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RBFOXT1 regulates both splicing and transcriptional
networks in human neuronal development
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RNA splicing plays a critical role in the programming of neuronal differentiation and, consequently, normal
human neurodevelopment, and its disruption may underlie neurodevelopmental and neuropsychiatric disor-
ders. The RNA-binding protein, fox-1 homolog (RBFOX1; also termed A2BP1 or FOXT), is a neuron-specific
splicing factor predicted to regulate neuronal splicing networks clinically implicated in neurodevelopmental
disease, including autism spectrum disorder (ASD), but only a few targets have been experimentally identi-
fied. We used RNA sequencing to identify the RBFOX1 splicing network at a genome-wide level in primary
human neural stem cells during differentiation. We observe that RBFOX1 regulates a wide range of alternative
splicing events implicated in neuronal development and maturation, including transcription factors, other
splicing factors and synaptic proteins. Downstream alterations in gene expression define an additional tran-
scriptional network regulated by RBFOX1 involved in neurodevelopmental pathways remarkably parallel to
those affected by splicing. Several of these differentially expressed genes are further implicated in ASD
and related neurodevelopmental diseases. Weighted gene co-expression network analysis demonstrates a
high degree of connectivity among these disease-related genes, highlighting RBFOX1 as a key factor coord-
inating the regulation of both neurodevelopmentally important alternative splicing events and clinically rele-
vant neuronal transcriptional programs in the development of human neurons.

tissue-specific manner (2,8), a more detailed understanding of
the regulation of such events is essential if we are to better
understand neuronal differentiation.

INTRODUCTION

The genetic programs that regulate neuronal differentiation

and development are of fundamental importance. In addition
to transcriptional levels of control, RNA splicing plays a crit-
ical role in establishing these genome-wide programs in a
tissue-specific manner (1-3). Neuron-specific RNA splicing
programs are therefore of considerable interest in understand-
ing cellular differentiation and neurodevelopment (4). Examples
include the polypyrimidine tract-binding protein (PTBPI),
which plays a key role in regulating the switch between splicing
programs leading to neuronal and non-neuronal cell differenti-
ation (5), and the NOVA1 splicing factor, which directly regu-
lates hundreds of neuron-specific splicing events involving
such critical developmental processes as synaptogenesis and
neuronal migration (6,7). As virtually all multi-exon genes
undergo alternative splicing, with the majority occurring in a

RBFOXI (also known as A2BPI or FOXI) is a neuron-
specific splicing factor that exerts both positive and negative
regulatory effects on alternative splicing (9) and has been pre-
viously implicated in several neurodevelopmental and neuro-
psychiatric disorders including autism spectrum disorder
(ASD), mental retardation and epilepsy (10—15), attention-
deficit hyperactivity disorder (16), bipolar disorder, schizo-
affective disorder and schizophrenia (17—19). Previous work
using bioinformatic predictions has suggested that RBFOX1
affects a large tissue-specific splicing regulatory network
(2,4,20,21) and this has been further supported by
RNA-protein-binding studies of its homolog RBFOX2
(RBMY or FOX2) in human embryonic stem cells (22), and
studies in knockout mice which show altered synaptic
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transmission, increased membrane excitability and a predis-
position to seizures (23). Together, these studies suggest that
RBFOX] is a high-level regulatory factor in the neuronal de-
velopment cascade acting through the control of RNA splicing
patterns and subsequent alterations in gene expression.

To address whether RBFOXI regulates early genetic pro-
grams important for proper neuronal development and integra-
tive coordinate functioning of neurons, we sought to identify
the specific splicing events regulated by RBFOX! by perform-
ing a genome-wide analysis using RNA sequencing in differ-
entiated primary human neural progenitor (PHNP) cells. Here
we identify the splicing regulatory network downstream of
RBFOXI and show that it regulates the alternative splicing
of a large set of genes important for neuronal development,
maintenance and proliferation. We further demonstrate that
disruption of RBFOX1 function also leads to widespread tran-
scriptional changes involving additional genes important to
these pathways. Furthermore, a subset of these transcriptionally
altered genes show coordinate expression and are implicated in
the molecular pathogenesis of ASD and other neurodevelop-
mental conditions, suggesting that RBFOX! function is also
important for the correct regulation of a network of clinically
relevant neuronal transcriptional programs in human neurode-
velopment.

RESULTS
Characterization of RBFOXI expression in PHNP cells

To study the role of RBFOXI in human brain development, we
used cultures of fetal PHNP cells (24—-26) to avoid evolutionary
or species-specific differences in RBFOX]I splicing regulatory
programs (23). As RBFOXI is itself highly alternatively
spliced (9) (Fig. 1 A), we performed quantitative real time-poly-
merase chain reaction (QRT-PCR) using primers directed to the
first two constitutive exons of all RBFOX1 isoforms (Fig. 1B) to
measure its expression in progenitors and differentiating
neurons. We determined that undifferentiated PHNP cells do
not produce significant amounts of RBFOXI. However, upon
differentiation into neurons, there was a substantial increase in
gene expression, including isoforms with an active RNA-binding
domain  (27) (Fig. 1B). Consistent with  this
differentiation-induced increase in expression, in situ hybridiza-
tion of RBFOX1 in a 19-week human fetal brain shows the major-
ity of expression to be in regions harboring post-mitotic neurons,
with a reduced signal in the germinal zones relative to the basal
ganglia and cortical plate (Fig. 1C). This is similar to what is
seen in developmental mapping within the mouse brain, suggest-
ive of expression in post-mitotic projection neurons and inter-
neurons (28), implicating RBFOXI in the development and
maturation of human neurons.

To further validate the use of the PHNPs, we assessed
whether the RBFOXI isoform profile was comparable with
that of the fetal or adult human brain (Fig. 1D). Similar
isoform expression, including both nuclear and cytoplasmic
forms (29), was noted among the human fetal brain, adult
brain and the undifferentiated and differentiated PHNPs, indi-
cating that RBFOXI isoform expression in this primary cell
culture system is similar to that of the human brain in vivo.
Furthermore, PHNPs recapitulate brain-specific inclusion of

exon 16 and exclusion of muscle-specific exon 17 (30)
(Fig. 1D).

RNA interference-mediated knockdown of RBFOXI
in differentiated PHNP cells

To better study its role in neuronal development, we reduced
all RBFOX1I isoforms in PHNPs through RNA interference
by introducing a short hairpin RNA (shRNA) against exon 9
(shRBFOXI) (Supplementary Material, Fig. S1A). PHNPs
were then differentiated over a period of 4 weeks as
RBFOX1 mRNA levels appear to be maximal at this point
(Fig. 1B), suggesting a functionally important time point.
Transduction into PHNP cells resulted in approximately a
50% reduction of mRNA levels (data not shown) and a
60—70% reduction of RBFOXI protein after 4 weeks of differ-
entiation compared with the non-targeting hairpin (Supple-
mentary Material, Fig. S1B). This system recapitulates the
peripheral blood levels of RBFOXI found in clinically hap-
loinsufficient patients with autism and developmental delay
(10,12) and the reduction observed in brains from patients
with ASD (15).

Knockdown of RBFOXI changes the alternative splicing
pattern of a network of neuronal genes involved in cell
differentiation and proliferation

To assess genome-wide effects of RBFOXI knockdown on
maturing human neurons, RNAs from five biological repli-
cates transduced either with shRBFOXI or shGFP were
analyzed using next-generation sequencing. Analysis of alter-
native splicing was performed according to published methods
(8,31). We identified 996 significant alternative splicing events
involving 603 unique genes (Supplementary Material, File S1).

Defining direct and indirect alternative splicing events
mediated by RBFOX1

As our methods will detect alternative splicing of genes regu-
lated by RBFOXI both directly and indirectly, we examined
the intronic sequence flanking the most significant alternative-
ly spliced exons for the presence of the RBFOXI-binding
sequence (U)GCAUG (4,9,32,33) (Fig. 2B, Supplementary
Material, File S2). Overall, the canonical RBFOX]I site was
detected in 56% of the 996 total significant alternative splicing
events, suggesting that other splicing factors may contribute to
the observed alternative splicing changes or that additional
novel RBFOX]I-binding sites may exist. The presence of the
RBFOXI site did not correlate with the magnitude of the spli-
cing effect (Supplementary Material, File S2). We also found
that the RBFOXI-binding site was enriched above baseline
only in the downstream introns (Fig. 2B, Supplementary
Material, File S2), similar to what has previously been seen
with genes showing altered alternative splicing in autistic brains
with reduced RBFOX1 levels (15).

