellum and spinal
cord (Clontech). The isoforms detected and the PCR amplification cycle numbers used are
depicted to the left of the agarose gel image. Sanger sequencing from the indicated gel-extracted PCR amplicons (Insets) confirmed the identity of the PCR products (bottom).
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in human astrocytes of the cerebellum and spinal cord and that its AS is conserved in mouse
spinal cord. Importantly, shRNA-mediated depletion of hnRNP A2/B1 in a human U-251
cell line derived from human glioblastoma multiforme 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.

1.8 HnRNP 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 isolated from
fibroblasts harboring wildtype hnRNP A2/B1 and disease-associated hnRNP A2/B1 D290V
mutations (two affected individuals) were subjected to splicing array analysis (Figure 5A;
Data S1J). To evaluate if splicing changes could be attributed to a mutant-dependent loss of
normal splicing, we introduced non-targeting (control) and ASOs targeting human hnRNP
A2/B1 in fibroblasts from unaffected control individuals to deplete hnRNP A2/B1 (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, we found that ~4,000 splicing events were altered relative to controls (Figure 5D).
This is in contrast to fibroblasts depleted of hnRNP A2/B1, where only 875 events registered
as significantly different (Figure 5D). Interestingly, when RNA from fibroblasts harboring
a mutation in the only other known gene related to MSP, the VCP R155H mutation, was
subjected to the same analysis, 703 AS events were altered (Figure 5D). We compared the
overlap of significantly changing alternative cassette events between the different groups
of samples (Figures 5E and 5F). For the VCP R155H mutant fibroblasts, we found that 465
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Figure 5. Fibroblasts from patients with mutations in HNRNPA2B1 and VCP exhibit
widespread splicing defects not found when hnRNP A2/B1 is depleted.
(A) A multiplex family affected by MSP, where affected (filled in black) individuals harbor
p.D290V mutations in the HNRNPA2B1 gene. Fibroblasts and iPSCs used in experiments
in Figures 5-7 were obtained from the indicated individuals.
(B) Depletion of HNRNPA2B1 mRNA in fibroblasts from an unaffected individual by treatment with ASOs, as measured by qPCR using GAPDH as the reference gene. Error bars are
SEM computed with 3 replicates per condition. The control transcript level is normalized
to one. The error for the control samples is 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 used as 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 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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(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 (p<10-25) 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. Interestingly, we observed that the direction of splicing changes in
the three mutant samples was usually anti-correlated with the knockdown sample (Figure
5G). We conclude that disease-causing mutations in hnRNP A2/B1 result in thousands of
splicing changes that are detectable in fibroblasts, 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).

1.9 Altered hnRNP A2/B1-dependent alternative splicing in human iPSC-MNs
To evaluate if RNA processing was altered in iPSC-MNs harboring hnRNP A2/B1
mutations, we generated iPSCs from the affected and non-affected fibroblasts above (Figure
5A, and Figure S5A). Normal ploidy was confirmed by array CGH (Figure S5A) and expression of pluripotency markers was confirmed by immunofluorescence in the iPSC lines
(Figure S5B). PSCs were differentiated to motor neurons using a modified dual-SMAD inhibition protocol (Burkhardt et al., 2013; Chambers et al., 2009) (Fig. S6A). Differentiation
was allowed to proceed for 53 days, at which point cells abundantly expressed pan-neuronal
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Figure S5. Supplemental data related to the characterization of human iPSC and
ESC lines used in Figures 6 and 7.
(A) Summary of PSCs used in Figures 6 and 7 and associated patient information where
applicable.
(B) Immunofluorescence staining of selected iPSC lines demonstrating the expression of
pluripotency markers.
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markers such as MAP2 and phosphorylated Neurofilament (SMI31). We also observed robust expression of the motor neuron-specific markers ISLET1, HB9 and cholinergic marker CHT1 (Figure S6B). Using multi-electrode arrays, we observed high frequency action
potentials and synchronous firing (Figures S6C-S6G). These results demonstrate that we
generated 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 incubated with
non-targeting control (NTC) and hnRNP A2/B1 targeting ASOs (Figure 6A). HnRNP A2/
B1 protein was successfully reduced in normal and D290V mutant human iPSC-MNs (Figure 6B) and RNA extracted from these cells was subjected to splicing-sensitive microarrays
(Data S1K-S1M). To limit the confounding effects of genetic variation between samples, we
conservatively limited our analysis to splicing events that were sensitive to hnRNP A2/B1
depletion. We first identified cassette exons sensitive to hnRNP A2/B1 depletion in normal
iPSC-MNs. Next we identified cassette exons sensitive to hnRNP A2/B1 depletion in hnRNP A2/B1 D290V iPSC-MNs. We then compared the sets of alternative exons identified
in each genotype. Splicing events that were altered only in the unaffected sample are characteristic of mutant-dependent loss-of-function. Splicing events altered only in the affected
sample are characteristic of mutant-dependent gain-of-function. Splicing events that were
changed in both samples are characteristic of events unaffected by the mutation status of
hnRNP A2/B1. We found 67 differentially altered splicing events that were indicative of
loss of normal hnRNP A2/B1 function, 512 events that were mutant-dependent gain-offunction and 223 mutant-dependent loss-of-function events (Figures 6C and 6D). Notably,
nearly two-thirds of all splicing events are grouped into the mutant-dependent gain-offunction category, corroborating our findings in patient fibroblasts (Figure 5).
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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 HNRNPA2B1 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 was the loading control. Tubulin (Tub.).
(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 both.
(D) Scatterplots comparing the sepscore (ASO vs. NTC) for WT HNRNPA2B1 vs. HNRNPA2B1 p.D290V. Dotted line is the least squares linear regression. The colors denote 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 served as a 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 t-test was performed with n=9 to generate the relevant p values.
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We hypothesize that hnRNP A2/B1 D290V mutant protein may be aggregating in
the nucleus thus causing widespread splicing changes. Indeed, previous studies have reported nuclear TDP-43 aggregation in ALS patient samples and models of ALS (Burkhardt
et al., 2013; Udan-Johns et al., 2014). We performed nuclear versus cytoplasmic separation
followed by detergent soluble versus insoluble fractionation in 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 and may start to aggregate in the nucleus. This aggregation may also cause perturbations in expression of other RBPs. Thus, we measured the protein levels of SRSF7, as
well as hnRNP A1 and hnRNP H1, shown previously 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 A1 or hnRNP H1 protein levels (Figures 6E and
6F). We did observe a significant increase in SRSF7 protein levels, consistent with our result
observed in mouse spinal cord (Figure S2D). We next compared the protein levels of these
four RNA binding proteins in PSC-MNs derived from three unaffected and three affected
individuals. For hnRNP A2/B1, hnRNP A1, and hnRNP H1, we observed no consistent
difference in protein levels between the two groups (p > 0.05), while 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 alternative splicing is abnormal in
iPSC-MNs from patient cells harboring MSP-causing mutations, potentially caused in part
by increased nuclear insolubility of mutant hnRNP A2/B1.
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Figure S6. Supplemental data related to the characterization of human PSC derived motor neurons used in Figures 6 and 7.
(A) A schematic of the differentiation and treatment of human PSC derived motor neurons.
For stress granule experiments (Figure 7; Figure S7) cells were treated at day 28 and were
not treated with aphidicolin. For ASO depletion experiments (Figure 6) cells were harvested at day 53 after aphidicolin treatment. For MEA experiments (Figure S6C-S6F), cells were
recorded on the indicated day and were not treated with aphidicolin.
(B) Immunofluorescence staining of the indicated protein markers in iPSC-MNs derived
from an unaffected individual. Cells were fixed at day 28 without aphidicolin treatment, and
day 53 after aphidicolin treatment. Scale bare = 100 μm.
(C) Heat map of spontaneous electrophysiological activity on an multielectrode array
(MEA) in four wells (64 electrodes per well) recorded at the indicated time points. MNs
were derived from unaffected control hiPSCs.
(D) Six examples of spikes recorded by the MEA at the indicated time points.
(E) Raster plot of MEA activity across 64 electrodes (rows) in a single well over 30 seconds.
Tick marks indicate single spikes. Blue ticks indicate bursting events closely spaced in time
(5 spikes in less than 100 msec). Pink boxes denote spontaneous synchronous activity distributed over many electrodes (10 spikes in less than 100 msec).
(F–G) Quantification of firing rate (F) and mean number of bursts (G) over a 5 minute
recording session in unaffected iPSC-MNs. Error bars are SEM calculated using four wells
per condition.
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1.10 hnRNP A2/B1-mutant neurons display increased risk of death during longterm culture
We hypothesize that increased nuclear insolubility of hnRNP A2/B1 and abnormal
RNA processing in mutant hnRNP A2/B1 MNs is likely to result in decreased survival over
time. To recapitulate the progressive death of motor neurons, a defining characteristic of
ALS, we tracked iPSC-MNs from affected and unaffected individuals longitudinally. iPSC-MNs were generated and transfected with a mApple reporter under the control of the
synapsin promoter, a marker of neurons. mApple-positive cells were tracked over time using an automated microscope and analyzed for survival (Figure 7A) according to methods
previously described (Skibinski and Finkbeiner, 2013). Interestingly, iPSC-MNs from two
affected individuals had a significantly higher risk of death compared to two unrelated controls (Figures 7B and 7C). We conclude that our in vitro iPSC-MN model of hnRNP A2/B1
D290V proteinopathy exhibits progressive death.

