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SUMMARY

Human genetic studies have identified the neuronal RNA binding protein, Rbfox1, as a candidate
gene for autism spectrum disorders. While Rbfox1 functions as a splicing regulator in the nucleus,
it is also alternatively spliced to produce cytoplasmic isoforms. To investigate the function of
cytoplasmic Rbfox1, we knocked down Rbfox proteins in mouse neurons and rescued with
cytoplasmic or nuclear Rbfox1. Transcriptome profiling showed that nuclear Rbfox1 rescued
splicing changes, whereas cytoplasmic Rbfox1 rescued changes in mRNA levels. iCLIP-seq of
subcellular fractions revealed that Rbfox1 bound predominantly to introns in nascent RNA, while
cytoplasmic Rbox1 bound to 3’ UTRs. Cytoplasmic Rbfox1 binding increased target mRNA
stability and translation, and Rbfox1 and miRNA binding sites overlapped significantly.
Cytoplasmic Rbfox1 target mMRNAs were enriched in genes involved in cortical development and
autism. Our results uncover a new Rbfox1 regulatory network and highlight the importance of
cytoplasmic RNA metabolism to cortical development and disease.
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INTRODUCTION

Post-transcriptional regulation of RNA within neurons provides temporal and spatial control
of gene expression during brain development and plasticity. RNA binding proteins (RBPs)
play central roles in regulating each step of RNA processing. Mutations in RBPs have been
found to cause and/or contribute to many human neurodevelopmental and neurologic
disorders (Darnell and Richter, 2012; Lukong et al., 2008). Human genetic studies have
focused attention on Rbfox1, a vertebrate homolog of the Caenorhabditis elegans
Feminizing gene 1 on X (also known as Ataxin-2 Binding Protein 1, A2BP1) by associating
chromosomal translocations and copy number variations in Rbfox1 with autism-spectrum
disorders (ASDs) (Martin et al., 2007; Sebat et al., 2007). A gene co-expression network
analysis of post mortem cerebral cortex from individuals with ASD identified Rbfox1 as a
hub gene in a module of co-expressed transcripts involved in neuronal function and down-
regulated in ASD (Voineagu et al., 2011). Other studies found Rbfox1 mutations associated
with human epilepsy syndromes (Bhalla et al., 2004; Lal et al., 2013a; Lal et al., 2013b;
Martin et al., 2007), which is often co-morbid with ASD.

Mammals express three Rbfox paralogs: Rbfox1 expressed in neurons, heart and muscle;
Rbfox2 expressed in these three tissues as well as in stem cells, hematopoietic cells, and
other cells; and Rbfox3 (also known as NeuN) expressed only in neurons (Kim et al., 2009b;
Kuroyanagi, 2009). All Rbfox proteins contain a single RNA recognition motif (RRM)-type
RNA binding domain that binds the hexanucleotide (U)GCAUG with great specificity
(Auweter et al., 2006). When this sequence is present in regulated exons or flanking introns,
Rbfox functions as a splicing regulator to promote or repress exon inclusion (Kuroyanagi,
2009). Studies in knockout (KO) mice revealed a role for Rbfox1 in regulating neuronal
splicing networks involved in neurodevelopmental disorders and in controlling neuronal
excitability (Gehman et al., 2011). A subsequent study identified several hundred additional
Rbfox1 dependent splicing changes during neuronal differentiation of human fetal primary
neural progenitor cells (Fogel et al., 2012). Crosslinking-immunoprecipitation and RNAseq
(CLIP-seq) identified additional Rbfox1 splicing targets in mouse brain, including many
ASD related genes (Lovci et al., 2013; Weyn-Vanhentenryck et al., 2014).

Rbfox1 is itself alternatively spliced to produce nuclear and cytoplasmic isoforms, referred
to as Rbfox1_N and Rbfox1 C, respectively (Lee et al., 2009; Nakahata and Kawamoto,
2005). While the function of Rbfox1 N in splicing has been well studied, the function of
Rbfox1_C is largely unexplored. The conservation of Rbfox binding sites in the 3’ UTRs of
many neuronal transcripts suggests that Rbfox1 plays a role in regulating mRNAs in the
cytoplasm (Ray et al., 2013; Xie et al., 2005). Ray et al (2013) correlated the expression of
Rbfox1 in different tissues with the presence of Rbfox1 binding sites in 3’ UTRs and
proposed that Rbfox1 stabilizes target mMRNAs. Although they confirmed this by luciferase
assay for one target using Rbfox1 N, it was not clear whether this stabilization arose from
Rbfox1 actions in the nucleus or the cytoplasm. Other studies identifying Rbfox1 targets
using CLIP-seq were done in whole tissue and thus could not differentiate between nuclear
and cytoplasmic targets of Rbfox1 (Lovci et al., 2013; Weyn-Vanhentenryck et al., 2014).
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To dissect the functions of Rbfox1 in the cytoplasm and nucleus, we profiled the
transcriptome of neurons expressing either Rbfox1 C or Rbfox1_N. We complemented
these experiments with Rbfox1 individual-nucleotide resolution CLIP (iCLIP) from
subcellular fractions of neurons to identify the specific transcripts bound by Rbfox1 in the
cytoplasm. Together, these findings identify a large number of transcripts regulated by
cytoplasmically localized Rbfox1, independent of its effect on splicing. Our results indicate
that the cytoplasmic portion of the Rbfox1 regulatory network controls many essential
neuronal functions and further shows that these cytoplasmic targets overlap extensively with
regulatory modules involved in cortical development and ASD.

Rbfox1 Cis expressed at significant levels in mouse brain

The Rbfox1 gene contains several promoters and alternatively spliced exons, which generate
multiple protein isoforms (Damianov and Black, 2010). The skipping of mouse exon 19
generates an Rbfox1 mRNA encoding Rbfox1_N, a protein with a nuclear localization
signal (NLS) in the C-terminus that is enriched in the nucleus (Hamada et al., 2013; Lee et
al., 2009). In contrast, the mRNA including exon 19 encodes Rbfox1 C, a protein lacking
the NLS that localizes to the cytoplasm. We examined Rbfox1 protein and mRNA in brain to
compare the expression levels of Rbfox1 N and Rbfox1_ C isoforms. Immunoblotting of
lysates from hippocampus and cortex from PO and P21 mice with an anti-Rbfox1 antibody
revealed six bands ranging from 45 to 55 kDa (Figure 1A). All of the bands were reduced or
abolished by an siRNA targeting a constitutive exon present in all Rbfox1 mRNAs
(siRF1_E10, Figure 1B), indicating that they represent specific Rbfox1 products. Using an
SiRNA targeting alternative exon 19, two of the six protein bands were depleted, indicating
that these represent Rbfox1_C (red arrows in Figure 1B). In PO mouse hippocampus and
cortex, Rbfox1_C constituted 46% and 49% of Rbfox1 protein (Figure 1A), respectively,
and subsequently declined to the 30% from 3 weeks to 6 months of age in adult brain (data
not shown). We also examined the splicing of exon 19 by semi-quantitative RT-PCR, and
found that 47% and 48% of Rbfox1 mRNA included exon 19 in PO hippocampus and cortex,
respectively (Figure 1C). Rbfox1_C is thus expressed at significant concentrations in mouse
brain.