We next examined whether the locations of the observed
RBFOXI sites were consistent with the alternative splicing
changes detected by RNA sequencing (Fig. 2B, Supplemen-
tary Material, File S2). After excluding alternative exons
that possessed RBFOX] sites both upstream and downstream,
only 51% of the remaining sites were positioned consistently
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Figure 1. Characterization of RBFOX1 expression in human brain and fetal-derived neural progenitor cells. (A) A schematic illustration of the RBFOXI genomic
organization is shown. Figure adapted from Underwood ef al. (9). Untranslated exons are shown in light gray, translated exons are in white. The brain-specific
exon 16 is shown in dark gray, whereas the muscle-specific exon 17 is shown in black. The location of the RNA-binding domain (RRM) is indicated. (B) The
expression level of RBFOXI was assessed by qRT-PCR, with mRNA from PHNP cells differentiated for the indicated times. Primers were directed against exons
8-9 to detect all RBFOXI isoforms (light gray). Autoregulatory alternative splicing of exon 11 eliminates RNA binding, so primers against exons 9—11 were
utilized to detect isoforms with an active RNA-binding domain (dark gray). (C) In situ hybridization was performed with a human fetal brain, age of 19 weeks,
using an $*-labeled antisense riboprobe directed against exons 8—13 of RBFOXI. Two representative coronal and sagittal sections are shown. The sense probe is
used as a control (lower panels). (D) To quantitate the pattern of RBFOX1 isoforms expressed in the indicated tissues and cell lines, RT-PCR was performed
using primers to amplify exons 15-20, which represent the largest region of alternative splicing diversity in the gene. Amplified products were subcloned and
sequenced. Total clones are indicated with the representative counts and percentages of the various alternative spliced isoforms. The most highly expressed
patterns are highlighted in gray. c, caudate; cp, cortical plate; gz, germinal zone; p, putamen; t, thalamus.

with the observed splicing change, suggesting this canonical
model (9,33) may not be universal to all alternative exons.
Interestingly, 63% of all correctly positioned RBFOXI sites
were found downstream of the alternative exon (Fig. 2B, Sup-
plementary Material, File S2), suggesting that the majority of
downstream RBFOX1 sites likely do act as enhancers, whereas
upstream sites may act as silencers or enhancers depending on
local context.

In mice, Rbfox! and Noval coordinate alternative splicing
during neurodevelopment (6), so we examined the intronic
sequences surrounding all the alternatively spliced exons in
our data set for the enrichment of the NOVAI-binding site,
YCAY (4,6). We found a bias against the site in the upstream
introns and no significant enrichment in the downstream
introns where RBFOX1 sites are enriched (Fig. 2B). In con-
trast, binding sites for the unrelated splicing factor, PTBP1

(4), were found to be enriched in both upstream and down-
stream introns (Fig. 2B), likely consistent with its role in the
repression of neuronal exons in non-neuronal tissues (5). On
more detailed inspection, we did find upstream enrichment
of alternate sequences that NOVAI has been reported to bind
(34) (Supplementary Material, File S2), but in vivo cross-
linking and immunoprecipitation experiments do not suggest
these to be of functional significance (35). Therefore, these
data suggest the splicing events observed here are predomin-
antly regulated independent of the NOVAI pathway. To test
this prediction, we chose a list of Noval splicing targets
derived from the mouse brain (6), where an estimated 15%
may be under coordinate regulation with Rbfox1/2 (6), and
found high concordance (Fig. 2D, Supplementary Material,
File S3) indicating that, despite a lack of enrichment for the
NOVAI core binding site (Fig. 2B), many of these genes are
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Figure 2. RNA sequencing detects altered alternative splicing patterns in PHNP cells with RBFOX1 knockdown. (A) Heat map showing clustering of gene ex-
pression among five biological replicates representing three experimental conditions; wild-type (black), RBFOXI1 knockdown (shRBFOXI, red) and non-
targeting RNA interference (shGFP, green). Analysis is of the top 250 most significant genes, using the Bayes method with a Spearman correction. (B) Analysis
of the intronic regions 400 nucleotides upstream and downstream of the alternative exons whose splicing was most significantly affected by RBFOXI knockdown
for the presence of the binding sites for RBFOX1, NOVAI or PTBPI. Observed sites are shown as well as the number predicted by iterative analysis of an equiva-
lent number of random introns culled from all human genes. Enrichment of the various sites is indicated by gray boxes and arrows. Significance is based on the
normal distribution. ns, not significant. A schematic illustration of the predicted effects on alternative splicing based on the location of the RBFOX1-binding site
is shown, with downstream sites enhancing and upstream sites repressing exon inclusion. The correlation between RBFOXI-binding site location and splicing
changes identified by RNA sequencing in this study is shown. (C) Validation of splicing changes detected by RNA sequencing. Exons are labeled using a se-
quential annotation based on location within the gene. Genomic coordinates can be found in Supplementary Material, File S1. qRT-PCR or semi-qRT-PCR was
used to calculate the ratio of exon inclusion in the RBFOX1 knockdown cells lines when compared with the shGFP control line. A selection of 25 genes is shown
with the differential fold change (log base 2) in exon inclusion detected by RNA sequencing shown in red and the observed fold change by RT-PCR shown in
blue. Standard error of the mean is indicated by black bars. (D) Comparison of the RBFOX1 gene set with published gene lists. The number of overlapping genes
is indicated along with the percentage they represent from each list. Lists were derived from the references indicated and are also shown in Supplementary
Material, File S3. Online sources for gene lists include the Genes to Cognition (G2C) database (http://www.genes2cognition.org/), the Organelle DB
(http://organelledb.lsi.umich.edu/), the Online Mendelian Inheritance in Man database (http:/www.omim.org/), the GeneTests database (http://
www.ncbi.nlm.nih.gov/sites/GeneTests/) and the Simons Foundation Autism Research Initiative database (https://sfari.org/). Lists referenced as supplemental
are composites of multiple lists derived from the above sources. P-values were determined based on hypergeometric probability. ER, endoplasmic reticulum.


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds240/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds240/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds240/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds240/-/DC1

regulated by NOVAI, likely through splicing events distinct
from those observed here. This observation highlights the in-
dependent yet coordinative effects of RBFOXI and NOVAI
on human neuronal development.

Because we did not observe RBFOXI- or NOVAI-binding
sites near many of the genes we found to be alternatively
spliced, we explored the hypothesis that RBFOXI might regu-
late the alternative splicing or differential expression of other
splicing factors that could in turn affect downstream splicing
events. We found that three splicing/RNA-processing factors
(34) were alternatively spliced in our data set of predicted
direct RBFOXI targets: heterogeneous nuclear ribonucleopro-
tein D (HNRNPD), known to regulate gene expression in the
developing brain (36), and HNRNPHI and HNRNPAI, pro-
teins that can modulate splice site selection both independent-
ly and in collaboration (37) (Supplementary Material, File S3).
In our data set, HNRNPD sites were found to be enriched
downstream of 29% of the alternative exons (285 of 996
events), whereas HNRNPHI was enriched upstream of 21%
(205 of 996 events) (Supplementary Material, File S2). We
also found that the splicing factor ELAVL2, thought to play
a role in neuronal differentiation (38), was differentially
expressed. ELAVL2-binding sequences were enriched both up-
stream and downstream of alternatively spliced exons in our
data set, with bindings sites present in 36% (355) and 31%
(305) of introns, respectively (Supplementary Material, File
S2). Together, binding sites for either differentially spliced
or differentially expressed splicing factors were found in the
flanking introns of 67% of alternative exons (666 of 996)
with 480 upstream events (48%) and 411 downstream events
(41%) (Supplementary Material, File S2). More than half of
these (56%, 374 of 666) also had a flanking RBFOXI site
but 29% overall (292 of 996) did not, indicating that although
the majority of events are likely direct, regulatory factors
downstream of RBFOX] likely contribute to some of the spli-
cing changes seen following RBFOXI knockdown.