1.11 hnRNP A2/B1-mutant iPSC-MNs exhibit excess hnRNP A2/B1 in stress granules
Another hallmark of ALS and other related proteinopathies is the accumulation
of aggregates of mutant protein 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 hnRNP A2/
B1 D290V mutations (Kim et al., 2013). However, this aggregation of hnRNP A2/B1 into
RNA granules has not been observed in human neurons with endogenous expression of
mutant RBPs. In unstressed PSC-MNs, we do not have biochemical evidence that there
is more insoluble hnRNP A2/B1 in the cytoplasm (Figure 7D; Figures S7A-D). Indeed,
by immunofluorescence, hnRNP A2/B1 was localized to the nucleus and dense cytoplasmic aggregates were not observed in either affected individuals or controls (Figures 7D 7E;
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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 MNs. MNs were 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 (hnRNP 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 antibody 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. Scale bar = 10 μm.
(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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Figures S7B-D). To induce the formation of stress granules, we challenged PSC-MNs with
puromycin (Kedersha et al., 2000; Liu-Yesucevitz et al., 2010). After 24 hours of puromycin
treatment, PSC-MNs developed dense cytoplasmic aggregates positive for the stress granule markers G3BP1 (white arrows in Figure 7D), TIA1, PABP, and TDP43 (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). This result is consistent with previous data demonstrating increased aggregation and fibrillization of hnRNP A2/B1 D290V in in vitro biochemical experiments
(Kim et al., 2013; Molliex et al., 2015). Interestingly, iPSC-MNs from a VCP R155H carrier
also harbored an increase in 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.

1.12 hnRNP A2/B1-mutant iPSC-MNs exhibit exacerbated gene expression and AS
changes in response to stress
After observing robust and consistent accumulation of hnRNP A2/B1 in stress
granules in cells carrying a D290V mutation, we wondered if the mutant genotype was also
associated with unusual gene expression or splicing changes in response to chemical stress.
We exposed PSC-MNs with various genotypes to puromycin treatment and measured the
changes with splicing sensitive microarrays (Figure S8A; Data S1N and S1O). We used cells
from three affected individuals carrying hnRNP A2/B1 D290V, one affected individual carrying VCP R155H, and three unaffected individuals with normal genotype. PSC-MNs were
generated and treated with puromycin or saline for 24 hours in triplicate. We focused our
splicing array analysis on stress related changes, employing an analysis strategy similar to
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Figure S7. Supplemental data related to stress granule formation and nuclear aggregation in iPSC-MNs (Figure 7).
(A) Western blots showing results of nuclear / cytoplasmic (left / right) and detergent insoluble / soluble fractionation (top / bottom) in unaffected and MSP iPSC-MN. Histone H3
and β-Actin were used as nuclear and cytoplasmic loading controls, respectively. Quantification is shown for the hnRNP A2/B1 bands in the nuclear insoluble fraction. Quantification determined relative to the unaffected sample.
(B) Immunofluorescence staining for hnRNP A2/B1 (green) and PABP (red) (top row; see
Figure S7C for unmerged channels), as well as the indicated additional stress granule markers (red) in iPSC-MNs from an unaffected individual and an hnRNP A2/B1 D290V patient
(middle and bottom rows). The images of TIA1 staining in controls also serve as controls in
Figure S7D. Scale bar = 10 μm. Magenta arrows indicate hnRNP A2/B1 localized to stress
granules. White arrows indicate stress granules negative for hnRNP A2/B1 staining.
(C) Immunofluorescence staining for PABP and hnRNP A2/B1 in iPSC-MNs from an unaffected individual (control) and an hnRNP A2/B1 D290V patient, treated with puromycin or
PBS (vehicle). Arrows indicate hnRNP A2/B1 located to stress granules. Scale bar = 10 μm.
(D) Immunofluorescence staining showing the localization of hnRNP A2/B1 (green) and
TIA-1 (red) in control and VCP R155H iPSC-MNs. Nuclei are DAPI-stained (blue). Scale
bar = 10 μm.
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that used in Figure 6. Significant expression or splicing changes were called for each of the
seven pairs of treated and untreated samples. We then examined the resulting statistically
significant changes to determine which changes were shared between all samples and which
changes were associated with disease status. The majority of gene expression and AS changes upon stress were shared among all seven samples (Figures 8A and 8B). A large fraction of
observed gene expression and splicing 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
of the raw intensity correlation from all arrays 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 DNAJC12 and early response genes JUN and FOS
in all samples (Data S1N). We also observed significant AS changes in the transcription
factor HSF2, the chaperones DNAJC12, DNAJB2, DNAJC120, DNAJC13, and DNAJC21 in
all samples tested (Data S1O).
To understand stress-responsive, mutant-specific splicing and expression changes,
we considered the 748 genes found to be changed in all samples. Hierarchical clustering
using pairwise fold changes for these genes revealed two distinct clusters, one containing
affected samples, and another containing the unaffected controls (Figure S8C). Clustering
using pairwise AS differences for the 2333 shared splicing changes revealed a similar clustering pattern (Figure S8D). We next examined these shared changes to determine if there
were systematic differences between affected and unaffected individuals. We constructed
scatterplots of the shared expression and splicing changes, using the median fold change
or AS difference, respectively, for each sample group. Regression analysis showed a highly
significant slope value less than one (Figure 8D and 8E). This indicates a trend towards
increased magnitude for expression and splicing changes in affected samples compared to
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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-MNs 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 (Y-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 t-test shows that the slopes are significantly different from unity (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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controls upon stress. Plotting the top AS events ranked by their absolute difference between
the affected and unaffected samples showed that for 15 of these 20 events, the median splicing change was larger in magnitude for affected samples than unaffected samples (Figure
8F).
In summary, we find that stress treatment induces both shared and disease-specific
changes in gene expression and AS. Most changes are shared between all sample groups.
Nevertheless, we find that the magnitudes of gene expression and splicing changes are consistently larger in affected samples compared to controls. Thus iPSC-MNs derived from
patients with MSP exhibit an exacerbated stress response compared to controls.
Chapter 1 is a modified adaptation of the material as it appears in: Protein-RNA
networks regulated by normal and ALS-associated mutant HNRNPA2B1 in the nervous
system. Fernando J. Martinez, Gabriel A. Pratt, Eric Van Nostrand, Ron Batra, Stephanie C.
Huelga, Katannya Kapeli, Mark Fang, Peter Freese, Seung J. Chun, Chelsea Gelboin-Burkhart, Layla Fijany, Harrison Wang, Hong-joo Kim, Rea Lardelli, Shibing Tang, Balaji Sundararaman, John P. Donohue, Jens Lykke-Andersen, Sheng Ding, Shuo-Chien Ling, Frank
Bennett, Manuel Ares Jr., Christopher B. Burge, J. Paul Taylor, Frank Rigo, Gene W. Yeo.
Neuron. 2016 Nov. The dissertation author was the primary investigator and author of this
paper.
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Figure S8. Supplemental data related to splicing and expression changes resulting
from puromycin-induced stress in iPSC-MNs from hnRNP A2/B1 D290V patients
and the VCP R155H patient (Figure 8).
(A) Schematic of the experimental design.
(B) Heat map of the correlation of the raw intensities of the 42 splicing-sensitive microarrays used in this experiment. Hierarchical clustering shows clear separation of puromycinand vehicle (PBS)-treated samples.
(C-D) Heat maps of fold-changes in gene expression (C) and AS (SepScore; D) in those
gene that are changed upon stress in all samples. Hierarchical clustering shows clear separation of affected and unaffected control samples. Color mapping is by Z-score computed
for each row.
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CHAPTER 2: DISCUSSION