To confirm that endogenous Rbfox1 localizes to the cytoplasm, we performed
immunoblotting on subcellular fractions (Figure 1D). We prepared cytosolic fractions by
permeabilizing the plasma membrane but not the nucleus of dissociated hippocampal
cultures with digitonin (Mackall et al., 1979). After collecting the cytosolic fraction that
leaked out of the cells, cultures were further solubilized with RIPA buffer. As shown in
Figure 1D, the cytoplasmic protein GAPDH was present in the digitonin-solubilized
cytosolic fraction and in the RIPA-solubilized remaining fraction, indicating that the lysis
was partial. More importantly, the nuclear marker U1-70K was absent from the cytosolic
fraction, indicating that digitonin permeabilization released cytosolic, but not nuclear
proteins. Rbfox1 immunoblots of the cytosolic fraction detected both Rbfox1 C and
Rbfox1_N isoforms, indicating that both Rbfox1 splice isoforms are present in the
cytoplasm. However, the ratio of Rbfox1_C to Rbfox1_ N was higher in the cytosolic
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fraction, with Rbfox1_C representing the dominant isoform in the cytoplasm. Using
antibodies specific for Rbfox2, Rbfox3, and Rbfox RRM, we detected Rbfox3, but not
Rbfox2, in the cytosolic fraction. Thus, Rbfox1 and Rbfox3 are the major Rbfox paralogs in
the cytoplasm of hippocampal neurons.

Rbfox1 regulation of mMRNA expression

Only a few changes in mMRNA expression levels were detected in the brain of Rbfox1 KO
mice (Gehman et al., 2011; Lovci et al., 2013), which we postulated was due to
compensation by Rbfox3. To examine the cytoplasmic function of Rbfox1, we isolated
dissociated mouse hippocampal neurons, which express Rbfox1 C at high levels. To obtain
a neuron-enriched culture, we added AraC to eliminate glial cells and co-cultured with filter
inserts containing glial cells (Figures 2A, S1A, and S1B). We performed double siRNA-
mediated knockdown (KD) of Rbfox1 and Rbfox3 (Figure 2B). After acute KD, we used
microarray analysis to detect changes in the transcriptome (n = 3 biological replicates).
Analyzing for splicing changes, we identified 338 up-regulated and 208 down-regulated
alternative cassette exons in the double KD neurons (Figure 2C). Our results recapitulated
11 of the 20 splicing changes identified in the whole brain of Rbfox1 KO mice (Gehman et
al., 2011).

In addition to splicing changes, we identified 746 genes exhibiting changes in abundance
(expression) in the double KD (Figure 2D and Table S1), and validated a subset of genes by
RT-gPCR analysis (20/23 = 87%, Figure S1C). The majority (676 genes, or 91%) were
down-regulated in the double KD, indicating that their abundance is normally increased by
Rbfox1 and Rbfox3. We also measured the protein products of several regulated genes by
quantitative immunoblotting. As shown in Figure S2, mRNAs of calcium/calmodulin-
dependent protein kinase (CaMK) family members, CaMK2A, CaMK2B, and CaMK4, were
reduced in double KD cultures with a corresponding decrease in the concentration of
CaMK2A and CaMK2B, but not CaMK4 protein. We also observed a slight increase in
Rbfox2 mRNA and a 2-fold increase in Rbfox2 protein in the Rbfox1 and 3 knockdown
cultures, as was reported in Rbfox1 KO mice (Gehman et al., 2011). These data suggest that
Rbfox1 or Rbfox3 may repress Rbfox2 expression at the translational level to form a
negative regulatory loop for Rbfox proteins in neurons.

To determine whether the changes in mMRNA expression were caused directly or indirectly
by the loss of Rbfox1 and Rbfox3, we searched for conserved (U)GCAUG sequence motifs
in the 3 UTRs of transcripts as an indicator of direct Rbfox1 regulation. The down-regulated
gene set was significantly enriched for genes containing a 3’ UTR UGCAUG motif that was
conserved across human, mouse, rat, dog, and chicken genomes (12%, p < 10719,
hypergeometric test, Figure 2E). Considering only conservation between human and mouse
genomes, this enrichment increased to 41% (p < 10715, hypergeometric test, Figure 2E). In
contrast, we detected no enrichment of (U)GCAUG motifs in up-regulated genes. Together,
these findings indicate that in addition to regulating alternative splicing, Rbfox1 and 3
regulate mMRNA and protein abundance, and suggest that this regulation occurs by direct
RNA binding to (U)GCAUG sites in the 3’ UTR.
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Rbfox1 C but not Rbfox1 N rescues the expression changes induced by double KD of
Rbfox1 and 3

To differentiate between the functions of Rbfox1_C and Rbfox1_N, we performed double
KD of Rbfox1 and 3 and then rescued with either siRNA resistant Rbfox1_C (Flag-
Rbfox1_C_siMt) or Rbfox1_N (Flag-Rbfox1_N_siMt). To facilitate these experiments, we
performed them in cultures containing both glia and neurons, rather than in the filter co-
culture system (after confirming that selected genes were regulated by double KD in both
culture systems, Figure S3). To achieve cell-type specific rescue, we used AAV2/9 vectors
with the human synapsin | promoter driving the expression of Flag-Rbfox1_C_siMt and
Flag-Rbfox1 N_siMt in neurons (Figures S4A and S4B). The concentrations of virus were
adjusted to match the expression of endogenous Rbfox1 and Rbfox3 (Figure S4C).
Immunocytochemistry with Flag antibodies revealed that virally expressed Rbfox1 C
localized predominantly to the cytoplasm and processes, with low but detectable expression
in the nucleus (Figures S4D and S4F), while virally expressed Rbfox1_N localized
predominantly in the nucleus, with low levels of detection in the somatic cytoplasm (Figures
SAE and S4G). We performed RNAseq on: 1) control cells treated with non-targeting
siRNAs and virus expressing EGFP; 2) cells treated with Rbfox1 and 3 siRNAs and virus
expressing EGFP; 3) cells treated with Rbfox1 and 3 siRNAs and virus expressing Flag-
Rbfox1_C_siMt; and 4) cells treated with Rbfox1 and 3 siRNAs and virus expressing Flag-
Rbfox1_N_siMt (Figure SAC).

Strikingly, we found that changes in splicing were induced predominantly by Rbfox1 N
while the large majority of changes in mMRNA abundance (expression) were regulated by
Rbfox1_C. Comparing Rbfox1_N rescue to double KD, we identified 146 up-regulated and
172 down-regulated alternative cassette exons (Figure 3A). Fewer exons were affected by
the Rbfox1_C rescue of the double KD: 89 up-regulated and 61 down-regulated alternative
cassette exons. Of the exons affected by either Rbox1 isoform, 81% changed in the same
direction, and of this set 74% were more strongly affected by Rbfox1_N than by Rbfox1_C
(more intense green and red signal in Figure 3B in the Rbfox1 N column than in the
Rbfox1_C column). Exons affected by Rbfox1_C are potentially directly regulated by its
low concentrations in the nucleus, or could be indirectly affected by changes in other
proteins. An opposite pattern was observed in expression changes: the expression of 275
genes was altered by Rbfox1_C, whereas Rbfox1_N only affected the expression of 49
genes (Figure 3C). Of the genes whose expression was altered by either Rbfox1 isoform,
91% showed the same direction of change, and most of these genes (79%) showed a greater
magnitude of change with Rbfox1_C rescue than with Rbfox1_N rescue (more intense green
and red signal in Figure 3D in the Rbfox1_C column than in the Rbfox1_N column). These
results indicate that Rbfox1_ N predominately regulates pre-mRNA splicing, while
Rbfox1_C predominately regulates mRNA abundance. We thus focused our subsequent
analyses of splicing on the effects of Rbfox1_N and our analyses of overall mMRNA
abundance on Rbfox1 C.