Validation of observed RBFOX1-dependent alternative
splicing events and classification as a neurodevelopmental
splicing network
To validate these RBFOXI-dependent splicing results, we per-
formed quantitative RT-PCR (qRT-PCR) and obtained a sup-
portive confirmation rate of 68% for a set of 25 splicing events
(Fig. 2C). The presence of residual RBFOXI in these cell lines
(Supplementary Material, Fig. S1B) likely influenced these
results, as many of the observed RNA sequencing changes
were less than 2-fold (Fig. 2C) and this level has been previ-
ously noted to reduce splicing validation by this method (39).
Therefore, to independently validate our results, we compared
the RBFOXI-dependent gene set with various relevant pub-
lished gene lists, including genes bioinformatically predicted
to be regulated by RBFOXI (20) or regulated by its homolog
RBFOX2 (22), as well as genes showing altered alternative spli-
cing in autistic brains with reduced RBFOXI levels (15). Our
set showed highly significant concordance rates with all these
lists, and no enrichment when compared with control lists of
genes from cellular organelles (Fig. 2D, Supplementary Mater-
ial, File S3).

We hypothesized that the genes within this splicing network
were likely involved in key neuronal pathways which might be
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regulated as part of the cellular role of RBFOXI. Gene ontol-
ogy analysis revealed that genes with increased exon inclusion
are involved in biological processes related to gene expres-
sion, such as cellular protein metabolism, post-transcriptional
modification, translation and RNA processing, including RNA
splicing (Table 1, Supplementary Material, File S4). Gene
ontology analysis of the corresponding subset of genes with
increased exon skipping revealed involvement in neuronal de-
velopment and cytoskeletal organization (Table 1, Supplemen-
tary Material, File S4), processes related to cell differentiation.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis revealed similar results (Supplementary Material, File
S4), as did restricting the gene ontology analysis to those
genes most likely to be direct targets of RBFOXI (Supplemen-
tary Material, File S4).

Since previous analysis of gene expression in ASD brains
identified RBFOXI as a hub in a gene co-expression module
enriched for genes involved in synaptic transmission (15), syn-
aptic transmission is altered in Rbfox! knockout mice (23) and
a number of autism-related genes are involved in synaptic
function (40) (SFARI database, http://genes.sfari.org), we
examined whether genes whose alternative splicing was
affected by RBFOXI knockdown were also enriched in the
human post-synaptic density (PSD). We compared proteomic
analysis of the murine PSD (41) with the RBFOXI splicing
targets identified here and found that nearly a quarter of the
RBFOXI target set is enriched in PSD proteins (136 genes,
23% of total targets) (Fig. 2D; Supplementary Material, File
S3), indicating a role of RBFOXI in the splicing regulation
of genes involved in synaptic maturation and function (see
also Supplementary Material, Analysis).

Knockdown of RBFOXI results in the differential
expression of a distinct network of genes, including
a subset related to neurodevelopmental disease

Given that altered splicing in the RBFOXI-depleted PHNP
cells affects factors related to gene expression (Table 1, Sup-
plementary Material, File S4) and evidence from autistic
brains with reduced RBFOXI levels suggests that transcrip-
tional programs play an important role in neurodevelopmental
disease (15), we next examined how gene expression, irre-
spective of splicing, was affected by RBFOXI knockdown.
We identified 981 significant differentially expressed genes
in the RBFOX1 knockdown cell line (Supplementary Material,
File S5). Validation was performed using qRT-PCR and a
confirmation rate of 86% was obtained for a sample of 44
differentially expressed genes (Fig. 3A).

Differentially expressed genes downstream of RBFOX1 com-
prise a transcriptional network distinct from the RBFOXI1
splicing network

Given that RNA transcription and processing are coupled and
alterations in the splicing of a transcript can influence its
expression (42,43), we compared the RBFOXI-dependent
transcriptional and splicing data sets and found that the differ-
entially expressed genes regulated downstream of RBFOXI
were not alternatively spliced (Fig. 3B, Supplementary Mater-
ial, File S6). Gene ontology analysis revealed that genes with
increased expression upon RBFOXI knockdown are related to
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Table 1. Gene ontologies of RBFOXI-dependent differentially spliced genes

GO term P-value Gene members

GENES WITH INCREASED EXON INCLUSION (308 GENES)

GO:0044267—cellular protein 139 x 10° HSP90AB1, MORF4LI1, RPL17, NRBP1, PDIA6, RPS2, CANX, RPS3, OS89, APP, GABI1, PSMD2,
metabolic process RPN2, PPP2RIA, TNIK, PTPRG, DDBI1, WNK1, PTPRS, CCT6A, DGUOK, MYH9, LRPAPI,
PRKDI, PJA2, ST13, PSMA2, EIF4G2, PJAl, PPM1G, MAP4K4, EIF2AK1, DCUNID2, PFDNS,
CD81, RPS10, USP22, PAM, USP8, PTPLADI1, NNAT, ADHS5, ABI1, ABCAIl, EPHB2, PTK2,
EIF3G, PSMBI, EIF3E, RPL3, EIF3L, CI9ORF62, RPL4, RPS20, HSPAS, DCLKI, HSPA9,
EEFI1A41, RPSA, PTPRZI, TRIM28, LRRN3, PTPRA, EIF4B, WSB1, CCT7, HSP90B1, PSMCS,
RPL23, CUL4A4, UBAI, CDC42BPA, AHSA1
GO:0051246—regulation of 125 x 107* HSP90ABI, A2M, PTPLADI, KITLG, IGF2BP2, APP, SET, PSMBI, EIF3E, GAB1, PSMD2, QKI,
protein metabolic process PUM?2, SAMD4A, PPP2R1A4, CCDC88A, NDFIP1, FLNA, PSMA2, EIF4B, ATXN2, EIF4G2,
PSMC5, EIF24AK1, CD81
GO:0006414—translational 133 x10°* RPSA, RPL17, EEFIAI, RPL23, RPL3, RPS10, RPL4, RPS20, RPS2, RPS3
elongation
GO:0010608— 211 x10°* DHXY, SYNCRIP, IGF2BP2, FLNA, EIF4B, ATXN2, EIF4G2, APP, EIF2AK]1, EIF3E, QKI, PABPCI,
post-transcriptional regulation PUM?2, SAMD4A
of gene expression
GO:0008380—RNA splicing 371 x 1074 FUS, DHX9, PPP2RIA, POLR2E, SYNCRIP, HNRNPAI1, SF3B2, NONO, HNRNPA3, HNRNPH3,
SNRNP200, QKI, HNRNPC, PABPC1, HNRNPHI, PUF60
GO:0016070—RNA metabolic 4.65x 10°* RNASEN, FUS, HSD17B10, POLR2E, MYEF2, SYNCRIP, SF3B2, NONO, HNRNPA3, DDX17, APP,
process HSF2, EIF3E, DDX24, OKI, PABPC1, HNRNPC, KHDRBSI1, PPP2R1A, DHX9, SMG7,
HNRNPAI, HNRPDL, EIF4G2, ATXN2, HNRNPH3, PSMCS5, GTF2I, SNRNP200, SUPT16H,
NFE2L1, HNRNPHI, NCORI, PUF60
GO0:0000902—cell 136 x 1073 NRP2, PTPRZI, TRIM28, CLU, MYH9, PCM1, EPHB2, CTNNB1, SS18, PTK2, APP, MACF1, RHOA,
morphogenesis FEZ2, DCLKI1, ADDI1, HNRNPAB
GO:0006900—membrane 321 %1077 PICALM, ARF1, COPBI, ARCN1
budding
GO:0010605—negative 359 x 1077 RNASEN, HSP90ABI1, A2M, CBX3, IGF2BP2, CTNNBI, RPS3, CBXS5, SET, PSMBI, EIF3E, NPM1,
regulation of macromolecule PSMD2, HNRNPAB, ENOI1, KHDRBSI1, PPP2RIA, TRIM28, NDFIP1, ILF3, FLNA, PSMA2,
metabolic process PSMCS5, EIF24AK1, PHB2, NCORI1
GO:0048193—Golgi vesicle 3.65x 1073 NRBPI1, ARF1, COPBI1, ARCNI1, SORTI, SARIA, DTNBP1, HSPAS, DNM2

transport

GENES WITH INCREASED EXON SKIPPING (400 GENES)