Our study provides the first transcriptome-wide analysis of hnRNP A2/B1 binding
and function in the nervous system. We identified thousands of binding sites on hundreds
of distinct transcripts in both mouse spinal cord and human PSC-MNs. Interestingly, the
binding pattern of hnRNP A2/B1 in vivo adult nervous system is largely distinct from the
binding modes observed for other ALS associated RNA binding proteins. FUS/TLS, TDP43
and TAF15 were previously found to bind mostly in intronic regions, especially within
genes with exceptionally long introns. In the case of hnRNP A2/B1, we found intronic binding to be relatively infrequent (359 intronic binding sites in mouse). Instead, the majority of
binding sites were found in 3’UTRs. While FUS and TDP43 (Lagier-Tourenne et al., 2012;
Polymenidou et al., 2011; Rogelj et al., 2012; Tollervey et al., 2011) were each found to bind
thousands of transcripts, hnRNP A2/B1 bound a much more modest number of genes.
These qualitative differences in binding indicate distinct roles in RNA processing for hnRNP A2/B1 compared to FUS/TLS and TDP43 in vivo. Previous data has shown that FUS/
TLS associates with PolII complexes and may be deposited in a co-transcriptional manner
(Kwon et al., 2013; Schwartz et al., 2012). Similarly, TDP43 may be involved in transcriptional elongation and PolII pausing (Lalmansingh et al., 2011). However, the presence of
hnRNP A2/B1 in 3’UTR regions and not “coating” introns indicates that hnRNP A2/B1
proteins are not deposited until the nascent mRNA is almost completely transcribed. These
findings are consistent with our observation that very few genes (fewer than 30) exhibit
significant expression changes after depletion of hnRNP A2/B1. When we examined microRNA levels, we also found a minimal effect on microRNA expression upon knockdown
of hnRNP A2/B1.
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When we compared AS changes induced by hnRNP A2/B1 depletion in vivo to
hnRNP A2/B1 binding sites observed by iCLIP, we found that while the most significantly
ranked splicing 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 TDP43),
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; Rogelj et al., 2012; Tollervey et al., 2011). Aside from a strong intronic binding
site downstream of an auto-regulated alternative exon in the 3’UTR of HNRNPA2B1, our
data supports our conclusion that the majority of the splicing 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 on 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.
Aside from AS regulation we unexpectedly identified alternative polyadenylation
events affected by loss of hnRNP A2/B1 in vivo. Importantly, half of these events exhibited
hnRNP A2/B1 binding within the 3’UTRs. Two notable transcripts that encode splicing
factors showed large differences in 3’UTR selection preference near hnRNP A2/B1 binding
sites after depletion. These genes – RSRP1 and HNRNPH1 – 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
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shown that D-serine metabolism is affected in the SOD1 transgenic mouse model of ALS
(Thompson et al., 2012) and mutant mice that do not express DAO protein exhibit weakness, motor neuron loss, and other ALS-like symptoms (Lobsiger et al., 2007; Sasabe et al.,
2012; Thompson et al., 2012). Recently, a large study of ALS patients found polymorphisms
in the DAO gene to be associated with decreased survival (Cirulli et al., 2015). In our study,
we observed exon skipping of an 118nt exon in the Dao transcript after depletion of hnRNP
A2/B1. The resulting protein isoform is highly unstable and appears to be compromised in
its enzymatic activity. We do not yet know if CNS tissue harboring hnRNP A2/B1 D290V
mutations will recapitulate our findings involving D-amino acid metabolism in hnRNP A2/
B1 depleted tissue.
Consistent with previous reports, we identified DAO expression only in astrocytes
isolated from the adult cerebellum and spinal cord. We also demonstrated that AS is an
evolutionarily conserved mode of regulation of DAO 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 HNRNPA2B1 mutations. We opine that this connection between AS and regulation of amino acid
metabolism is relevant to neurodegeneration. Reduced levels of hnRNP A2/B1 have been
associated with Alzheimer’s disease and this depletion was specifically linked to loss of cholinergic neurons (Berson et al., 2012). Our unexpected findings link the levels of an RNA
binding protein to a physiologically important enzyme.
Our data provides compelling hypotheses regarding how mutations in hnRNP A2/
B1 may lead to neurodegeneration. We generated iPSC-MNs derived from patients with
MSP mutations that feature reduced survival in long-term culture compared to controls,
thereby recapitulating a defining characteristic of ALS i.e. progressive neuronal death. We
also found a substantial number of differential splicing events in mutant cells that were
not present after depletion. This indicates that at least by AS, the effects of hnRNP A2/B1
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D290V mutations are not equivalent to a simple loss-of-function. Our observation is reminiscent of a recent study showing that an ALS-causing FUS mutation causes motor neuron
degeneration in mice not by simple loss-of-function, but by a combination of loss and gainof-function (Scekic-Zahirovic et al., 2016).
One possible mechanism underlying the abnormal splicing changes observed is suggested by an increase in the levels of nuclear, insoluble hnRNP A2/B1 protein in unstressed
mutant motor neurons, compared to controls. 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 that the normal control of alternative splicing is impacted.
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 RBPs including, TDP43,
FUS/TLS, and EWSR1. It has been suggested that cytoplasmic aggregation of these proteins
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 own data, we put
forward an alternative interpretation. The RBPs mentioned above are also normally localized to the nucleus of cells. Although aggregation is typically described in the cytoplasm,
nuclear aggregates of TDP43 have been reported (Burkhardt et al., 2013; Udan-Johns et
al., 2014). In our view, cytoplasmic aggregation may represent an end stage symptom of
dysfunction that begins in the nucleus. For instance, in the case of hnRNP A2/B1 D290V,
we did not observe cytoplasmic aggregation until the cells had been severely stressed with
puromycin for 24 hours.
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Besides protein aggregation, we also found that cells derived from MSP patients respond abnormally to stress in other ways. Cells with hnRNP A2/B1 D290V mutations and
VCP R155H mutations 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. In our view, 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.
Chapter 2 is a modified adaptation of the material as it appears in: Protein-RNA
networks regulated by normal and ALS-associated mutant HNRNPA2B1 in the nervous
system. Fernando J. Martinez, Gabriel A. Pratt, Eric Van Nostrand, Ron Batra, Stephanie C.
Huelga, Katannya Kapeli, Mark Fang, Peter Freese, Seung J. Chun, Chelsea Gelboin-Burkhart, Layla Fijany, Harrison Wang, Hong-joo Kim, Rea Lardelli, Shibing Tang, Balaji Sundararaman, John P. Donohue, Jens Lykke-Andersen, Sheng Ding, Shuo-Chien Ling, Frank
Bennett, Manuel Ares Jr., Christopher B. Burge, J. Paul Taylor, Frank Rigo, Gene W. Yeo.
Neuron. 2016 Nov. The dissertation author was the primary investigator and author of this
paper.

CHAPTER 3: EXPERIMENTAL PROCEDURES

3.1 RNA Bind-n-Seq (RBNS)
3.1.1 RBNS experimental procedure
RBNS was performed as previously described (Lambert et al., 2014). Briefly, a truncated reading frame of HNRNPA2B1 (amino acids 1-197), which contains both RRMs,
was cloned downstream of a tandem GST-SBP tag into a modified pGex6p-1 vector (GE).
The truncated protein was recombinantly expressed, purified via the GST tag, and used for
RBNS performed at 5 concentrations (5 nM, 20 nM, 80 nM, 320 nM, and 1300 nM) with a
pool of randomized 20-mer RNAs flanked by short primers. Preparation of the randomized
RNA pool and experimental conditions were described in (Lambert et al., 2014), with the
modification that RBNS was performed at 4 degrees C rather than 37 degrees C.

3.1.2 RBNS Computational Analysis
Motif enrichment (R) values were 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 if they had a Z-score ≥ 2 (mean and standard deviation calculated over
all 6-mers). Values in Fig. 1D are for the protein concentration library with the highest
overall enrichment (80 nM). For comparison with CLIP-seq data, RBNS enrichments were
determined from the concentration with the largest enrichment. For enrichment in CLIPseq 6-mers, FASTQ sequences were extracted from all clusters, and a matched number of
random clusters from the same genomic region (5’-UTR, CDS, 3’-UTR, proximal introns,
and distal introns. EMBOSS compseq was performed on the true and background set, and
a delta between real and background k-mers was calculated with the equation:
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where N is the number of times the motif occurs in the set and f is observed frequency of
the motif. To plot enrichment, all 6-mers with the 4-mer of interest were highlighted and a
KDE plot was created for all 6-mers. Statistical significance in differences between distributions was determined by the Kolmogorov–Smirnov 2-tailed test.

3.2 CLIP analysis of mouse and human samples
3.2.1 iCLIP experimental procedure
8-week old, female, C57/BL6J mice were obtained from Jackson Labs (Bar Harbor,
ME). Mice were sacrificed and the spinal cords were removed, flash frozen in liquid nitrogen, and ground finely with a mortar and pestle. The frozen cords were UV crosslinked
at λ=254nm with 400 mJ/cm2 of energy. iCLIP libraries were prepared as previously described (Huppertz et al., 2014) using rabbit polyclonal antibody GTX127928 (Genetex) (10
mg per sample) (Data S1P) (RRID: AB_2616069). Libraries were sequenced on the HISEQ
2500 platform in single end mode with a read length of 50 base pairs.