To define a set of genes whose splicing is regulated by Rbfox1_N for downstream analyses,
we selected exons showing opposite changes in splicing between 1) control and double KD
and 2) double KD and Rbfox1_N rescue, and filtered for exons whose splicing change
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reaches statistical significance in either 1) or 2). Using these criteria, we defined 182 Rbfox1
activated exons and 184 Rbfox1 repressed exons in a total of 332 genes as Rbfox1 N
splicing targets (Tables S1 and S2). Examining the flanking upstream and downstream
introns of these exons, we found that GCAUG motif was the most enriched pentamer in
these regions. Consistent with previous studies, the GCAUG motif was particularly enriched
in the proximal region of introns downstream of the Rbfox1 activated exons (Underwood et
al., 2005; Yeo et al., 2009; Zhang et al., 2008). Next, we examined the frequency of
conserved (U)GCAUG motifs in the 3’ UTR sequences of transcripts whose expression was
altered in double KD compared to control and in Rbfox1_C rescue compared to double KD.
Consistent with the results in Figure 2E, genes whose expression was down-regulated by
double KD of Rbfox1 and 3 were significantly enriched for conserved (U)GCAUG motifs in
their 3’ UTRs. Correspondingly, genes whose expression was up-regulated by Rbfox1_C
rescue were also enriched for conserved (U)GCAUG motifs in the 3’ UTR. This enrichment
was not observed in genes whose expression was down-regulated by Rbfox1_C rescue
(Figure 3E). We also compared the transcriptome data obtained by microarray and RNAseq
methods. We found that the sets of genes down-regulated by double KD measured by these
two methods overlapped significantly (odds-ratio (OR) = 2.97, p= 1.9e-9). There was also
significant overlap between the set of down-regulated genes in the KD measured by
microarray and the set of genes up-regulated by Rbfox1 C rescue measured by RNAseq
(OR = 8.4, p=1.1e-16). In contrast, we did not observe significant overlap between the up-
regulated gene sets in the KD experiments measured by microarray and RNAseq (Figures 2E
and 3E). Thus, gene expression changes that positively correlate with Rbfox1 C expression
levels are reproducible between assays. These observations support a role for Rbfox1_C in
increasing the stability, and thus the abundance of transcripts containing the (U)GCAUG
motifs in their 3’ UTR.

To define a high confidence set of “expression” targets of Rbfox1_C (those whose mRNA
abundance is regulated by Rbfox1 C), as opposed to the set of “splicing” targets of
Rbfox1_N defined earlier, we used data from microarray and RNAseq experiments and
selected genes that showed opposite changes in expression between 1) control and double
KD and 2) double KD and Rbfox1_C rescue, filtering for genes whose change in expression
reached statistical significance in either 1) or 2). This identified 613 genes whose mRNA
abundance (“expression”) was down-regulated by Rbfox KD but up-regulated upon
Rbfox1_C rescue and 403 genes whose abundance was up-regulated by Rbfox KD but
down-regulated by Rbfox1_C rescue (Table S1). We termed the former “Rbfox1-increased
genes” and the latter “Rbfox1-decreased genes” in the set of “expression” targets. A subset
of each group was validated by RT-gPCR (Figure S3). We found that Rbfox1-increased
transcripts, but not Rbfox1-decreased genes, were significantly enriched for conserved
3’'UTR (U)GCAUG motifs (Figure 3E and Table S1, 40% of the Rbfox1-increased genes, p
< 10715 by hypergeometric test).

There was no significant overlap between the set of transcripts whose abundance was
regulated by Rbfox1_C and the set of transcripts whose splicing was regulated by Rbfox1 N
(Figures 3F and S5). The genetic programs controlled by these different Rbfox1 isoforms
thus appear to be distinct.
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Rbfox1 proteins bind to the 3" UTR of target mRNASs in the cytoplasm

To identify mRNAs physically bound by Rbfox1, and to assess the location of Rbfox1
binding sites across the transcriptome, we performed iCLIP-seq analysis (Konig et al.,
2010). Since our rescue experiments indicated that Rbfox1 has distinct nuclear and
cytoplasmic functions (Figures 3A and 3C), we performed subcellular fractionation prior to
immunoprecipitation to identify Rbfox1 targets (Figure 4A). We previously found that the
majority of unspliced RNA fractionates with chromatin from isolated nuclei (Bhatt et al.,
2012; Khodor et al., 2012; Pandya-Jones et al., 2013). To identify the binding of nuclear
Rbfox proteins, we generated iCLIP data sets of Rbfox1, 2, and 3 in the high molecular
weight (HMW) nuclear fraction containing chromatin, unspliced RNA, and nuclear speckle
proteins, and the soluble nucleoplasm (Np) fraction from mouse brains (6 week old male
mice). To profile the binding of cytoplasmic Rbfox1 proteins, we performed iCLIP on a
cytoplasmic (Cy) fraction of cultured mouse neurons (DIV14). The analyses in this paper
focus on the cytoplasmic fraction, and use the soluble Np and HMW fractions for
comparison.

Immunoblotting showed that the soluble Np fraction from mouse brain was depleted of the
cytoplasmic marker GAPDH and contained the nuclear marker U1-70K (Figure 4B). Both
Rbfox1_C and Rbfox1_N isoforms were observed in the HMW and Np fractions. The ER
marker protein calnexin was also detected in the soluble Np fraction, suggesting that
ribosome-loaded mMRNA transcripts associated with the ER copurified with the nuclei (Bhatt
etal., 2012). To obtain sufficient material for the Cy fraction, we used forebrain neurons
rather than hippocampal neurons. Immunoblot analysis showed that the Cy fraction was
enriched for the cytoplasmic protein GAPDH and lacked the nuclear marker U1-70K (Figure
4C).

Following UV crosslinking and cellular fractionation, we immunoprecipitated Rbfox1 with
the Rbfox1-specific monoclonal antibody 1D10 and used anti-Flag antibodies as a negative
control. We sequenced the RNA fragments crosslinked to immunoprecipitated Rbfox1 and
obtained 2.2 and 3.2 million unique Rbfox1 iCLIP tags from the Np fraction and the Cy
fraction, respectively (Table S3). These iCLIP tags were mapped to the longest transcript of
each gene in the UCSC Known Gene Table (Hsu et al., 2006). In iCLIP, the UV crosslink
site is located one nucleotide (nt) upstream of the 5” end of the aligned iCLIP tag. To define
reproducible and clustered crosslink sites, the probability of each site was calculated based
on the number of tags mapping to that particular crosslink site compared to random sites.
Crosslinked sites with an FDR < 0.01 were selected, and those located within 20 nts of one
another were clustered. Clusters with width > 1 nt were used for downstream analyses. With
these criteria, significant iCLIP clusters were identified in the Rbfox1 Np and Cy fractions,
comprised of 136,483 and 162,916 tags respectively (Table S3).