GO:0044267—cellular protein 326 x 1078 MORF4LI1, CUL3, APP, PLOD2, TLK2, RPN2, DDOST, ADAMY9, WNK1, PTPRS, EEF2, SKP1,
metabolic process MYHY, PPP1CC, MARK2, MAP4K4, SPAGY, CPE, RPS17, PSMA4, MRPL47, RPS10, EP400,
FGFRI, PAM, ABCAl, PSMA7, CALR, KARS, CD74, EPHB2, PSMB5, PSMB4, EIF34, RPS27,
PSMB7, RPL7, RPLS, RPL3, DYRK4, EIF3L, RPL4, DNAJA3, RPSA, EEFI1AI, PTPN13, SUGTI,
RPS6, RPSS, PTPN11, EIF4B, PSMCS5, PPIB, VCP, UBAI, SPTBN1, ABL1, UCHLI, CANX, RPS3,
PRMTI, MGRNI, USP11, PAK1, PSMD7, PRKCA, PPP2R1A, HSP90AAI, PIGX, SARS, DDBI,
LRPAPI, EIF4G2, DDRI, HIPK2, CD81, USP22, FKBPS, PML, RPS154, ABI2, PTPMTI,
MTMR3, GALNTI10, SOSTM1, DCLK2, NEDD4L, DCLK1, CSNK1A1, TCP1, RRBP1, PTPRZI,
TRIM28, PTPRA, WSBI1, HSP90B1, CSNK1D, RPL13A, PSMD10
GO:0006414—translational 1.83 x 1077 RPSA, EEF1A41, RPS15A4, EEF2, RPS6, RPS8, RPS3, RPS27, RPL7, RPS17, RPL134, RPLS, RPL3,
elongation RPSI10, RPL4
GO0:0000902—cell 8.45x 1077 UCHLI, CLU, SOX9, CTNNBI, EPHB2, CUL3, APP, SLC143, ROBO2, CLASP2, TOP2B, DCLKI,
morphogenesis DLGI, PRKCA, ACTB, PTPRZI1, TRIM28, CELSR2, DOCK7, MYHY, PCM1, PTPN11, MARK2,
NOTCHI, DST, ADDI1, FEZI
GO0:0022008—neurogenesis 224 x10°° FGFRI,CLU,XRCC6, UCHLI, PEX5, ABI2, CALR, TIMP2, TTC3, EPHB2, CTNNB1, APP, SLC1A3,
ATXN10, MTCHI, ROBO2, AGRN, TOP2B, DCLK1, PRKCA, ACTB, MYO6, PTPRZI, LDBI,
DOCK?7, CELSR2, PTPN11, NOTCH3, NOTCHI, BAX, PBX1, CUX1, DBNI, DST, SMARCAA4,
FEZI
GO:0031175—neuron projection 2.10 x 107° PRKCA, ACTB, FGFRI, MYO6, PTPRZI, CLU, UCHLI, ABI2, DOCK7, CELSR2, PTPN11, EPHB2,
development NOTCHI, APP, ATXN10, ROBO2, TOP2B, DST, DCLKI, FEZI
GO:0051246—regulation of 379 x 1077 A2M, CPEB2, PML, CALR, PSMA7, PSMB5, PSMB4, APP, PSMB7, QKI, PUM2, NEDD4L, PAK]I,
protein metabolic process PSMD?7, DNAJA3, ADAMY9, PRKCA, PPP2RI1A, NRD1, DOCK7, SKP1, FLNA, EIF4B, EIF4G2,
PSMCS5, PSMD10, BAX, PSMA4, PRKARIA, CD81, PPP2R4
GO:0048666—neuron 3.82x 1077 PRKCA, ACTB, FGFRI, MYO6, PTPRZI, CLU, UCHLI, ABI2, DOCK7, CELSR2, PTPN11, EPHB2,
development NOTCHI, APP, SLCIA3, ATXN10, MTCHI, ROBO2, AGRN, TOP2B, DST, DCLK1, FEZI
GO:0031325—positive regulation 6.61 x 107° ARNT2, XRCC6, PML, ABCAI, CALR, SOX9, PSMA7, TCF7L2, CTNNBI1, PSMB5, PSMB4, PSMB?7,
of cellular metabolic process APP, MEIS2, SOSTM1, AGRN, PSMD7, DNAJA3, ADAM9, PRKCA, HSP90AA1, MYO6, MTA2,
TRIM28, NRDI, TEAD1, DOCK7, SKP1, DDX5, NOTCHI, PSMC5, BPTF, PSMD10, PSMA4,
HIPK2, SMARCC2, CD81, PBX1, PPP2R4, USP22, NFIB, SMARCA4
GO:0007015—actin filament 6.84 x 1077 ACTN4, CALDI, ELN, FSCNI, ABI2, DBN1, PLS3, FLNA, ADDI, DLGI
organization
GO0:0032990—cell part 7.01 x 1072 PRKCA, ACTB, OPAl, PTPRZI1, CLU, UCHLI1, DOCK7, CELSR2, PCM1, PTPN11, EPHB2,
morphogenesis NOTCHI, APP, BAX, ROBO2, TOP2B, DST, DCLKI, FEZI

Each represented gene contains at least one exon which was differentially spliced in the RBFOXI knockdown cell line. A total of 603 unique genes were analyzed; however, 105
of the genes contain at least one exon which showed increased inclusion as well as at least one other exon which showed increased skipping. Gene ontology (GO) analysis was
performed using the indicated gene groups with the publically available DAVID bioinformatic software package (http://david.abcc.nciferf.gov/; NIAID, NIH). Gene subsets were
chosen for analysis to better illustrate potential points of differential regulation. The top 10 parent GO terms from the level 5 biological process category are shown based on the
P-values calculated by the DAVID algorithm. To maximize diversity of the GO terms, child terms belonging to a parent term already present on the list were removed. Gene
members for each GO term are shown. The complete list of GO terms can be found in Supplementary Material, File S4.
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Figure 3. Characterization of differential gene expression in RBFOXI knockdown cells. (A) A selection of 44 genes is shown with the differential fold change
(log base 2) in gene expression detected by RNA sequencing shown in red and the observed fold change by qRT-PCR shown in blue. Standard error of the mean
is indicated by black bars. (B) Comparison of the RBFOXI differentially expressed gene set with published gene lists. The number of overlapping genes is
indicated along with the percentage they represent from each list. Lists were derived from the references indicated and are also shown in Supplementary Material,
File S6. Online sources for gene lists are as described for Figure 2. Lists referenced as supplemental are composites of multiple lists derived from the above
sources. P-values were determined based on hypergeometric probability. ER, endoplasmic reticulum.

cell migration, signaling and proliferation (Table 2, Supplemen-
tary Material, File S7), whereas genes with decreased expression
are involved in neuronal development, synapse function and cell
differentiation (Table 2, Supplementary Material, File S7),
remarkably similar pathways to those seen for the genes
whose alternative splicing was dependent on RBFOXI.
KEGG pathway enrichment was also similar (Supplementary
Material, File S7). Despite the overlap in functional pathways,
the transcriptionally regulated gene set did not overlap with
RBFOXI-dependant splicing targets identified here or else-
where (Fig. 3B, Supplementary Material, File S6). Together
this implies that similar functional pathways and programs
are being regulated by these two processes, splicing and
transcription, and that although these RBFOXI-regulated
transcriptional and splicing networks are distinct from one
another, they converge on common biological processes
important to neuronal differentiation.