3.2.2 eCLIP experimental procedure
eCLIP was performed according to (Van Nostrand et al., 2016). Human iPSC-MNs
were differentiated in culture for 28 days. Approximately 20 million cells were UV crosslinked at λ=254nm with 400 mJ/cm2 of energy. Crosslinked cell pellets were lysed and
treated with RNAse I (Ambion). Lysate was immunoprecipitated using rabbit polyclonal
antibody GTX127928 (Genetex) (10 μg per sample) and Dynabeads Protein G (Thermo
Fisher Scientific). Immunoprecipitated samples were washed and dephosphorylated with
Fast AP (Thermo Fisher Scientific) and T4 PNK (NEB). A 3’ RNA adapter was ligated using
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T4 RNA Ligase (NEB). Samples were run on PAGE gels and transferred to nitrocellulose
membranes. A region of membrane spanning 75kDa above themolecular weight of hnRNP A2/B1 was cut and RNA was recovered using Proteinase K and phenol-chloroform.
RNA was reverse transcribed using Affinityscript (Agilent Technologies) and treated with
ExoSAP-IT (Affymetrix). A DNA adapter containing a 5nt randomer was then ligated to
the 3’ end (T4 RNA Ligase, NEB). Samples were purified using Dynabeads MyOne Silane
(Thermo Fisher Scientific), quantified by qPCR, and then PCR amplified to the appropriate number of cycles. Amplified libraries were size selected with an agarose gel, quantified
using the Agilent Tapestation, and sequenced on the Illumina HiSeq 2500 platform using
paired end 50bp reads.

3.2.3 iCLIP computational analysis
Raw CLIP-seq reads were trimmed of polyA tails, adapters and low quality ends
using Cutadapt with parameters:
--match-read-wildcards --times 2 -e 0 -O 5 --quality-cutoff ’ 6 -m 18 -b TCGTAT		
GCCGTCTTCTGCTTG -b ATCTCGTATGCCGTCTTCTGCTTG -b CGACAG		
GTTCAGAGTTCTACAGTCCGACGATC -b TGGAATTCTCGGGTGCCAAGG 		
-b AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
-b TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
Trimmed reads were mapped against a database of repetitive elements derived from RepBase (version 18.05) using Bowtie (version 1.0.0) with parameters (Langmead et al., 2009):
-S -q -p 16 -e 100 -l 20
Reads not mapped to repetitive elements were mapped to the mm9 mouse genome (UCSC
assembly) using STAR (version 2.3.03) with parameters (Dobin et al., 2013):
--outSAMunmapped Within –outFilterMultimapNmax 1 –outFilterMultimap		
ScoreRange 1
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Reads having the same 5’ mapping position were collapsed to a single read to eliminate PCR
duplication. CLIPseq peaks were identified as previously described (Zisoulis et al., 2010).

3.2.4 eCLIP computational analysis
Reads were demultiplexed using custom scripts and the randomer was appended to
the read name. Reads were trimmed, filtered for repetitive elements, and mapped to human
genome assembly hg19 as described in iCLIP computational analysis. PCR duplicated reads
were removed based on the start positions of read1, read2, and the sequence of the randomer. eCLIP peaks were identified using CLIPPER with parameters (Lovci et al., 2013):
–s hg19 –o –bonferroni –superlocal --threshold-method binomial --save-pickle
Peak strength was then normalized against a size matched input by calculating fold enrichment of number of reads in IP versus number of reads in size matched input. Peaks were
called significant if the number of reads in IP was greater than the number of reads in input
and the peaks a Bonferroni corrected Fisher exact p-value of less than .05.

3.2.5 Distance away from motif
All significant peaks were used to compute distance of motifs away from peaks.
Distance was calculated using the HOMER command:
annotatePeaks.pl <peaks> hg19 -m <motif file> -hist 20 -size 1000 -noann.
Peaks were then shuffled with the number of peaks binding in each region (5’UTR, 3’UTR,
CDS, proximal and distal introns) in the transcriptome being preserved and a background
distribution was computed.
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3.2.6 De novo motif analysis
Motif analysis was performed using the findMotifs program in the HOMER software package with parameters (Lovci et al., 2013): -p 4 -rna -S 10 -len 5,6,7,8,9 (REF)
A background set was obtained using random clusters in the same genic regions as CLIPPER-identified hnRNP A2/B1 clusters.
3.3 Cell culture
All cell cultures were kept humidified at 37°C and 5% CO2.

3.3.1 Human fibroblasts
Human fibroblasts were grown on Poly-L-Lysine coated plates in DMEM (High
Glucose) supplemented with 10% FBS, 1% NEAA, and 1% L-glutamine (Thermo Fisher
Scientific). Cells were passaged using TrypLE select (Thermo Fisher Scientific). Cell line
information is detailed in Data S1B.

3.3.2 Human iPSC generation
Human fibroblasts were reprogrammed using the CytoTune iPS Sendai Reprogramming kit, according to the manufacturer’s instructions (Thermo Fisher Scientific). Nascent
colonies were manually passaged onto Matrigel coated dishes (Becton Dickenson) for several passages and then expanded using Accutase (Innovative Cell Technologies). In some
cases, previously generated iPSC lines from individual J. Craig Venter were used (Gore et
al., 2011). Cell line information is detailed in Data S1B.

59
3.3.3 iPSC and ESC culture
All human pluripotent cells (PSCs) were grown on Matrigel coated dishes (Becton
Dickenson), in mTesR1 media (Stem Cell Technologies) and passaged manually or with
Accutase (Innovative Cell Technologies). During all passaging or thawing steps, the ROCK
inhibitor Y27632 (Tocris) was used at a concentration of 10μM for 24 hours.

3.3.4 Differentiation of human motor neurons from PSCs
Human iPSCs and ESCs were differentiated according to a modified version of (Burkhardt et al., 2013; Chambers et al., 2009). Confluent dishes of feeder free PSCs were placed
in hEB Media: Knockout D-MEM + 10% Knockout Serum Replacement (Thermo Fisher
Scientific) + 10% Plasmanate (Biocare) + GLUTAMAX + NEAA (Thermo Fisher Scientific) and supplemented with 10 uM SB431542, 10 uM Dorsomorphin dihydrochloride, and
4 μM CHIR99021 (Tocris). SB431542 and Dorsomorphin were maintained in all cultures
until day 18 of differentiation CHIR99021 was maintained until day 6 of differentiation.
On days 4, 5 and 6 of differentiation, hEB media was mixed with N2 Base media: D-MEM/
F12 + GLUTAMAX, 1% N-2 Supplement + 4.5 mM D-Glucose, 0.05 mM Ascorbic Acid
(Sigma-Aldrich) at a ratio of 70:30, 50:50, and 50:50, respectively. On days 7 and 8 of differentiation, cells were maintained in a 50:50 combination of hEB media and Maturation Media: D-MEM/F12 + GLUTAMAX, 2% N-2 Supplement, 4% B-27 Serum-Free Supplement
(Thermo Fisher Scientific), 9.0 mM D-Glucose, 0.1 mM Ascorbic Acid (Sigma-Aldrich) in
addition to 2 ng/mL each of Ciliary Neurotrophic Factor (CNTF), Brain-Derived Neurotrophic Factor (BDNF), and Glial Cell-Derived Neurotrophic Factor (GDNF) (Peprotech).
Beginning on day 7, the neurons were patterned with 200 nM Smoothened Agonist (EMD
Biosciences) and 1.5uM Retinoic Acid (Sigma-Aldrich). These compounds were maintained until day 22. After 18 days of differentiation, cells were dissociated using Accutase,
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and transferred to Poly-D-Lysine (Sigma-Aldrich) + Laminin (Thermo Fisher Scientific)
coated dishes and maintained in Maturation Media with Retinoic Acid and Smoothened
Agonist. On day 22, RA and SAG were withdrawn and the cells were maintained in Maturation Media containing 2 μM DAPT (Tocris) for a period of 3 days. After this time, cells
were maintained in Maturation Media only. Throughout the protocol media was changed
daily. We analyzed PSC-MNs for neuronal markers at two or more time points including
25 and 32 days after neural induction. Cells in PSC-MN cultures had processes that stained
positive for axonal protein neurofilament and expressed lineage markers of motor neurons
that innervate the limb: ISLET1 and HB9.