For the Rbfox1 Cy fraction, 78% of the clustered tags mapped to the 3’ UTR and 17%
mapped to introns (Figure 4D). The distribution of mapped tags from the Np fraction was
similar to that in the Cy fraction. In contrast, 93% of the Rbfox1 clustered tags mapped to
introns in the HMW nuclear fraction. By comparison, analysis of Rbfox targets in whole
cells in mouse brain reported that about 70% of clustered tags mapped to introns and that
20% to 27% mapped to 3’'UTR (Lovci et al., 2013; Weyn-Vanhentenryck et al., 2014).
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To evaluate the specificity of the iCLIP data, we examined the enrichment of pentamer
motifs in the sequences surrounding Rbfox1 crosslinking sites in 3’ UTRs. In the Cy
fraction, GCAUG was the most enriched pentamer within the sequence extending 40
nucleotides on either side of the crosslink site. The 50 most-enriched pentamers also
included 6 that differed by one nucleotide from GCAUG, suggesting that Rbfox1 can bind to
sub-optimal GCAUG motifs /n7 vivo, as has been seen by others (Lambert et al., 2014).

As in the Cy fraction, GCAUG was also the most enriched pentamer for Rbfox1 in the Np
fraction, and the rankings of pentamers were highly correlated between the Cy and the Np
fractions (Figure 4E; p= 0.83, p< 2.2x10716, Spearman correlation). Interestingly, several
U-rich motifs were more enriched in the Np than in the Cy fraction. This could be caused by
differences in Rbfox1 interacting proteins in different cellular compartments. The Rbfox1
iCLIP pentamers were also highly correlated with Rbfox2 and Rbfox3 iCLIP pentamers in
the Np fraction, as expected from their similar RNA binding properties (data not shown).
The extensive overlap of 3’ UTR iCLIP clusters from the soluble Np and Cy fractions
indicates that Rbfox likely binds fully processed mRNAs in the nucleus and accompanies
them to the cytoplasm.

Cytoplasmic Rbfox1 increases the expression levels of iCLIP target genes

We next characterized the properties of the iCLIP clusters. We defined clusters (“GCAUG
clusters™) as high confidence Rbfox binding sites /n vivo if they contained at least one
GCAUG motif within 10 nts upstream or downstream of the cluster. Binding of Rbfox1
within a GCAUG cluster is illustrated by the mapped clusters in the Camtal 3’ UTR (Figure
5A). Camtal was identified as an Rbfox1-increased gene in the KD and rescue experiments.
Ten cytoplasmic Rbfox1 iCLIP clusters were identified in its 3’ UTR and 5 of them
overlapped with conserved GCAUG motifs, indicating direct binding of Rbfox1 to these
sites (Figure 5A). The first Rbfox1 cluster in the Camta 3’UTR did not overlap with a
GCAUG motif, but had a sub-optimal GCAcG motif, suggesting that this cluster also
reflected a direct Rbfox1 binding site. Other clusters that did not directly overlap with a
GCAUG motif were located within 50 nts of GCAUG motifs, suggesting that crosslinking at
these sites might result from an Rbfox1 interaction with a GCAUG motif.

Examining the distribution of GCAUG clusters in cytoplasmic Rbfox1 target transcripts, we
found that GCAUG clusters were enriched at the 5’ and 3’ ends of the 3’ UTRs (Figure 5B).
Similar 5" and 3’ enrichment has been observed for proteins and miRNAs controlling mRNA
stability and translation (Bartel, 2009; Boudreau et al., 2014; Chi et al., 2009). The binding
of Rbfox1 to these regions is consistent with our observations of cytoplasmic Rbfox1
affecting mRNA abundance. We defined a set of 3/ UTR target genes as containing at least
one significant iCLIP cluster and a total of 11 tags in their 3’ UTRs. Of these 1490 genes
identified in the Cy fraction, 788 (53%) contained a cluster with a GCAUG motif (Table S2).
In the Np fraction, 915 genes were identified as Rbfox1 3’ UTR target genes in brain tissue.
Of these genes, 400 (44%) contained GCAUG clusters in 3’ UTR (Table S4 and Figures S6A
and S6B).

We next asked whether Rbfox1-mediated changes in mMRNA abundance correlated with
Rbfox1 binding to the 3’ UTR. We found that Rbfox1-increased genes were significantly
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enriched for genes containing 3’ UTR clusters compared to non-regulated genes (23%, p <
10715, hypergeometric test, Figure 5C). In contrast, Rbfox1-decreased genes were not
enriched for Rbfox1 iCLIP targets. Subdividing iCLIP target genes into those with or
without a GCAUG cluster in the 3’ UTR, we found those with GCAUG clusters were
enriched in Rbfox1-increased genes. These results indicate that Rbfox1 binding to 3’ UTR
GCAUG motifs increases the level of the target mMRNAs in the cytoplasm. While binding of
Rbfox1 to mRNAs lacking 3’ UTR GCAUG motifs were identified by iCLIP, these
interactions were not correlated with any changes in mRNA abundance. We thus focused on
iCLIP targets with GCAUG clusters and used these as high confidence Rbfox1 binding
targets for downstream analyses.

Binding of Rbfox to 3" UTR GCAUG motifs in the cytoplasm increases target mMRNA
concentration and translation

We next tested whether binding of Rbfox1 to the 3’ UTR was sufficient to alter target mRNA
concentration and translation. We focused on Camk2a because of its roles in memory and in
synaptic plasticity (Lisman et al., 2002). Both Camk2a mRNA and protein were decreased
by approximately 40% upon Rbfox1 and 3 KD (Figure S2). The Camk2a 3’ UTR is 3372 nt
long and contains five GCAUG motifs. Two of the five motifs overlapped with Rbfox1
iCLIP clusters (Figure S6C). We coexpressed a luciferase reporter gene containing the full
length Camk2a 3’ UTR (Figure 6A) with Rbfox1 in HEKT cells and found that Rbfox1_C
but not Rbfox1 N induced a 70% increase in luciferase activity (Figure 6B). To test the role
of the Rbfox binding sites, we generated a reporter containing a shorter 1.1 kb fragment of
the Camk2a 3’ UTR and deleted the 4 (U)YGCAUG motifs within this fragment (Figure 6A).
When the wildtype Camk?2a reporter was coexpressed with Rbfox1_C or Rbfox1 N in
HEKT cells, a twofold increase of luciferase activity was observed with Rbfox1_C but not
with Rbfox1_N (Figure 6C). RT-gPCR analysis of the luciferase mRNA revealed a
somewhat smaller increase in mRNA, indicating that the change in luciferase expression is
at least partially due to changes in mRNA stability. Deletion of the (U)GCAUG motifs
abolished the Rbfox1_C-induced increase in luciferase activity and in reporter mRNA levels.