A subset of genes in the RBFOXI1 transcriptional network
are responsible for neurodevelopmental disorders

As RBFOXI has been implicated in several neurodevelopmen-
tal and neuropsychiatric disorders (10—19), we hypothesized
the mechanism could be via the missplicing of other disease
genes, as has been previously suggested (15). We compared
our differential splicing list with lists of genes associated
with spinocerebellar ataxia, epilepsy and autism but found
these represented no more than 1-2% of the genes within
the set (Fig. 2D, Supplementary Material, File S3). Despite
haploinsufficiency of RBFOXI previously being shown to
cause autism and ASD (10,12), we notably did not find a

significant enrichment for alternatively spliced genes currently
predicted to be related to autism (40) (SFARI database, http://
genes.sfari.org) (Fig. 2D, Supplementary Material, File S3).
This lack of strong overlap indicates that the relationship
between RBFOXI function and neurodevelopmental disease
is unlikely to occur primarily due to the direct RBFOXI-
controlled missplicing of known disease genes, as was sug-
gested by previous analysis of the ASD brain (15).

In contrast to the differentially spliced genes, those with dif-
ferential expression were 3-fold enriched in known disease
genes (Figs 2D and 3B, Supplementary Material, Files S3
and S6), suggesting altered transcriptional regulation could
play a role in RBFOXI’s association with neuropsychiatric
disease. Among these differentially expressed genes were
several well-supported ASD candidates including DHCR?7,
GABRB3, ITGB3, NRXNI and MET (40) (Supplementary Ma-
terial, File S6). This subset of transcriptionally regulated genes
implicated in ASD suggests an important role for RBFOXI in
the regulation of critical transcriptional programs required for
proper human neurodevelopment that can increase risk for
common neurodevelopmental disorders when disrupted.

Weighted gene co-expression network analysis
demonstrates connectivity among differentially expressed
genes related to ASD

To better understand the systems level organization of the
transcriptional network altered by RBFOXI knockdown, we
performed weighted gene co-expression network analysis
(WGCNA) (15,44—-46). To identify the modules most
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Table 2. Gene ontologies of RBFOXI-related differentially expressed genes

GO term

P-value

Gene members

GENES WITH INCREASED EXPRESSION (625 GENES)

GO0:0030334—regulation of
cell migration

GO:0001568—blood vessel
development

GO:0007584—response to
nutrient

GO:0031960—response to
corticosteroid stimulus

GO:0001525—angiogenesis

GO:0007167—enzyme-linked
receptor protein signaling
pathway

GO:0008285—negative
regulation of cell proliferation

GO:0009888—tissue
development

GO:0045785—positive
regulation of cell adhesion

GO:0051272—positive
regulation of cell motion

1.12 x 10710

127 x 107°

591 x 1078

1.63 x 1077

6.95x 1077

224 x10°°

238 x 107¢

405 x 107¢

5.04 x 107°¢

5.82 x 107°¢

GENES WITH DECREASED EXPRESSION (356 GENES)

G0:0022008—neurogenesis

GO:0048666—neuron
development
G0:0032990—cell part
morphogenesis
GO:0007268—synaptic
transmission
G0:0000902—cell
morphogenesis
GO:0009887—organ
morphogenesis

GO:0007417—central nervous
system development
GO:0009952—anterior/
posterior pattern formation
GO:0048568—embryonic
organ development
GO0:0048706—embryonic
skeletal system development

337 x107°

141 x107°
7.01 x 107°
1.13x 10°*
282 % 107*

633 x 10°*

7.83 x 1074
1.05 x 1073
121 x 1073

277 x 1073

IL6ST, ENPP2, ITGB3, ADORAL, TPMI, PRRS, TEK, THBSI, FGF2, ADAMY, EGFR,
COLI8AI, PARDG6B, PLDI1, SMAD3, ITGA2, PTPRU, NEXN, KDR, CDHI3, LAMA4,
LAMA3, CXCL16, PDGFRB, HBEGF, TGFBR3, IGFBP3

CAV1, HTATIP2, CD44, CTGF, DHCR7, ITGAV, RHOB, ZC3H124, ANGPTI, ADRA2B,
LOX, THBSI, PLYNDI, FGF2, CIGALTI, CYR61, PLAT, COL18A1, TGFBR2, ITGA4,
SLIT2, ANXA2P2, ANXA2, KDR, CDH13, LAMA4, ITGA7, TGFBR3, COLIAI,
TNFAIP2, PLAU

MUCI, A2M, CAV1, SLC8A1, RARG, CCL2, CFB, IL6ST, IGFBP7, TGFBR2, ITGA2,
VDR, CCNDI1, CDKN2B, CD44, ANGPTI, COLIAI, LRP2, IGFBP2, LCT, VLDLR

KCNMAI, A2M, CAV1, CCL2, IGFBP7, PTPRU, CDO1, ABCB4, CCND1, ADM, FAS,
COLIAIL, IGFBP2, FOSLI, NEFL, ADAM9

COL18A1, HTATIP2, TGFBR2, SLIT2, ANXA2P2, ANXA2, KDR, CDHI3, CTGF,
ZC3HI24, RHOB, ANGPTI, ADRA2B, PLXND1, THBSI, FGF2, TNFAIP2, CIGALTI,
PLAU, CYR61

TWSG1, CCL2, LTBP2, IL6ST, GDF6, RPE6S, FSTLI, LIF, CTGF, LEFTY2, TEK, PTN,
ANGPTI, NRG1, FGF2, ADAMY, PLAT, EGFR, PTPRE, ARIDSB, TGFBR2, MET,
AXL, SMAD3, PTPRU, KDR, NTRK3, PDGFRB, HBEGF, TGFBR3, GRB7

CAV2, CAV1, IGFBP7, PAWR, POUIF1, ADORAI, CD9, VDR, BDNF, GPC3, CDKN2B,
GPNMB, THBSI1, FGF2, FOSLI, DHCR24, COL18A41, RARG, KAT2B, TGFBR2,
8100411, SMAD3, PTPRU, CD164, NOTCH?2, CDH13, ADAMTSS, ADM, TGFBR3,
PMP22, EMP3, IGFBP3

CAV2, TWSGI1, CAVI, TNNCI, ELN, CYTLI, PAX2, TPMI, LIF, VDR, GPC3, CD44,
PLODI, CTGF, LHX2, DMD, ALDHIA3, SERPINEI, PTN, AHNAK2, NRG1, GPNMB,
COLI141, DHCR24, ADAMY, COL18AI, F1IR, SATB2, SCUBEI, UGCG, ANXAI,
SMAD3, RCANI, COL543, COL5A2, SLIT2, KDR, FZD6, NOTCH2, LAMA3,
TGFBR3, PDGFRB, ID3, LAMCI, COLIAI, PLAU, EMPI

CD47, CDHI3, CD36, FBLN2, EMID2, SMAD3, ITGA2, NRG1, THBSI, TPM1, ADAMY,
CYR61

EGFR, COLI841, PLDI, IL6ST, SMAD3, ITGA2, KDR, CDH13, PRR5, CXCLIS6,
HBEGF, PDGFRB, THBSI, FGF2, ADAMY

GPRIN1, NRTN, CDK5R1, HELT, NNAT, ONECUT?2, TH, L1CAM, BRSK1, KIT, KCNIP2,
GPC2, BCL11B, MAPT, BAIl, ROBO2, DCX, DNMT3B, TUBB3, DSCAM, DTX],
NRXN3, STMN2, SOX11, CELSR3, ARTN, NRXN1, DLX2, DLX1, SEMAGC, DLXS,
PDGFRA, CNTN2, CHRNB2, KALRN

GPRIN1, CDK5R1, NRTN, NRXN3, ONECUT2, TH, CELSR3, L1CAM, NRXN1, KCNIP2,
SEMAG6C, DLX5, BCL11B, BAIl, CNTN2, ROBO2, CHRNB2, DCX, DSCAM, KALRN

CDKSRI, NRXN3, ONECUT2, CELSR3, L1ICAM, NRXN1, SEMA6C, DLX5, BCLI1B,
BAII, CNTN2, CHRNB2, ROBO2, DCX, DSCAM, KALRN

KCNMB4, GABRB3, NRXN3, SLC1245, TH, BSN, NRXNI, KCNIP2, GAD2, GRIA2,
SYNI, DLG4, CHRNB2, CORT, KCNQ2, GAD1, CACNAIB

ARHGEF2, CDK5R1, NRXN3, ONECUT2, CELSR3, LICAM, NRXNI, BRSK1, SEMAGC,
DLXS, BCL11B, BAIl, CNTN2, ROBO2, CHRNB2, DCX, DSCAM, KALRN