3.3.5 Multi-electrode array recordings
On day 18 of differentiation, PSC-MNs were dissociated into plates containing
multi-electrode arrays (Axion Biosystems). PSC-MNs were matured according to our standard protocol until day 46. On day 32 and day 46 neurons were recorded for 5 minutes in
standard media using Axion Biosystems Maestro amplifier.

3.3.6 FLP-In-293 (HEK293-FRT) stable cell line generation
FLP-In-293 cells were obtained from Thermo Fisher Scientific. Cells were grown
on Poly-L-Lysine coated plates in DMEM (High Glucose) supplemented with 10% FBS, 1%
NEAA, and 1% L-glutamine (Thermo Fisher Scientific). Cells were passaged using TrypLE
select (Thermo Fisher Scientific). For stable cell line generation, 1x106 cells were plated into
each well of a 6 well plate. After 24 hours, wells were transfected with Lipofectamine 2000
and 3μg of pOG44 + 1μg of plasmid containing the gene of interest (pcdna5/FRT backbone). 48 hours after transfection, cells were split into 10cm dishes and supplemented with
100μg/ml hygromycin. Treatment with hygromycin continued until colonies appeared.
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Drug resistant colonies were manually passaged and then expanded. Expression of the gene
of interest was confirmed by western blotting.

3.3.7 U-251 MG cell culture and shRNA transfection
The U-251 MG human glioblastoma cell line was obtained as a gift from Frank Funari. Cells were grown in conditions identical to what is described above for fibroblasts. For
shRNA mediated hnRNP A2/B1 depletion, U-251 cells were seeded at a density of 100,000
cells per well in 12 well plates. 24 hours after plating, cells were transfected with the pLKO.1
vector containing shRNA constructs targeting hnRNP A2/B1 or GFP (Sigma- Aldrich).
Transfection was achieved using Lipofectamine 3000 (Thermo Fisher Scientific) in accordance with the manufacturer’s instructions. 2μg of DNA and 3μL of reagent was used per
well. Cells were harvested with Trizol (Thermo Fisher Scientific) 48 hours after transfection.
hnRNP A2/B1 depletion was verified by western blotting. The sequences and catalog numbers for the shRNA constructs used are as follows. All shRNA constructs were acquired as
glycerol stocks (Sigma-Aldrich).
shRNA
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(CAT#:

TRCN0000001059):

CCGGCAGAAATACCATACCAT-

CAATCTCGAGATTGATGGTATGGTATTTCTGTTTTT
shRNA 61 (CAT#: TRCN0000001061): CCGGTGACAACTATGGAGGAGGAAACTCGAGTTTCCTCCTCCATAGTTGTCATTTTT
shRNA 82 (CAT#: TRCN0000010582): CCGGAGAAGCTGTTTGTTGGCGGAACTCGAGTTCCGCCAACAAACAGCTTCTTTTTT
shRNA GFP: GCAAGCTGACCCTGAAGTTCAT3
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3.4 Antisense oligonucleotide (ASO) based depletion of hnRNP A2/B1
3.4.1 Stereotactic injections of ASOs in mouse
8-week old, female, C57/BL6J mice were anesthetized with isoflurane. Saline containing 500 μg of antisense oligonucleotide targeting Hnrnpa2b1 was delivered by intracerebroventricular injection using a Hamilton syringe. Control animals were injected with
saline alone or with an ASO that does not target any known region of the mouse genome.
The sequences for the ASOs are as follows: GToAoCoAacagcttcttAoAoCoTC (Hnrnpa2b1),
CCoToAoTaggactatccAoGoGoAA (Control). ASOs were mixed backbone “gapmers” where
capitalized nucleotides contain 2’-O-(2-methoxy)ethyl modifications. The backbone was
phosphorothioate DNA except for nucleotides flagged with o which were phosphodiester
DNA. Mice were routinely monitored and sacrificed 28 days post injection. The spinal
cords were harvested and flash frozen. RNA and protein were extracted using Trizol (Thermo Fisher Scientific) according to the manufacturer’s instructions. Successful knockdown
was validated by western blot using sc-32316 (RRID: AB_2279639), sc-53531 (RRID:
AB_2248245) (Santa Cruz), or GTX127928 (GeneTex). All procedures were performed in
accordance with a protocol approved by the Institutional Animal Care and Use Committee
of Isis Pharmaceuticals and the University of California at San Diego.

3.4.2 ASO depletion of hnRNP A2/B1 in human fibroblasts
Patient fibroblasts from control and affected individuals were grown to confluence
in triplicate wells. For knockdown experiments 20ng of ASO targeting HNRNPA2B1 or
control ASO were transfected using Lipofectamine 2000, in accordance with the manufacturer’s instructions (Thermo Fisher Scientific). The sequences for the ASOs are as follows: TTCACatgtcacctgAAACT (HNRNPA2B1-1), GCTTCttaactctacACACG (HNRNPA2B1-2), CTCAGTAACATTGACACCAC (Control). ASOs were phosphorothioate
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“gapmers” where capitalized nucleotides contain 2’-O-(2-methoxy)ethyl modifications.
Successful knockdown was verified by western blot and qRT-PCR.

3.4.3 ASO depletion of hnRNP A2/B1 in human PSC derived motor neurons
PSC-MNs were differentiated from control individuals and D290V patients as described above. After 25 days 5um ASO against hnRNP A2/B1 or non-targeting ASO (detailed above) was added to the media. For the first 5 days of ASO treatment, cells were also
treated with 4μm aphidicolin (Sigma-Aldrich) to eliminate any remaining undifferentiated
cells. The media and ASO was replaced every 5 days until 53 days post differentiation. RNA
and protein were extracted using TRIzol (Thermo Fisher Scientific) according to the manufacturer’s instructions. Successful knockdown was determined by western blotting.

3.5 Western blotting
Unless otherwise noted, protein samples were extracted and solubilized from
TRIzol lysates according to the manufacturer’s instructions (Thermo Fisher Scientific).
Protein concentrations were measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). For samples solubilized in urea containing buffer (Figure S7A) the Pierce
660nm Protein Assay was used instead (Thermo Fisher Scientific). Proteins were separated
on Novex Bis-Tris 4-12% PAGE gels (Thermo Fisher Scientific) and transferred onto nitrocellulose or PVDF membranes. Membranes were blocked for one hour in the Odyssey
Blocking Buffer (LiCor) and probed with the appropriate primary antibody (Data S1P).
Detection was achieved using species specific LiCor IRDye secondary antibodies and an
Odyssey infrared imaging system (LiCor).
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3.6 Expression analysis by RNA-seq
3.6.1 Library preparation, sequencing, and analysis
RNA was extracted using TRIzol in accordance with the manufacturer’s instructions. RNA quality was determined using the Agilent TapeStation according to the manufacturer’s instructions. 1μg of total RNA was used to prepare each library. Library preparation was achieved using a TruSeq stranded total RNA with Ribozero Gold kit (Illumina
RS-122-2301). Sequencing was performed on a HISEQ 2500 platform in single end mode
with a read length of 100bp. Reads were trimmed to remove adapters and mapped to the genome using STAR with parameters identical to those used for iCLIP analysis. Counts were
calculated with featureCounts (Liao et al., 2014) and RPKMs were then computed. Genes
with RPKM values lower than 0.1 were not used. Differential expression was measured by
calculating two sample T-statistics between ASO treated and control mice. P-values were
calculated and then adjusted using a Benjamini-Hochberg FDR <0.01.

3.6.2 Small RNA Sequencing
Mouse spinal cords and human iPSC-MNs were generated and harvested as described in the corresponding sections. Samples were treated with ASOs targeting HNRNPA2B1 or non-target controls in biological triplicate. Libraries were generated using the
Illumina TruSeq Small RNA Library Prep Kit using 500ng of total RNA. Libraries were
sequenced on the Illumina MiSeq with 50 cycles.

3.6.3 miRNA expression analysis
First, 3’ adapters were trimmed from sequencing reads using cutadapt. The data was
then mapped to either the human or mouse (hg19 and mm10 respectively; University of
California, Santa Cruz [UCSC] [http://genome.ucsc.edu]) genomes using Bowtie software
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(version 1.1.1); the following parameters were used:
-k [valid alignments per read], 1; -m [number of possible alignments], 10; -l [seed 		
length], 25; --best [optimal alignments]; --chunkmbs 128
featureCounts was used with the mirBase (http://mirbase.org/) miRNA annotations for human (v20; hg19) and mouse (v21; mm10). Differential miRNA expression was determined
using the DESeq2 software (https://bioconductor.org/packages/release/bioc/html/DESeq2.
html) (Data S1F and S1G).