Cell fractionation and overexpression data indicated that a portion of Rbfox1_N is
cytoplasmically localized (Figures 1D and S4G). This motivated us to test the activity of
Rbfox1_N in the cytoplasm by deleting the NLS peptide sequence FAPY (Rbfox1 NdNLS,
Figure 6E). Coexpression of Rbfox1_NdNLS with a luciferase reporter gene containing part
of the Camtal 3’ UTR (containing iCLIP GCAUG clusters) revealed that the mutant,
cytoplasmically localized Rbfox1 NdNLS significantly increased luciferase activity of the
reporter (Figure 6F). Alternative splicing of exon 15 of Rbfox3 also generates a
cytoplasmically localized Rbfox3_SC isoform (short cytoplasmic Rbfox3) (Kim et al.,
2009b). We found that Rbfox3_SC also increased luciferase activity when expressed with
the Camtal 3’UTR luciferase reporter (Figure 6F). Together, these results indicate that
multiple isoforms of Rbfox1 or 3 can increase mMRNA concentration and promote translation
as long as they localize to the cytoplasm.
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Rbfox1 C increases the expression of genes affecting synaptic activity and autism

To define a high confidence set of genes whose expression is directly regulated by Rbfox1 in
the cytoplasm, we combined our iCLIP data with the transcriptome data to identify genes
that had opposite expression changes in the KD and Rbfox1_C rescue experiments and that
had cytoplasmic Rbfox1 iCLIP GCAUG clusters in their 3’ UTRs. The overlap between
Rbfox1-increased genes and iCLIP target genes was highly significant, whereas the overlap
between Rbfox1-decreased genes and iCLIP targets was not significant (Figure 7A). These
analyses identified a set of 109 directly bound Rbfox1-increased transcripts for downstream
functional analyses (Table S5).

Gene ontology (GO) analysis of the Rbfox1 regulated genes shown in Figure 3F and 7A
revealed that the Rbfox1-increased genes and iCLIP 3’ UTR targets were enriched for terms
of transmission of nerve impulse and synaptic transmission (Figure 7B and Table S6). These
enrichments were even greater in the high confidence set of 109 direct Rbfox1 C-increased
genes. Analyzing the 109 genes using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) revealed a significant enrichment for calcium signaling pathways, including 4 CaM
kinases (Camk2a, Camk2b, Camk2g, and Camk4) and one calcineurin B (Ppp3rl) (Table
S7). Enrichment analysis using Mammalian Phenotype Ontology (Smith and Eppig, 2012)
revealed that the 109 direct Rbfox1_C-increased genes were enriched for phenotypes related
to seizure (Table S8). Together, these results indicate that Rbfox1 C target mMRNAs play an
important role in controlling synaptic activity, in particular via the calcium signaling
pathway.

We next compared Rbfox1-regulated genes to modules within a gene co-expression network
derived from human cortical gene expression data from fetal brain to 3 years of postnatal
development. Three of these coexpression modules, devM13, devM16, and devM17, were
enriched for the GO term of synaptic transmission, as well as ASD susceptibility genes
(Parikshak et al., 2013). As shown in Figure 7C, we found that the 109 direct Rbfox1 C-
increased genes were highly enriched in the same three synaptic modules. To directly
examine the correlation with ASD, we compared the direct Rbfox1_ C-increased genes to
several sets of ASD candidate genes and found that the Rbfox1_C-increased genes were
enriched in an ASD coexpression module (asdM12) that is down regulated in post mortem
cerebral cortex from patients with ASD (Figure 7C) (Voineagu et al., 2011). Notably,
Rbfox1 was characterized as a hub gene in asdM12 and while its putative splicing targets
were only modestly enriched, it was subsequently hypothesized to increase the mRNA
stability of these ASD genes (Ray et al., 2013). Our finding that genes whose expression was
directly increased by Rbfox1_C were significantly enriched for these ASD related genes
supports this hypothesis. Rbfox1_C-increased genes also showed high enrichment of Fragile
X mental retardation protein (FMRP) targets (Darnell et al., 2011), further connecting post-
transcriptional regulation with ASD biology. The substantially stronger correlation of the
ASD module with cytoplasmic Rbfox1 regulation than with its nuclear splicing targets
underscores the need to understand this portion of the Rbfox1 program.

Neuron. Author manuscript; available in PMC 2017 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 11

Rbfox1 C may compete with microRNAs to regulate mRNA stability and translation

Several RBPs have been shown to regulate microRNA (miRNA) activity by binding to the 3’
UTRs of target mMRNAs (Ciafre and Galardi, 2013; Srikantan et al., 2012; Xue et al., 2013).
Since Rbfox1 showed an opposite activity to that of miRNAs, but exhibited similar enriched
binding at the 5" and 3’ ends of 3’ UTR (Boudreau et al., 2014; Chi et al., 2009), we
hypothesized that the binding of Rbfox1 may interfere with the binding of miRNAs and
thereby antagonize miRNA activity. To test this hypothesis, we compared the Rbfox1 iCLIP
data to an Ago CLIP dataset generated from P13 mouse neocortex (Chi et al., 2009). We
searched for miRNA binding sites located within 50 nucleotides of the Rbfox1-bound
GCAUG motifs (Tables S9). Since one Rbfox1 binding site can be close to multiple miRNA
sites and vice versa, the number of single Rbfox1 site and miRNA site pairs with the same
50 nt interval was counted. By this criterion, 196 pairs of Rbfox1 and miRNA sites were
identified. This number was significantly higher than the number of pairs identified after
randomization of miRNA sites within the same 3’ UTR where the miRNA sites were
identified, indicating that the proximity of Rbfox1 binding sites to miRNA sites within the 3’
UTR was not by chance (Figure S7A, z score = 5.38). These 196 pairs included 173 miRNA
sites and 109 GCAUG motifs in 87 genes (Table S10). We found that Rbfox1-bound
GCAUG motifs were more conserved than GCAUG motifs present in the same 3’ UTR but
not bound by Rbfox1 (Figure S7B). The conservation scores of GCAUG motifs and their
flanking sequences were greater for Rbfox1-bound GCAUG motifs that were adjacent to or
overlapping a miRNA site, indicating that the colocalization is under high selection pressure,
consistent with it playing an important role in the regulation of gene expression. The Ago
CLIP data used here identified the binding sites of the 20 most abundant miRNAs (Chi et al.,
2009). We found that 14 of these 20 miRNA sites overlapped with a GCAUG motif in at
least one 3" UTR (Figure S7C). For example, the Camk2a 3’ UTR was found to contain 11
miRNA binding sites, three of which, miR-26, miR-124, and miR-30 binding sites, were
located within 50 nucleotides of the most upstream GCAUG motif bound by Rbfox1
(Figures S6C and S7C), with the miR-124 site overlapping with the GCAUG motif. In the
context of our data showing that Rbfox1 binding stabilizes mMRNAs and promotes translation
(Figure 6), this finding suggests that Rbfox1 blocks Ago binding to these three miRNA sites.
Within the 50 nts surrounding the GCAUG motif, the number of miRNA seed sites was
greatest in regions overlapping the GCAUG motif and gradually decreased with distance
from GCAUG motif (Figure S7D), indicating that the miRNA sites were concentrated in
regions in which Rbfox1 would be expected to interfere with miRNA binding.