FGF6, MAFB, FGF9, ONECUT2, TH, TLE2, T, DLX2, COL941, HOXB4, ACVR2B,
DLXI, HOXB2, EYA2, CHD7, AES, FREM2, HOXB5, DLX5, HOXB6, PDGFRA,
DSCAM, PITX2

CDKSRI, HELT, MAFB, SOX11, SLC643, NNAT, BCAN, CYP26A41, ZBTB16, TAGLN3,
DLX2, DLX1, HOXB2, CHD7, SBK1, BCL11B, ROBO2, CHRNB2, DCX

T, HOXB4, ACVR2B, HOXB2, HOXBS, HOXB6, CYP26A1, ZBTB16, AXIN2, MESP2

T, HOXB4, DLX2, HOXB2, CHD7, FGF9, MAFB, DLX5, HOXBS5, TH, HOXB6

HOXB4, DLX2, DLX1, HOXB2, FGF9, HOXB5, HOXB6

A total of 981 unique genes were analyzed. Gene ontology (GO) analysis was performed using the indicated gene groups with the publically available DAVID
bioinformatic software package (http://david.abcc.nciferf.gov/; NIAID, NIH). Gene subsets were chosen for analysis to better illustrate potential points of
differential regulation. The top 10 parent GO terms from the level 5 biological process category are shown based on the P-values calculated by the DAVID
algorithm. To maximize diversity of the GO terms, child terms belonging to a parent term already present on the list were removed. Gene members for each GO
term are shown. The complete list of GO terms can be found in Supplementary Material, File S7.

related to RBFOXI function, we assessed the module eigen- between RBFOXI knockdown and control, designated as the
gene relationship with RBFOXI knockdown status (47). Two  blue and yellow modules, respectively (Fig. 4, Supplementary
modules were identified that showed the largest difference Material, File S8).
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Figure 4. WGCNA in the RBFOXI knockdown cell line reflects pathways important to neurodevelopment and to autism. For clarity, only the most highly con-
nected module members are shown. Genes with the highest connectivity (i.e. hubs) are indicated in red. (A) Blue module. (B). Yellow module. Differentially
expressed ASD genes are in purple.
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factors involved in splicing and/or other aspects of RNA-processing.

Enrichment of ASD genes in the WCGNA modules

Since the differentially expressed data set was enriched in
genes with established relationships to neurodevelopmental
disease, we assessed the top RBFOX1 modules for the enrich-
ment of ASD genes. The blue module consisted of 737 genes
(Fig. 4A, Supplementary Material, File S8) and its members
include the transcription factor FOXP2, which functions in
the regulation of genes important to CNS development and
language (45), as well as several other genes linked to ASD
(CADPS2, DMD, HLA-DRBI, INPP1, ITGB3, LRFNS,
MDGA2, NTRK3, OPRM1, PARK?2 and SDC2) (48).

The yellow module contained 312 genes (Fig. 4B, Supple-
mentary Material, File S8) and its hub genes include DLGI,
a protein important in modulating cytoskeletal interactions to
establish cell polarity (49), and implicated as a potential can-
didate gene in both ASD and schizophrenia (50,51). The
yellow module contained several other ASD candidate genes
including CNTN3, DPYD, IMMP2L, MACROD2, MET,
RAPGEF4, REEP3, SLC4410 and TPH?2 (48). Of these ASD
genes, six are differentially expressed following RBFOXI
knockdown (DLGI, MET, IMMP2L, REEP3, SLC4410 and

TPH?2) and represent a key subset of the yellow module with
a statistically significant (P < 1 x 10~ *) greater average con-
nectivity and shorter mean path length relative to all other
module members (Supplementary Material, File S8). These
observations show that RBFOXI functionally contributes to
the transcriptional regulation of important neurodevelopmen-
tal cellular programs that are clinically relevant to autism.
This confirms previous indirect studies in human brain,
suggesting a role for RBFOXI in regulating ASD-related
transcription (15).

DISCUSSION

Here we demonstrate that the neuronal splicing factor
RBFOXI regulates the alternative splicing of an extensive
network of genes involved in neuronal differentiation and
maintenance. We examined these alternatively spliced genes
and observed enrichment for pathways involved in cellular
proliferation, cell signaling, cytoskeletal organization and
cell adhesion, gene expression and regulation and neuronal de-
velopment (Table 1, Supplementary Material, File S4),
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suggesting that RBFOXI] may represent a molecular switch in
neuronal progenitors which promotes correct differentiation
into functional neurons (Fig. 5). In humans, RBFOXI haploin-
sufficiency (similar to the level of knockdown achieved here)
(Supplementary Material, Fig. S1B) causes neurodevelopmen-
tal disease such as ASD (10,12). Based on previous observa-
tions in autistic brains (15), we initially had predicted that
genes undergoing differential alternative splicing would be
related to ASD or similar clinical disorders. However, this
was not observed. Instead, it was the network of genes that
were differentially expressed in cells lacking RBFOX]I that
were associated with neurodevelopmental disease. Interesting-
ly, these differentially expressed genes were also related to
similar biological pathways as those that were alternative
spliced (Tables 1 and 2, Supplementary Material, Files S4
and S7). A subset of these differentially expressed genes
were also highly connected in a module of co-expressed
genes that were enriched in ASD candidates (48) (Fig. 4B,
Supplementary Material, Files S6 and S8). The RBFOXI
protein is therefore involved in regulating both neuronal alter-
native splicing and coordinative transcriptional programs, both
of which contribute to normal neurodevelopment (Fig. 5).

It is interesting to compare these data with recent studies,
using microarray analysis in the brains of adult knockout
mice lacking Rbfox1, identifying differentially spliced genes
which impacted synaptic transmission and membrane excit-
ability, leading to an increased susceptibility for seizure
events (23). Similar to the mouse, a number of the RBFOX1-
dependent alternatively spliced genes in our data set appear to
be involved in synapse formation and function (Fig. 2D, Sup-
plementary Material, File S3), areas of particular interest in
the study of the pathogenesis of neurodevelopmental disease
and autism (52,53). Despite this, we did not observe significant
differences in the RBFOX1 knockout cell line with regard to
basic cellular morphology (data not shown). We attribute
this to our cells not being fully devoid of RBFOXI (Supple-
mentary Material, Fig. S1B), with residual activity potentially
preventing observation of the more extreme cellular pheno-
types, although still reflecting the underlying molecular patho-
genesis affecting splicing and transcription. In this sense, the
current model approximates human haploinsufficiency
observed in patients, as suggested by the highly significant
overlap between our alternative splicing gene data set and
the genes with altered splicing identified in autistic brains
with reduced RBFOX1 (15) (Fig. 2D, Supplementary Material,
File S3). To extend this comparison further, we evaluated our
list of RBFOX1-dependent splicing events for genes related to
epilepsy and found altered splicing of FLNA, a cytoskeletal
gene involved in neural migration and heterotopia (54), and
SLCIA3, a glutamate transport protein associated with episod-
ic ataxia and epilepsy (55) (Fig. 2D, Supplementary Material,
File S3). Additional genes associated with epilepsy were
detected in the differentially expressed RBFOXI-dependent
gene set including DCX, GABRB3, GAD2, KCNQ2,
SLC12A45, SV2B and SYNI (Fig. 3B, Supplementary Material,
File S6). This observation is similar to the increase in ASD
genes in this transcriptional data set and consistent with the
seizures observed in the knockout mice (23), as well as the
clinical finding of seizure disorders in patients with RBFOX1
mutations (10,12).
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Correlations between RBFOX1-dependent genes
and neurodevelopmental disorders, including ASD

In addition to HNRNPD, HNRNPHI and HNRNPAI, 15 add-
itional RNA-binding proteins (56) were identified in the alter-
natively spliced data set (Supplementary Material, File S3),
which may contribute to the neurodevelopmental phenotypes
associated with RBFOXI. These include DDX17, a develop-
mentally essential factor involved in miRNA processing and
transcriptional co-regulation in cell proliferation (57,58), and
NPM]1, implicated in neuronal cell proliferation (59). Several
of these genes also show altered expression in neurodevelop-
mental disorders, including NONO and FUBPI (60), RPL3
(61) and RPL7 and RPSI7 (62). In addition to ELAVL2,
another six RNA-binding proteins (56) were also differentially
expressed (Supplementary Material, File S6).