3.6.4 Quantitative (qPCR) analysis
500 ng-1 μg of total RNA was reverse transcribed using Superscript III (Thermo
Fisher Scientific) with random hexamer primers. cDNA was diluted 10-fold in water and
quantified with Power SYBR Green Master Mix (Thermo Fisher Scientific). Detection was
carried out on an iQ5 real-time PCR detection system (Bio-Rad). Biological samples were
prepared in technical triplicate. Analysis was performed using iQ5 optical system software.
Median cT values were calculated from each triplicate set. Genes of interest were normalized by appropriate reference genes (Data S1Q). Relative transcript levels were estimated
using the 2-ΔcT method. Biological replicates were averaged to generate mean fold changes. Primer sequences were generated from Primer3 (Untergasser et al., 2012) software or
obtained from Integrated DNA Technologies PrimeTime qPCR assays. Wherever possible,
primers were designed such that the primer pair flanked an exon-exon junction. Sequences
are detailed in Data S1Q.
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3.7 Alternative splicing analysis by microarray
3.7.1 Splicing analysis in mouse spinal cord samples and human PSC derived motor neurons (Figure 8)
500 ng of total RNA was used to prepare each microarray sample. Mouse splicing
junction mJay or HTA 2.0 (Affymetrix) arrays were prepared and hybridized by the UCSD
VA hospital microarray facility according to the manufacturer’s instructions. Data analysis
was performed as previously described (Huelga et al., 2012). Significant and high quality
events were selected using a q-value < 0.05 and an absolute sepscore > 0.5, where sepscore
= log2[hnRNP A2/B1 depleted or puromycin stress (Skip/Include)/Control treated (Skip/
Include)]. For each set of replicates, the log2 ratio of skipping to inclusion was calculated
using robust least squares regression. Differential expression data was also calculated from
array data as previously described. Significant events were selected for p-value < 0.05 and
log2 fold change > 0.5.

3.7.2 Splicing analysis in human fibroblasts
Human splicing junction HJAY (Affymetrix) microarrays were prepared and hybridized by the UCSD VA hospital microarray facility according to the manufacturer’s instructions in technical triplicates. Analysis of AS and differential expression was performed
identically to mJay arrays described above. For D290V and VCP mutant patient fibroblast
samples, sepscores and q-values were calculated relative to two different fibroblast samples
from unaffected individuals. Sepscores and q-values were also calculated between the two
control fibroblast samples used. High confidence differential splicing events were filtered by
requiring samples to pass the sepscore and q-value cutoff relative to both control samples.
Splicing events were further filtered by removing events that were flagged as differentially
spliced between the two control samples used.
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3.7.3 Splicing analysis in human PSC derived motor neurons (Figure 6)
500 μg of total RNA was used to perform microarray preparation and hybridization.
Samples were hybridized in technical triplicates. RNA samples for microarray profiling
were prepared using WT Expression Kit (Ambion), hybridized to Affymetrix HTA 2.0 microarrays, and imaged. Signal for all probes was RMA-normalized (Affymetrix Expression
Console). Probes quantifying cassette exons (comprising exclusion junction, upstream and
downstream inclusion junction, and inclusion exonic probes) were normalized against the
average signal for the entire gene (to remove gene expression changes), and Student’s t-Test
was performed on residuals comparing control versus knockdown in WT and D290V mutant lines separately. Inclusion probes and exclusion probes were analyzed separately, with
significant events defined as those with either inclusion or exclusion probe p-value ≤ 0.001.
To reduce the confounding effects of genetic variation withing samples, we considered only
AS events that were sensitive to hnRNP A2/B1 depletion. Loss of function events were
those that were changed in WT samples only. Gain of function events were those that were
changed in D290V mutant samples only. Normal function events were those that were
changed in all samples.

3.7.4 RT-PCR analysis of splicing changes
1ug of total RNA was reverse transcribed using superscript III (Thermo Fisher Scientific) and random hexamer primers. For RT-PCR experiments, primers were designed in
constitutive exons flanking the alternative exon of interest. Primer sequences are detailed
in Data S1Q. cDNA was column purified (Qiagen) and quantified. 4 ng of cDNA was subjected to 35 cycles of PCR. The products were analyzed using the Agilent TapeStation. The
peaks from the electropherogram were integrated and the normalized included fraction
was calculated as:
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[(included)/(included+skipped)]ASO/[(included)/(included+skipped)]control
In some cases, PCR products were run on agarose gels, gel extracted and Sanger sequenced
to confirm the identity of the observed isoforms. Primer sequences were generated from
Primer3 (Untergasser et al., 2012) software.

3.7.5 Alternative Polyadenylation
Alternative polyadenylation (APA) sites were identified from RNA-seq data using
the bioinformatics algorithm DaPars (Xia et al., 2014), which uses a regression model to locate endpoints of alternative polyadenylation sites, was used to identify differences in APA
events between hnRNP A2/B1 depleted samples and controls. To identify significant APA
events, we used the following cutoffs:
FDR < 0.05, |ΔPDUI| ≥ 0.2, and |dPDUI| ≥ 0.2.
APA scatter plots were generated using the R-Studio program with the ggplot2 library. Selected APA changes were validated using qPCR. The primer sequences are detailed in Data
S1Q.

3.8 Northern blotting and RNA immunoprecipitation (RIP) northern blotting
For northern blots, RNA from ASO injected mouse spinal cord was used (see above
for details). For RIP northern blots, 8 weeks old female C57/BL6J mice were sacrificed and
the spinal cords extracted as above. Cords were flash frozen in liquid nitrogen and ground
into a fine powder with a mortar and pestle. Ground spinal cords were lysed in lysis buffer
(50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% NP-40; 0.1% SDS; 0.5% sodium deoxycholate)
supplemented with protease Inhibitor (Roche) and murine RNase inhibitor (New England
Biolabs). Protein G Dynabeads (Thermo Fisher Scientific) were washed and conjugated
with 10μg of antibody against hnRNP A2/ B1 (Genetex) (GTX127928) or normal rabbit
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IgG (Thermo Fisher Scientific). Lysates were rotated overnight with conjugated beads at
4°C. The supernatant was removed and beads were washed 8 times with wash buffer (10mM
Tris-HCl, pH 7.5; 150 mM NaCl; 0.1% Triton-X 100). The bound RNA was extracted from
the beads with Trizol (Thermo Fisher Scientific), quantified and mixed with TBE-Urea
(8M) loading buffer. In subsequent steps, RIP northern and standard northern samples
were treated identically. RNA was separated by electrophoresis on 9% 19:1 polyacrylamide,
0.6x TBE, 8M Urea at 20 mA/gel for 2 hrs. Gels were transferred in 0.5x TBE to nylon membrane at 25V for 16 hours. Membranes were UV crosslinked, blocked with Ultrahyb Oligo
(Life Technologies), and hybridized with 5’ end-radiolabeled DNA oligos (see Data S1Q).

3.9 Measurements of alternative isoforms of Dao
3.9.1 RT-PCR of human DAO transcript
Healthy and sporadic ALS (sALS) RNA samples were obtained from the motor cortex of deceased individuals (Courtesy J. Ravits). Astrocyte RNA from cortex, spinal cord,
and cerebellum was purchased from Sciencell Research Laboratory. RNA from total brain,
total spinal cord, and total cerebellum was purchased from Agilent Technologies. Samples
were reverse transcribed and subject to PCR as above. The PCR products were gel extracted
and Sanger sequenced with the same primers used to generate the products (Data S1Q).

3.9.2 Constructs
Open reading frames for the mouse Dao long and short isoforms were determined
from the UCSC genome browser. A 3xFLAG tag was appended to the 3’ end of the sequence.
Constructs containing the tagged ORFs were synthesized by Genscript. The 3xFLAG tagged
ORFs were cut out with restriction enzymes and subcloned into the multiple cloning site of
the pcDNA5/FRT vector. See Data S2A and S2B for sequences.

70
3.9.3 Tertiary structure prediction
Predicted amino acid sequences for DAO long and short isoforms were obtained
from UCSC genome browser.
The sequences were submitted to:
Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/) and
SWISS-MODEL (http://swissmodel.expasy.org/interactive.