DISCUSSION

A cytoplasmic function for Rbfox proteins

The goal of this study was to delineate the function of cytoplasmic Rbfox. Using KD and
rescue approaches together with Rbfox1 iCLIP of subcellular neuronal fractions, we
identified 109 genes whose abundance was directly regulated by Rbfox1_C. Our data
indicate that cytoplasmically localized Rbfox1 promotes the stability and/or translation of
target transcripts by binding to their 3’ UTRs (Figure 6). We also show that cytoplasmic
Rbfox1 targets are enriched in human cortical development modules affecting synaptic
function and ASD (Figure 7C). Our findings highlight the importance of considering the
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cytoplasmic arm of Rbfox1 regulation in linking Rbfox1 to synaptic function and to
neurodevelopmental disorders such as ASD.

We focused on one nuclear and one cytoplasmic Rbfox1 isoform, but there are others. Using
a monoclonal antibody 1D10 that targets the N-terminal sequence of Rbfox1 and a
polyclonal antibody against Rbfox RRM (Figure 1D), we detected six Rbfox1 bands ranging
from 45 and 55 kDa that were all reduced by a pan-Rbfox1 siRNA (Figure 1B), and
eliminated in the Rbfox1 KO mouse (data not shown). Two of these bands were eliminated
by an siRNA targeting the exon of the cytoplasmic isoforms (Figure 1B). We previously
found that the two of the middle bands likely represent N-terminally cleaved Rbfox1
isoforms (Lee et al., 2009). Additional bands of Rbfox1 may represent differentially
phosphorylated proteins. The diverse species of Rbfox1 imply many levels of regulation
and/or function. It will be interesting to examine whether and how neuronal activity
regulates Rbfox1 splicing, proteolysis and/or post-translational modifications, as such
modifications could alter Rbfox1 regulation of gene expression.

Over 90% of the changes in MRNA level detected by microarray analysis represented
decreases in expression induced by KD of Rbfox1 and 3, reflecting a role for Rbfox in
stabilizing mRNAs (Figure 2D and Table S1). In contrast, the RNAseq experiments
identified more similar numbers of up and down-regulated genes (Figure 3C), although
significantly more down-regulated genes contained (U)GCAUG sequences in their 3UTRs.
One difference that could lead to differences in the gene expression was that the microarray
analyses were performed on pure neurons cultured with glial cells in inserts, while the
RNAseq analyses were performed on mixed neuronal-glial cultures. Thus, the cell
environment and culture conditions may be reflected in the transcriptome analyses. We
addressed this variation by considering all of our datasets together — including the KD in
both culture conditions, the rescue experiments, and the iCLIP target sets (Table S1) — and
focused on genes that showed consistent changes in all of the experiments. Most
importantly, we focused on transcripts that underwent opposite directions of regulation in
the KD and Rbfox1_C rescue experiments and that were bound by Rbfox1 in iCLIP
experiments. The results of these analyses identify a large class of transcripts whose
expression was positively regulated by Rbfox1 C (Table S5). There may yet be some
transcripts that are negatively regulated by Rbfox1, but these will require additional
experiments to identify.

Our data add to a growing literature revealing the multifunctionality of RBPs (Bielli et al.,
2011; Heraud-Farlow and Kiebler, 2014; Turner and Hodson, 2012; Vanharanta et al., 2014).
The differences in activity between Rbfox1 isoforms are reflected in the iCLIP data. While
the majority of the Rbfox1 binding was detected in introns in the HMW fraction, the binding
of Rbfox1 shifted to 3’ UTR when assayed in the soluble nucleoplasm and the cytoplasm.
Although not always specifically localized to the nucleus or cytoplasm, other RNA binding
proteins have been found to bind introns to affect splicing, as well as 5’ or 3’ UTRs to affect
translation (Ince-Dunn et al., 2012; Licatalosi et al., 2008; Xue et al., 2009). In many cases,
it is not clear how these functions are segregated and whether different isoforms are involved
or differently modified. In the case of Rbfox1 and Rbfox3, the nuclear and cytoplasmic
functions arise at least in part from differentially spliced isoforms. We note, however, that
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some Rbfox1 N is constitutively present in the cytoplasm (Figure 1D), and that a low but
detectable amount of Rbfox1_C is present in the nucleus. The finding that the NLS deleted
Rbfox1_N mutant can regulate stability and translation of target mRNAs (Figure 6F)
indicates that the primary determinant of target mRNA regulation in the cytoplasm is simply
cytoplasmic localization of Rbfox1 rather than any other feature of the Rbfox1 C or
Rbfox1 N.

Several RBPs are known to regulate mRNA stability using different mechanisms. For
example, HUR proteins and Ataxin-2 proteins can bind to AU-rich elements (AREs) in the 3’
UTR and stabilize target mRNAs (Lebedeva et al., 2011; Mukherjee et al., 2011; Yokoshi et
al., 2014), while PTB and hnRNP L compete with miRNA binding in the 3’ UTR and
stabilize target MRNAs (Rossbach et al., 2014; Xue et al., 2013). HuR can stimulate or
inhibit miRNA binding and thus regulate mMRNA decay (Kim et al., 2009a; Young et al.,
2012). Our results show that Rbfox1 proteins can increase mRNA concentration in the
cytoplasm, and suggest that one mechanism for this is to stabilize mMRNAs by competing
with miRNA binding. However, this mechanism is likely only active on a subset of Rbfox1
target transcripts. For example, we find that Rbfox1 increased expression of the luciferase
Camtal 3’ UTR reporter (Figure 6F), which lacks identified miRNA binding sites. In
Xenopus Oocytes, Rbfox2 (XRbm9) is exclusively expressed in the cytoplasm and directly
interacts with XGId2 in the cytoplasmic polyadenylation complex to promote translation
(Papin et al., 2008). Identification of the cytoplasmic interacting partners of Rbfox1 may
provide insights into the molecular mechanisms of cytoplasmic Rbfox1 regulation.

Rbfox1_C regulates genes involved in synaptic function, calcium signaling, and autism

Recent studies have focused attention on Rbfox1 as a critical regulator of gene expression in
cortical development (Parikshak et al., 2013; Weyn-Vanhentenryck et al., 2014), and as a
candidate ASD susceptibility gene (Fogel et al., 2012; Martin et al., 2007; Sebat et al., 2007,
\Voineagu et al., 2011; Weyn-Vanhentenryck et al., 2014). While these studies focused on
Rbfox1’s role as a splicing factor, we show that the mRNAs that are regulated by Rbfox1 C
are significantly enriched for genes involved in cortical development and autism (Figure 7C)
(Parikshak et al., 2013; Voineagu et al., 2011). In a coexpression analysis of the brain
transcriptome from patients with autism, RBFOX1, CNTNAP1, CHRM1, APBA2 were
identified as 4 hub genes, genes that are defined as being highly connected in the ASD-
associated co-expression module, asdM12. These four genes, along with SCAMPS5 and
KLC2, were ranked highest in this module (Moineagu et al., 2011). Here, we show that
Rbfox1 bind the 3’UTRs of CNTNAP1, CHRM1, SCAMP5 and KLC2 transcripts, and that
CNTNAP1 and KLC2 mRNA levels are both increased by Rbfox1_C (Table S1). These
results suggest that Rbfox1 is upstream of the two hub genes, CNTNAP1 and CHRML, in a
molecular pathway that is altered in autism. Mutations in FMRP are the most common
single gene cause of autism (Talkowski et al., 2014), and we find that Rbfox1 3’ UTR target
genes overlap significantly with FMRP target genes (Darnell et al., 2011). Together, these
results link gene expression changes associated with sporadic autism with a single gene
cause of autism. Our findings thus add to the emerging recognition that post-transcriptional
RNA metabolism plays a critical role in cortical development and neurodevelopmental
disorders (Darnell and Richter, 2012).
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We find that Rbfox1 N and Rbfox1_C regulate two different sets of genes (Figure 3F). Both
sets are enriched for the same GO terms of transmission of nerve impulse and synaptic
transmission, but their targets can be quite different. For example, in the CaM kinase family,
the splicing of Camk2d is regulated by Rbfox1_ N. However, the expression of Camk?2a,
Camk2b, and Camk4 is regulated by Rbfox1_C, and Camk2g is regulated both at the level of
splicing by Rbfox1_N and at the level of expression by Rbfox1 C (Figure S5). Taken
together, our results identify a coherent and intricate gene network regulated by two distinct
Rbfox1 splice isoforms and exemplify the functional consequences of alternative splicing for
this RNA binding protein. The existence of multiple additional Rbfox1, Rbfox2 and Rbfox3
isoforms and variants indicates that our analysis likely uncovers only a fraction of the total
complexity of Rbfox-mediated RNA regulation. Understanding the mechanisms by which
RBP mutations give rise to neural circuit abnormalities and disease will require
consideration of their multiple functions in RNA metabolism, in the nucleus and in the
cytoplasm.