We also found 17 transcription factors that were alternative-
ly spliced, including TEAD1, whose binding site was enriched
in the promoters of the differentially expressed gene set (Sup-
plementary Material, Analysis and File S9). Several of these
transcription factors are known to be involved in neurodeve-
lopment, including ARID1B, which causes an ASD-associated
syndrome when haploinsufficient (63,64); ARNT2, a gene crit-
ical to hypothalamic development and associated with autistic
traits (65); RPL7, differentially expressed in mothers of ASD
children (62); GTF2I, involved in the Williams—Beuren neu-
rodevelopmental syndrome (66); MEIS2, involved in forebrain
development (67); and NOTCH3, causative for the inherited
leukoencephalopathy CADASIL (68) (Supplementary Mater-
ial, File S3). Forty-two transcription factors (69) were also
differentially expressed (Supplementary Material, File S6),
including ETS1, whose binding site was enriched in genes
found in the blue module (Supplementary Material,
Analysis and File S9). Binding sites for two transcription
factors with some circumstantial evidence for involvement
in ASD (70,71), SPI1 and RORA, were enriched among the dif-
ferentially expressed genes (Supplementary Material, File S9),
and transcriptional regulation may also occur among the dif-
ferentially spliced genes (Supplementary Material, Analysis).

One ASD candidate gene which may be particularly rele-
vant is the cell polarity gene DLGI (49—-51), which is differ-
entially expressed with RBFOX1 knockdown (Supplementary
Material, File S5) and is a hub in the yellow WGCNA
module that is enriched for ASD genes (Fig. 4B, Supplemen-
tary Material, File S8). DLGI is also differentially spliced in
the RBFOXI knockdown line (Supplementary Material, File
S3) and in autistic brains (15) (Supplementary Material, File
S3), and is also a target of Noval in the mouse brain (6) (Sup-
plementary Material, File S3). Further study of DLGI may
provide valuable insights into the downstream effects of dis-
rupting the RBFOXI networks. NLGNI, another interesting
ASD candidate gene (72), was also differentially expressed.

RBFOXI and cerebellar ataxia

Because RBFOXI was originally identified as an ataxin-
2-binding protein (73,74), its role in cerebellar ataxia is
another potential area of interest. Here we observed differen-
tial alternative splicing of the ataxia genes ATXN2, ATXNIO,
FMR1 and SLCIA3 (Fig. 2D, Supplementary Material, File
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S3). Furthermore, we identified RBFOXI-dependent differen-
tial expression of several other ataxia genes (Fig. 3B, Supple-
mentary Material, File S6), including C4A8 and VLDLR, both
of which cause a developmental syndrome characterized by
cerebellar hypoplasia, congenital ataxia and mental retardation
(75,76). CAS further influences cell signaling via the function
of the inositol triphosphate receptor, /TPRI. Mutations in
ITPRI also cause spinocerebellar ataxia, type 16 (76,77),
and /TPRI was also found to be differentially expressed in
the RBFOX1I-deficient cells (Fig. 3B, Supplementary Material,
File S6). Interestingly, C4A8 was found in the blue WGCNA
module, and /TPR! was in the yellow module (Fig. 4, Supple-
mentary Material, File S8), indicating a close relationship
between RBFOXI and these cerebellar ataxia genes.
Whether certain variants in RBFOXI could lead to clinical
ataxic syndromes independent of neurodevelopmental pheno-
types has yet to be determined.

Regulation of RBFOXI downstream splicing
and transcription events

Our data reflect both direct and indirect regulatory events
resulting from the loss of RBFOXI protein. The finding that
several RNA-processing factors and transcription factors are
indeed alternatively spliced (Supplementary Material, File
S3), and that other factor-binding motifs are enriched in the
introns and promoters of the differentially spliced and
expressed genes, respectively (Supplementary Material, Files
S2 and S9), points to a complex regulatory system, likely in-
volving multiple cis- and frans-acting elements, that is dis-
rupted by the loss of RBFOXI (Fig. 5). One key question
will be whether novel intronic sequences found to be enriched
in the differentially spliced data set (data not shown) represent
specific RBFOX]I-associated regulatory elements. The obser-
vation of enriched motifs in the 3’-untranslated regions and
promoter regions of the RBFOX]I splicing network including
some, like SPI/, shared with the RBFOXI transcriptional
network (Supplementary Material, File S9) suggests that
certain regulatory factors and/or signaling pathways may con-
verge to coordinately regulate both networks in the parallel
execution of the RBFOXI-mediated developmental program
(Fig. 5). Elucidation of the factors mediating these processes
in both cell lines and in the human brain (15), and how the
loss of RBFOXI impacts their function, will have important
relevance to our understanding of neurodevelopment and the
pathogenesis of neurodevelopmental diseases.

MATERIALS AND METHODS

Plasmid construction

The RBFOXI short-RNA hairpin targeting exon 9 was origin-
ally derived from clone ID TRCN0000073260 (Open Biosys-
tems, Thermo Fisher Scientific, Rockford, IL, USA) expressed
in the pLKO.1 vector. As use of this vector in our PHNP cul-
tures can lead to vector-related cell death regardless of the
RNA hairpin expressed, this hairpin was redesigned in the
shRNAmir-30 context and subcloned in the pGIPZ vector
(Open Biosystems, Thermo Fisher Scientific) at the BamHI
and Xhol sites as per the manufacturer’s recommendations.

For viral production, the hairpin was transferred to the
pLCR vector (78) at the EcoRI and Xhol sites. The RBFOX1
overexpression vector was generated by shuttling RBFOXI
transcript 4 (NM_018723.3) from pENTR-42BP1 (Addgene,
Cambridge, MA, USA) to pPELTRS.5.2-GA, using Gateway
cloning (Invitrogen, Life Technologies, Carlsbad, CA, USA)
to create pPELTRS5.5.2-GA-RBFOXI. The pPELTRS5.5.2-GA
vector is a second generation lentiviral vector where the ex-
pression of the insert is under the control of an EF1-HTLV
fusion promoter and includes the addition of an N-terminal
HA epitope tag. A red fluorescent reporter protein is also
expressed in cis with the insert with an intervening T2A
sequence to allow for co-translational cleavage of the two
proteins.

Human tissues

Normal human tissues were obtained from the NICHD Brain
and Tissue Bank for Developmental Disorders at the Univer-
sity of Maryland School of Medicine (Baltimore, MD, USA;
NICHD contract numbers NO1-HD-4-3368 and NOI1-HD-
4-3383) (fetal heart age 19 weeks and fetal brains age 18
and 19 weeks). The role of the NICHD Brain and Tissue
Bank is to distribute tissue and therefore cannot endorse the
studies performed or the interpretation of results. Additional
tissues were obtained from the UCLA Center for AIDS
Research Gene and Cellular Therapy Core (fetal brain age
17 weeks) and the UCLA Alzheimer’s Disease Center
Neuropathology Core (adult brain age 97 years).

Cell culture, transfection and transduction

PHNP cells were cultured from a 17-week human fetal brain,
proliferated and differentiated as previously described (26).
Genotyping was performed to ensure cells did not harbor
major structural aberrations (24). Biological replicates (7—10
per condition) were grown on individual 10 cm plates and
all transductions and other sample preparations were handled
independently. For shRNA transduction, high-titer virus pro-
duction was performed by the UCLA Jonsson Comprehensive
Cancer Center Vector Core (Los Angeles, CA, USA), utilizing
the specified lentiviral vectors, and viral transduction was per-
formed using standard protocols.

HeLa cells (ATCC, Manassas, VA, USA) were grown under
recommended conditions. Cells were transfected with the spe-
cified vectors using the FuGene 6 transfection reagent (Roche,
Indianapolis, IN, USA) according to the manufacturer’s
recommended protocol. After 48—72 h, cells were harvested
and protein was extracted for western blotting.