DAO Isoform 1 (Long Isoform):
MRVAVIGAGVIGLSTALCIHERYHPTQPLHMKIYADRFTPFTTSDVAAGLWQPYLSDPSNPQEAEWSQQTFDYLLSCLHSPNAEKMGLALISGYNLFRDEVPDPFWKNAVLGFRKLTPSEMDLFPDYGYGWFNTSLLLEGKSYLPWLTERLTERGVKLIHRKVESLEEVARGVDVIINCTGVWAGALQADASLQPGRGQIIQVEAPWIKHFILTHDPSLGIYNSPYIIPGSKTVTLGGIFQLGNWSGLNSVRDHNTIWKSCCKLEPTLKNARIVGELTGFRPVRPQVRLEREWLHFGSSSAEVIHNYGHGGYGLTIHWGCAMEAANLFGKILEEKKLSRLPPSHLDYKDHDGDYKDHDIDYKDDDD

DAO Isoform 2 (Short Isoform):
MRVAVIGAGVIGLSTALCIHERYHPTQPLHMKIYADRFTPFTTSDVAAGLWQPYLSDPSNPQEAEWSQQTFDYLLSCLHSPNAEKMGLALISGYNLFRDEVPDPFWKNAVLGFRKLTPSEMDLFPDYGYGWFNTSLLLEGKSYLPWLTERLTERGVKLIHRKVESLEEVARGVDVIINCTGVWAGALQADASLQPGRGQIIQVEAPWIKHFILTHDPSLGIYNSPYIIPGMQELWVNSLASGQSGLRSGDYKDHDGDYKDHDIDYKDDDDK
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3.9.4 Proteasome assay
Stable cell lines expressing either the long or short isoform of DAO or control cells
expressing no transgene, were plated at 2.5x105 cells/well in a 6-well plate. 72 hours after
plating, cells were treated with 4 μM Mg132 proteasome inhibitor (Sigma-Aldrich) for 0,
1, 2, 4, 10, and 24 hours. Cells were harvested in RIPA buffer (50 mM Tris-HCl pH. 7.4,
150 mM NaCl, 0.1% SDS, 0.5% Sodium deoxycholate, 1% NP-40, 1x protease inhibitor
(Roche)), incubated at 4°C on a shaker for 30 min, and shredded with a QIAShredder (Qiagen). Harvested cells were stored at -20°C until western blotting.

3.9.5 Cell based activity assay
FLP-In-293 cells expressing either DAO Isoform 1 (long) or DAO Isoform 2 (short)
or control cells expressing no transgene were plated at 100,000 cells/well in a 96-well plate
overnight. Clones were plated in technical triplicate. The Amplex Red kit (Amplex Red
Hydrogen Peroxide/Peroxidase Assay Kit, cat. A-22188, Molecular Probes/Invitrogen) was
used to measure H2O2 released into the medium during the oxidation of DAO. Prior to the
start of the assay, the media in each well was replaced with 100 μL of HANKS buffer solution (Invitrogen/GIBCO) with 20 mM HEPES for 5-10 min. In the wells containing control
cells, H2O2 was added to final concentrations of 0 μM, 1.25 μM, 2.5 μM, 5 μM, 7.5 μM, 10
μM, 15 μM, and 20 μM to create a standard curve. The media in each well was then mixed
with 25 μL of a 5x mixture of either assay buffer (50 mM D-Serine, 0.125 units HRP, 50 μM
Amplex Red stock solution in HANKS with 20 mM HEPES) or control buffer (assay buffer
without D-Serine) and incubated at 37°C for 30 min. The fluorescence signal was measured
on an Infinite 200PRO (Tecan) with excitation at 544 nm and emission at 590 nm at 30 min,
60 min, 100 min, and 200 min after the addition of assay or control buffer.

72
3.9.6 Cell-free activity assay
3XFLAG tagged versions of the long and short isoforms of the mouse Dao protein
were expressed in rabbit reticulocyte lysates using the TNT Quick Coupled Reticulocyte
Lysate kit (Promega). In a 50-μL reaction, 1 μL of pcDNA5/FRT_mDAO_FLAG (1000 ng/
μL) DNA was incubated with 1 μL methionine (1 mM), 41 μL of reticulocyte lysate, and 9
μL water at 30°C for 60 min. Translation product was flash-frozen in dry ice and methanol
and then immediately dissolved in 2.5 mM FAD in HANKS buffer (HBSS, calcium, magnesium, no phenol red; Thermo Fisher Scientific) + 10.5 mM HEPES at 4°C for 30 min.
The final 100-μL reaction contained the following components: 1 μL reticulocyte lysate
(mDAO1_FLAG, mDAO2_FLAG, or T7 Luciferase Control), 4 μM Amplex Red (Thermo
Fisher Scientific), 0.6 μL DMSO, 0.1 U/mL HRP (Thermo Fisher Scientific), 50 mM D-serine (Sigma-Aldrich), 500 nM FAD (Sigma-Aldrich), and H2O2 standards, all in HANKS
buffer + 10.5 mM HEPES. The H2O2 standards were incubated in a dark room with Amplex Red and HRP in HANKS buffer prior to plating. Resorufin, caused by the oxidation of
Amplex Red during mDAO-catalyzed turnover of D-serine, was measured on an Infinite
200PRO (Tecan) during 4-hour kinetic run (5 min time points with agitation) with excitation and emission wavelengths of 563 and 594 nm respectively. The H2O2 concentration
was calculated using linear regression on the fluorescence.

3.10 Stress granule assays
3.10.1 Treatment of cells
Motor neurons from control and affected individuals were differentiated and matured as described above. On day 18 the cells were re-plated into glass bottom chamber
slides or glass bottom 96 well plates. On day 28 cells were treated with 36 μM puromycin or
saline for 24 hours. After 24 hours the cells were fixed and processed for immunofluores-
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cence as described below.

3.10.2 Immunofluorescence and imaging
Cells were fixed for 15 minutes in 4% PFA then washed 3 times with PBS + 0.01%
Triton-X. Cells were permeablized with PBS+0.1% Triton-X for 45 minutes then blocked
for 1 hour in PBS+0.01% Triton-X + 5% normal goat serum. Primary antibodies were incubated overnight at 4°C in PBS+0.01% Triton-X + 5% normal goat serum according to dilutions listed in Data S1P. After incubation the primary antibody was removed and the cells
were washed 5 times for 10 minutes in PBS+0.01% Triton-X. Alexa fluor conjugated secondary antibodies were then incubated for 90 minutes at room temperature in PBS+0.01%
Triton-X + 5% normal at a dilution of 1:1000 (Thermo Fisher Scientific). Next cells were
washed 5 times for 10 minutes in PBS+0.01% Triton-X with the fourth wash containing 10
mg/mL DAPI. Images were acquired on a Zeiss 780 inverted laser scanning confocal microscope using a 20X Plan Apo air objective (Zeiss) or a 63X Plan Apo oil immersion objective
(Zeiss). Primary antibodies used are detailed in Data S1P.

3.10.3 Image analysis
Four images were taken for each condition in Figure 7 and Figure S7. In Figures 7D
and Figures S7B, images were blinded and then nuclei and G3BP1 and hnRNP A2/B1 foci
were counted manually. Bar graphs are expressed as foci / nucleus.

3.10.4 Nuclear / cytoplasmic and Detergent soluble / insoluble fractionation
Nuclear and cytoplasmic fractions were extracted according to (Rio et al., 2010).
Cells were rinsed in cold PBS and detached by gentle scraping. Cells were pelleted and resuspended in hypotonic lysis buffer (20 mM Tris HCl pH7.5, 10 mM KCl, 1.5 mM MgCl,
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5 mM EGTA, 1 mM EDTA, 1 mM DTT, Protease Inhibitor Cocktail III (EMD Millipore)).
The suspension was homogenized with 10 strokes of a dounce homogenizer. The nuclei
were pelleted by centrifugation at 1200g and the cytoplasmic fraction was cleared of nuclei
and debris by further spins at 1200g. The supernatant containing the cytoplasmic fraction
was solubilized by adding 1% NP-40, 0.5 % Na-Deoxycholate, and 0.1% SDS. The nuclei
were resuspended in a sucrose buffer (0.32 M sucrose, 3 mM CaCl2, 2 mM MgOAc, 0.1
mM EDTA, 10 mM Tris HCl pH 8, 1 mM DTT, 0.5% NP-40, Protease Inhibitor Cocktail
III) and homogenized with 3 strokes of a dounce homogenizer. The nuclear suspension was
layered on top of a 2.0 M sucrose cushion (2 M sucrose, 5 mM MgOAc, 0.1 mM EDTA, 10
mM Tris pH 8, 1 mM DTT, Protease Inhibitor Cocktail III) and centrifuged at 20,000g for
one hour. Pelleted nuclei were solubilized in RIPA buffer (50 mM Tris HCl pH7.4, 1% NP40, 0.5% Na-deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, Protease
Inhibitor Cocktail III). Cytoplasmic and nuclear fractions solubilized in RIPA were treated
with Turbo DNAse (Thermo-Fisher) for 1 hour at 37°C and then sonicated in the Bioruptor
(Diagenode) for 10 minutes on high power. The detergent insoluble material was pelleted
by centrifugation at 20,000g for one hour and the supernatant was removed (soluble fraction). The detergent insoluble pellets were solubilized in buffer containing (7 M urea, 2 M
thiourea, 4% CHAPS, 30 mM Tris HCl pH 8.5, Protease Inhibitor Cocktail III) and sonicated in the Bioruptor (Diagenode) for 10 minutes on high power. All fractions were filtered
using a 0.22 μM cellulose acetate spin filter (Costar). Western blotting was performed as
above. Antibodies against histone H3 and β-Actin were used to verify the nuclear and cytoplasmic fractions, respectively. See data S1P.
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3.11 Long Term Imaging Experiments
3.11.1 Differentiation and Cell Culture
iPSC lines from two ALS patients with hnRNP A2/B1 D290V mutations and two
healthy individuals (Miyaoka et al., 2014) were confirmed for normal karyotype. The iPSCs
were differentiated into motor neurons using a dual SMAD inhibition protocol as previously described (Burkhardt et al., 2013; Chambers et al., 2009) with modifications from Du et
al 2015 (Du et al., 2015). Briefly, the iPSCs were neuralized in IMDM/F12 medium (Thermo Fisher) with SMAD inhibitors: 0.2 μM LDN-193189 (Stemgent) and 10 μM SB431542
(Stemgent). Cultures were split 1:2 after 1 week in medium containing 0.1 μM RA, (Sigma-Aldrich) and 1 μM SAG (Fisher Scientific) and 3 μM CHIR99021, 0.2 μM LDN193189
and 10 μM SB431542. After 1 more week, the cultures were banked frozen in Synthafreeze
(Thermo Fisher). All cell lines were then thawed simultaneously to synchronize neuron
maturation for imaging experiments. The MN cultures were fed with medium containing
Compound E (0.1 μM, Fisher), 2.5 μM DAPT (Fisher), 0.1 μM db-cAMP (Sigma-Aldrich),
200 ng/mL ascorbic acid (Sigma- Aldrich), 10 ng/mL each BDNF and GDNF (Fisher Scientific), together with 0.5 μM all-trans RA and 0.1 μM SAG for an additional 6 days. MN cultures were trypisizined and plated into 96-well plates, lipofected with a plasmid expressing
the red fluorescent protein mApple under the neuronal specific promoter Synapsin.