EXPERIMENTAL PROCEDURES

Tissues for Immunoblotting and RT-PCR

All experiments with animals were performed using approaches approved by the UCLA
Institutional Animal Care and Use Committee. Hippocampi and cortices at postnatal day 0
(P0) and 3 weeks were dissected from C57BL/6J mice. Protein was purified from half of the
tissues for immunoblotting. RNAs were purified from the other half of the tissues for RT-
PCR analysis.

Subcellular Fractionation of Neuronal Cultures

Hippocampal cultures used in Figure 1 were prepared from postnatal day 0 C57BL/6J mice
(Jackson Laboratory) as previously described (Ho et al., 2014) and incubated with 2 pM
Cytosine beta-D-arabinofuranoside (AraC) (Sigma Aldrich, ¢1768) from postnatal day 3 to
day 6. On day 13, the cultures were incubated with 15 pM of digitonin (Sigma Aldrich,
D141-100MG) and complete protease inhibitor (Roche #05892791001) in 1X PBS buffer for
3 minutes at room temperature to permeabilize the cells and the eluate was collected as the
cytosol fraction. An equal volume of RIPA buffer was then used to completely lyse the cells.

RNAi Knockdown in Neuronal Cultures

Primary mouse hippocampal and cortical cultures were prepared from postnatal day 0
C57BL/6J mice. 160,000 hippocampal cells were plated in one 12-well well and 120,000
cortical cells were plated in a cell culture insert with pore size of 3 um (Corning Life
Sciences, 353181). On day 3, hippocampal cultures were incubated with 2 uM AraC for 3
days and then co-cultured with the cortical culture from day 6. Two Rbfox1 and two Rbfox3
Accell siRNAs (Dharmacon, sequences in Supplemental Information) were added to the co-
culture on day 10 at a total concentration of 1.2 mM and incubated for 4 days prior to RNA
and protein extraction.
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RNA from three biological replicates for each condition was probed for gene expression and
alternative splicing changes using Affymetrix MJAY microarrays (Affymetrix). Array
analysis was performed using the OmniViewer method (http://metarray.ucsc.edu/
omniviewer/) (Sugnet et al., 2006).

Adeno-Associated Virus (AAV) 2/9 Transduction, RNAi, cDNA Library Preparation, and
RNA Sequencing

The siRNA target site in the Rbfox1 coding sequence was mutated to generate a silent
mutation and the coding sequence of the mutated Flag-tagged Rbfox1_C or Rbfox1 N was
then cloned into pAAV-hSyn-eNpHR 3.0-EYFP plasmid (Addgene plasmid # 26972),
downstream of the hSynl promoter between Agel and EcoRlI restriction sites to replace
eNpHR 3.0-EYFP coding sequence. AAV2/9 vectors containing hSyn.Flag-Rbfox1 C_siMt
and hSyn.Flag-Rbfox1 N_siMt were generated at the University of Pennsylvania Vector
Core Facility. An AAV2/9 vector expressing hSyn.EGFP was used as a control for
transduction (Penn Vector Core, #AV-9-PVV1696). Hippocampal neurons (9 DIV) were
transduced with AAV2/9 vectors expressing EGFP, Flag-Rbfox1 C_siMt, or Flag-
Rbfox1_N_siMt at a concentration of 1.5x103 genomic copies (GC)/cell for 12 h and then
removed. The neurons (10 DIV) were then incubated with non-targeting (Dharmacon
#D001910-01 and #D001910-02) or Rbfox1 and Rbfox3 Accell siRNA for 4 days at
concentration of 1.2 mM. Total RNA was extracted using RNeasy Micro Kit (Qiagen).
Ribosomal RNA was removed using Ribo-Zero™ rRNA Removal Kits (Epicentre), and the
cDNA libraries were prepared using TruSeq RNA Sample Preparation Kit (Illumina) and
sequenced in HiSeq 2000 (Illumina) (pair end, 50 nt) by the Southern California Genotyping
Consortium (SCGC) Gene Expression Core Facility (Los Angeles, California). Alternative
splicing changes were analyzed by SpliceTrap (Wu et al., 2011). Splicing changes where
percent spliced in (psi) > 10, and reads of exon 1 > 50, exon 2 > 20, exon 3 > 50, exon 1-
exon 2 junction > 5, exon 2-exon 3 junction > 5, and exon 1-exon 3 junctions > 5 in both
samples in the comparison were considered significant. Gene expression changes were
analyzed by Cufflinks-2.0.2. (Trapnell et al., 2010) and g < 0.3 was set to detect significant
expression changes. Gene expression changes were validated by RT-gPCR on RNA samples
from two independent biological replicates from those used for RNA sequencing. The
expression levels of each gene were normalized to Tuj1 (Tubb3) expression for comparison.
The means of normalized expression were calculated and the statistical significance was
determined using a paired, one-tailed Student’s t test with significance setto p <0.05. N =2
biological replicates.