Preparation of RNA/protein from cultured cells and tissues

Cells were harvested and RNA was extracted using the miR-
Neasy Mini Kit (Qiagen, Valencia, CA, USA) as per the
manufacturer’s recommended instructions. For PHNP cells,
protein was isolated during the RNA extraction procedure
according to the supplemental protocols available at the man-
ufacturer’s website (www.qiagen.com). For HeLa cells,
whole-cell protein lysates were prepared by directly lysing
cells in 0.5% Nonidet P-40 buffer containing protease and
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phosphatase inhibitors. For tissues, RNA and protein were pre-
pared from 30 mg tissue using the AllPrep DNA/RNA/Protein
Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. All protein concentrations were determined using the
Bradford (Bio-Rad, Hercules, CA, USA) or BCA (Pierce,
Thermo Fisher Scientific) protein assays.

QRT-PCR

RNA was initially treated with amplification-grade DNase 1
(Invitrogen, Life Technologies) and then converted to
cDNA, using the SuperScript III First-Strand Synthesis
System Kit (Invitrogen, Life Technologies). The resulting
cDNA (25-50 ng/reaction) was utilized for qRT-PCR, using
Bio-Rad iTag SYBR Green Supermix with ROX (Bio-Rad)
according to the manufacturer’s recommendations. Reactions
(10 I volume) were performed in triplicate using either an
ABI 7900HT (Applied Biosystems, Life Technologies, Carls-
bad, CA, USA) or a LightCycler 480 (Roche) qPCR machine.
Data analysis was performed using the comparative C; method
normalized to (3-actin. Reactions where the replicates deviated
by more than 0.2 C from the mean were excluded from further
analysis. Each data point represents a minimum of two indi-
vidual reactions. For confirmation of differential gene expres-
sion and splicing from transduced PHNP cell lines, an equal
mixture of RNA from five biological replicates was used as
a template to minimize bias from an individual sample. All
primers were designed to cross an exon—exon junction and,
for the detection of splicing events, this would span the junc-
tion between the alternative exon and one of its neighboring
exons.

For semi-qRT-PCR analysis, 10 ng of cDNA was amplified
within the linear range, using Accuprime Pfx Supermix (Invi-
trogen, Life Technologies) with primer pairs designed to
detect products with and without the alternatively spliced
exon. The program used was 94°C for 15s, 55°C for 15s
and 72°C for 15s for an average of 37 cycles. Products
were separated on a 3.5% agarose gel, stained with ethidium
bromide, photographed and analyzed by densitometry, using
the publically available software Imagel (http://imagej.nih.
gov/ij/).

RBFOXI gene nomenclature and isoform analysis

RBFOXI genomic organization nomenclature used in this
report is as published in Underwood et al (9). For isoform ana-
lysis, RNA was harvested from the indicated cultured cell
lines and human tissues, converted to cDNA as above and
RT-PCR was performed using PCR Supermix (Invitrogen,
Life Technologies) with primers spanning exons 15-20, the
region of highest alternative splicing diversity. The resulting
products were subcloned using the TOPO TA cloning kit
(Invitrogen) and 30—-50 individual inserts were sequenced.

In situ hybridization

Sagittal and coronal sections of human fetal brain, age 19
weeks, were probed using an S**-labeled antisense riboprobe
directed against exons 8—13 of RBFOXI as previously
described (79). The sense riboprobe was used as the control.
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Immunoblotting

Protein (50—100 pg) was loaded onto 10—12% SDS—poly-
acrylamide gels, separated by electrophoresis, transferred
onto Immun-Blot PVDF membranes (Bio-Rad), blocked in
5% milk, probed with primary antibody diluted into TBST
for 1 h to overnight at 4°C and then probed with a secondary
antibody diluted into TBS for 1 h to overnight at 4°C. Detec-
tion was performed using SuperSignal West Pico chemilumin-
escent substrate (Pierce, Thermo Fisher Scientific) according
to the manufacturer’s instructions and membranes were
exposed to film. Band quantitation was performed from
scanned images, using publically available densitometry soft-
ware and all samples were normalized to (3-actin levels.

Antibodies

Primary antibodies were against HA-tag (1:2000, Covance,
Princeton, NJ, USA), RBFOXI (rabbit polyclonal, 1:500,
Aviva Systems Biology, San Diego, CA, USA) or [-actin
(mouse monoclonal, 1:250 000, Sigma-Aldrich, St Louis,
MO, USA). Secondary antibodies used were goat anti-rabbit
horseradish peroxidase (1:2000, Cell Signaling Technology,
Danvers, MA, USA) and goat anti-mouse horseradish peroxid-
ase (1:4000, Millipore, Billerica, MA, USA).

RNA sequencing and data analysis

RNA sequencing at a 75 bp single-end read scale was per-
formed on an Illumina Platform G2 sequencer (Yale Center
for Genome Analysis, West Haven, CT, USA), using
polyA-enriched RNA from five biological replicates of the
shGFP and shRBFOXI PHNP cell lines differentiated for 4
weeks. Unique sequence reads were filtered for repetitive
and ribosomal RNA sequences and then aligned to the
human genome (hgl9, NCBI 37), using the Burrows-
Wheeler alignment tool (BWA) (80), allowing a maximum
of three mismatches to generate reads mapping to exons
(54779 644 + 1258444 for shGFP and 55146141 +
2027402 for shRBFOXI) and exon junctions as defined by
Refseq. Biological replicate counts were pooled for both
gene expression analysis and alternative splicing analysis.
The annotation used for mapping potential alternatively
spliced reads consisted of a previously published genome-
wide alternative gene expression database source (39). To be
counted as a junction, a read had to overlap two adjacent
exons by a minimum of 5 nucleotides and total counts had
to equal or exceed 20. Splicing events were defined as C1—
A1A2—-C2, where the alternative exon is A1A2 (Al, 5" 70
nucleotides; A2 3’ 70 nucleotides), and C1 and C2 represent
the adjacent 70 nucleotides of the upstream and downstream
exons, respectively. The corresponding junctions were there-
fore defined as C1Al and A2C2 for the alternative isoform
and C1C2 for the constitutive isoform. Events were excluded
if the counts for either [C1A1] or [A2C2] exceeded the other
by >2-fold. Percent inclusion was calculated as ((J[C1A1] +
[A2C2])/2)/([C1C2] + ([C1A1] 4 [A2C2])/2). Statistical com-
parisons for both differential splicing and differential gene
expression were made using a negative binomial distribution
model with the DESeq software package (81). A cutoff
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threshold of P < 0.05 was used for significance. Examination
of the most variant gene expression indicated a reproducible
difference between the shRBFOXI and the shGFP lines,
but also between transduced and wild-type cells as well
(Fig. 2A). To correct for variation due to the transduction
process, only the shGFP and shRBFOX]I lines were used for
further comparisons. Gene ontologies and KEGG pathways
were determined using the DAVID Bioinformatic resources
(NIAID, NIH). Statistical comparisons to other gene lists
were made using the hypergeometric probability. WGCNA
was performed as previously described (45,47). Connectivity
and shortest path calculation were performed using the
igraph software package (82).

All RNA sequencing data are deposited in the National
Center for Biotechnology Information (NCBI) Gene Expres-
sion Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/)
(accession number GSE36710).

Transcription, splicing and RNA-processing factor binding
site analysis

Intronic sequences flanking each significant alternative exon
were interrogated for 400 nucleotides in either direction for
the presence of splicing and RNA-processing factor binding
sites. To calculate enrichment for sites assessed individually,
an equivalent number of random intronic sequences were
assessed from a pool of all genes in the human genome and
this process was permuted 100 times to generate an average
and standard deviation. Significance was calculated using the
normal distribution. In addition, we also utilized a database
of experimentally derived target RNA sequences (34) to gen-
erate position-weight matrices that were used to scan the in-
tronic sequence using the Clover algorithm (83). For these
searches, enrichment was calculated based on three different
background data sets comprising all introns in the human
genome, human CpG islands, and human chromosome 20
sequence.

For transcription-factor binding site analysis, 1000 base
pairs upstream of the transcription start site of each gene
were examined using experimentally defined position-weight
matrices from the JASPAR database (84) with the Clover
algorithm (83). The MEME algorithm (85) was employed
for predicting site occurrence. Enrichment was calculated
based on three different background data sets comprising all
human gene promoters, human CpG islands, and human
chromosome 20 sequence.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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