3.11.2 Imaging and analysis.
The iPSC-neurons were imaged starting 2 days after transfection, once every six
hours on a custom-built robotic microscopy system comprised of a Nikon T2i widefield
fluorescence microscope and 888 Andor camera, and kept in a robotic incubator (Liconic).
Individual neurons were tracked using custom algorithms and neuronal survival was analyzed in time-lapse images. Kaplan-Meier survival analysis was used to measure survival
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of individual neurons over time. Cumulative risk of death curves were derived from the
Kaplan Meier survival curves. Cox proportional hazard analysis was used to measure cumulative hazard ratio of iPSC-MNs from ALS patients compared with healthy individuals
and derive P values as previously described (Skibinski and Finkbeiner, 2013).
Chapter 3 is a modified adaptation of the material as it appears in: Protein-RNA
networks regulated by normal and ALS-associated mutant HNRNPA2B1 in the nervous
system. Fernando J. Martinez, Gabriel A. Pratt, Eric Van Nostrand, Ron Batra, Stephanie C.
Huelga, Katannya Kapeli, Mark Fang, Peter Freese, Seung J. Chun, Chelsea Gelboin-Burkhart, Layla Fijany, Harrison Wang, Hong-joo Kim, Rea Lardelli, Shibing Tang, Balaji Sundararaman, John P. Donohue, Jens Lykke-Andersen, Sheng Ding, Shuo-Chien Ling, Frank
Bennett, Manuel Ares Jr., Christopher B. Burge, J. Paul Taylor, Frank Rigo, Gene W. Yeo.
Neuron. 2016 Nov. The dissertation author was the primary investigator and author of this
paper.

APPENDIX
Data S2. Sequences for 3xFLAG tagged Dao open reading frames related to Figure
4 and Figure S4 and supplemental experimental procedures.
(A) mDao_Long_3xFLAG:
GGTACCGCCACCATGCGCGTGGCCGTGATCGGAGCAGGAGTCATTGGGCTCTCCACAGCCCTCTGCATTCATGAGCGTTACCACCCAACACAGCCACTGCACATGAAGATCTATGCAGATCGATTCACCCCGTTCACCACGAGCGATGTGGCCGCCGGCCTCTGGCAGCCTTATCTCTCTGACCCCAGCAACCCTCAGGAGGCGGAGTGGAGCCAGCAAACGTTTGATTACCTGCTGAGCTGCCTCCATTCTCCAAACGCTGAAAAAATGGGCCTGGCCCTAATCTCAGGCTACAACCTCTTCCGAGATGAAGTTCCGGACCCTTTCTGGAAAAACGCAGTTCTGGGATTCCGGAAGCTGACCCCCAGTGAGATGGACCTGTTCCCTGATTATGGCTACGGCTGGTTCAATACAAGCCTCCTTCTAGAGGGGAAGAGCTACCTGCCATGGCTAACTGAGAGGTTAACTGAGAGGGGAGTGAAGCTTATCCATCGGAAGGTGGAGTCTCTCGAAGAGGTGGCAAGAGGAGTGGATGTGATTATCAACTGCACCGGGGTGTGGGCCGGGGCCCTGCAAGCAGATGCCTCCCTGCAGCCAGGCCGGGGCCAGATCATCCAGGTGGAGGCCCCTTGGATTAAACACTTCATCCTCACCCATGATCCTAGCCTTGGTATCTACAACTCTCCGTACATCATCCCAGGTTCCAAGACAGTTACGCTCGGGGGTATATTCCAGCTGGGGAACTGGAGCGGGTTAAACAGCGTCCGTGACCACAATACCATTTGGAAGAGCTGCTGTAAACTGGAGCCCACCCTGAAGAATGCAAGAATTGTGGGTGAACTCACTGGCTTCCGGCCAGTCCGGCCTCAGGTCCGGCTAGAAAGAGAATGGCTTCATTTTGGATCTTCAAGTGCAGAGGTCATCCACAACTATGGTCATGGAGGTTACGGGCTCACAATCCACTGGGGTTGTGCAATGGAGGCGGCCAACCTCTTCGGGAAAATTCTAGAGGAAAAGAAGTTGTCCAGGTTGCCTCCCTCCCACCTCGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGTGAGCGGCCGC
(B) mDao_Short_3xFLAG:
GGTACCGCCACCATGCGCGTGGCCGTGATCGGAGCAGGAGTCATTGGGCTCTCCACAGCCCTCTGCATTCATGAGCGTTACCACCCAACACAGCCACTGCACATGAAGATCTATGCAGATCGATTCACCCCGTTCACCACGAGCGATGTGGCCGCCGGCCTCTGGCAGCCTTATCTCTCTGACCCCAGCAACCCTCAGGAGGCGGAGTGGAGCCAGCAAACGTTTGATTACCTGCTGAGCTGCCTCCATTCTCCAAACGCTGAAAAAATGGGCCTGGCCCTAATCTCAGGCTACAACCTCTTCCGAGATGAAGTTCCGGACCCTTTCTGGAAAAACGCAGTTCTGGGATTCCGGAAGCTGACCCCCAGTGAGATGGACCTGTTCCCTGATTATGGCTACGGCTGGTTCAATACAAGCCTCCTTCTAGAGGGGAAGAGCTACCTGCCATGGCTAACTGAGAGGTTAACTGAGAGGGGAGTGAAGCTTATCCATCGGAAGGTGGAGTCTCTCGAAGAGGTGGCAAGAGGAGTGGATGTGATTATCAACTGCACCGGGGTGTGGGCCGGG-
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GCCCTGCAAGCAGATGCCTCCCTGCAGCCAGGCCGGGGCCAGATCATCCAGGTGGAGGCCCCTTGGATTAAACACTTCATCCTCACCCATGATCCTAGCCTTGGTATCTACAACTCTCCGTACATCATCCCAGGTTCCAAGACAGTTACGCTCGGGGGTATATTCCAGCTGGGGAACTGGAGCGGGTTAAACAGCGTCCGTGACCACAATACCATTTGGAAGAGCTGCTGTAAACTGGAGCCCACCCTGAAGAATGCAAGAATTGTGGGTGAACTCACTGGCTTCCGGCCAGTCCGGCCTCAGGTCCGGCTAGAAAGAGAATGGCTTCATTTTGGATCTTCAAGTGCAGAGGTCATCCACAACTATGGTCATGGAGGTTACGGGCTCACAATCCACTGGGGTTGTGCAATGGAGGCGGCCAACCTCTTCGGGAAAATTCTAGAGGAAAAGAAGTTGTCCAGGTTGCCTCCCTCCCACCTCGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGTGAGCGGCCGC
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