Criteria for Defining Expression and Splicing Gene Sets

Genes selected for inclusion in the splicing set were required to have exons that showed
significant splicing changes in Rbfox1 and 3 double knockdown (KD) or Rbfox1_N rescue
experiment as measured by RNA sequencing, and that showed opposite direction of splicing
changes in the KD and Rbfox1_N rescue experiments. This identified 366 Rbfox1 regulated
alternative exons in 332 genes as shown in Tables S1 and S2.
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For the expression set, two sets of genes were selected and combined. The first set of genes
was required to have significant expression changes in the KD experiment measured by
microarray and showed opposite expression changes in the Rbfox1_C rescue experiment
measured by RNA sequencing. The second set of genes was required to have significant
expression changes in the knockdown or Rbfox1 C rescue experiment measured by RNA
sequencing and showed opposite direction of expression changes in the KD and Rbfox1_C
rescue experiments. This identified 613 Rbfox1-increased genes and 403 Rbfox1-decreased
genes as shown in Table S1.

iCLIP Data Analyses

A high molecular weight (HMW) nuclear fraction and soluble nucleoplasm fraction were
purified from the brains of 6 weeks old male C57BL/6J mice. Briefly, nuclei were purified
as described (Grabowski, 2005) and lysed. Soluble and HMW fractions were separated by
centrifugation. A cytoplasmic fraction was purified from mouse forebrain cultures at DIV14.
iCLIP was performed according to the original protocol (Konig et al., 2010), with some
modifications described in Supplemental Experimental Procedures. iCLIP sequencing
results were analyzed as described in Konig et al. (Konig et al., 2010) with a few
modifications. In brief, the iCLIP tags generated by PCR duplication were discarded based
on the comparisons of the random barcodes in the tags. The unique iCLIP tags were then
mapped to mouse genome (mm9/NCBI37) using Bowtie allowing 2 nucleotide mismatches
(Langmead et al., 2009). Mapped tags were further mapped to the longest transcripts in
Known Gene table (Hsu et al., 2006) and divided into four regions of 5 UTR, CDS, intron,
and 3’ UTR for downstream analyses. The first nucleotide in the genome upstream of the
iCLIP tags was defined as UV-crosslink site and the significance of crosslinking at each
crosslink site was evaluated by the false discovery rate (FDR) calculated as described in
Konig et al. (Konig et al., 2010). Crosslink sites with FDR < 0.01 were used for clustering.
Any two crosslink sites located within 20 nucleotides on the mouse genome were clustered
together. The width of a cluster was defined as the distance between the first and the last
crosslinked sites and clusters with width > 1 nt were selected for downstream analyses. A
cluster was defined as a GCAUG cluster if it overlapped with a GCAUG motif with at least
one nucleotide within -10 to 10 nt genomic sequences of the cluster. The iCLIP tags in these
clusters were called clustered tags.

Motif Analyses

Crosslink sites with FDR < 0.01 were used for motif analyses. The genomic sequences of
the crosslink site plus 40 nucleotides upstream and 40 nucleotides downstream were used for
the motif enrichment analyses. The z-scores of each pentamer were calculated by comparing
the occurrence of the pentamers around the crosslink sites to the occurrence around
randomized sites in the same genomic region (i.e., within the same intron or 3’ UTR) to
control for the differences in expression of different genes.

Identification of Rbfox 3" UTR Target Genes

To identify 3’ UTR target genes for Rbfox1, 2, and 3 in different experiments, the genes
were first ranked by the number of clustered tags in 3 UTR. Next, to account for the
differences in the number of clustered tags generated in different experiments, genes
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contained the top 95% of clustered tags were selected as 3’ UTR target genes. By this
criterion, the top 55% of genes that contained clustered tags in 3’ UTR were selected. This
set the cutoff as 11 tags/3’ UTR for the identification of Rbfox1, 2, and 3 3’ UTR target
genes in the forebrain cultures and the brain tissues. The cutoffs for Rbfox1 in the forebrain
and hindbrain tissues were set higher at 21 tags/3’ UTR and 16 tags/3’ UTR, respectively,
due to the greater numbers of clustered tags generated in these experiments.

Gene Set Enrichment Analysis

Gene set enrichment analysis was performed with candidate gene lists and co-expression
networks using a two-tailed Fisher’s exact test followed by Benjamini-Hochberg FDR
adjustment (Benjamini and Hochberg, 1995). All mouse gene set overlaps were performed
using mouse Ensembl IDs, all human lists were converted to their homologous mouse
Ensembl 1Ds using Ensembl 73 (Gencode v18), using only one-to-one orthologs. FDR
adjustment took into consideration all gene set overlaps performed. The following gene lists
and co-expression modules were used: candidate genes from SFARI with a gene score of S
or 1-4 (Basu et al., 2009), two ASD associated co-expression modules from post-mortem
human cortex (asdM12 and asdM16; (Moineagu et al., 2011)), FMRP binding targets in
mouse brain (Darnell et al., 2011), predicted Rbfox1 3’ UTR stability targets (Ray et al.,
2013), and 12 co-expression modules reflecting cortical developmental processes (Parikshak
et al., 2013) and enriched for protein interactions and GO terms, including cellular
proliferation (devM8, and devM11), transcriptional/chromatin regulation (devM2, and
devM3), and synaptic development (devM13, devM16, and devM17).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Nuclear and cytoplasmic Rbfox1 isoforms regulate distinct neuronal mMRNAs.
Cytoplasmic Rbfox1 regulates the stability and translation of its target mMRNAs.
Rbfox1 and miRNA binding sites overlap significantly in target MRNA 3’UTRs.

Cytoplasmic Rbfox1 targets are enriched in cortical development and autism
genes.
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Figure 1. Expression and localization of Rbfox1 isoforms in neurons
(A) Immunoblot of Rbfox1 isoforms during development in mouse hippocampus and cortex

at postnatal day 0 (P0), and 3 weeks (3W). Cytoplasmic Rbfox1 isoform (Rbfox1 C) and
nuclear Rbfox1 isoform (Rbfox1_N) are indicated by red and blue arrows, respectively. The
green arrow points to a lower molecular weight isoform that is reduced by Rbfox1 siRNA
(panel B), but whose provenance is unknown. The percentage of Rbfox1 C in the two
dominant bands in the middle is shown in the bar graph below. Error bars indicate SD. N =
3. Statistical significance was determined by student’s t-test. * indicates p value < 0.05.
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(B) Immunoblot of Rbfox1 using an Rbfox1 pan siRNA (siRF1_E10) and an Rbfox1_C
specific SIRNA (siRF1_E19) in hippocampal neurons (DIV17).

(C) Semi-quantitative PCR analysis showing the splicing of Rbfox1 exon 19 in the same
tissue and at the same time points as in (A). The percentage of exon 19 splicing is shown in
histogram. Error bars indicate SD. N = 3. The percentage of Rbfox1 exon 19 inclusion was
calculated; student’s t-test, p < 0.05. n.s. = not significant.

(D) Immunoblot showing that Rbfox1 and Rbfox3 but not Rbfox2 are present in a cytosolic
fraction purified from mouse hippocampal neurons (DIV14, treated with AraC). In the RRM
immunoblots, the orange lines correspond to Rbfox1 proteins, the purple lines correspond to
Rbfox2 proteins, and the green lines correspond to Rbfox3 proteins.
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Figure 2. Rbfox1 regulates mRNA expression: knockdown and microarray analysis

(A) Experimental flow chart.

(B) Immunoblot showing the knockdown (KD) of Rbfox1 and Rbfox3 proteins in neurons
incubated with Accell siRNAs targeting Rbfox1 (siRF1) and Rbfox3 (siRF3). GAPDH is

used as loading control.

(C) Histogram of up-regulated (Up) and down-regulated (Dn) exons in KD experiments.
(D) Histogram of up-regulated (Up) and down-regulated (Dn) gene in KD experiments.
(E) Histogram of percentage of genes that contain 21 UGCAUG motif conserved in the 3’
UTR in human, mouse, rat, dog, and chicken genomes (UGCAUG_5G), =1 UGCAUG motif
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conserved in human and mouse genomes (UGCAUG_2G), or 21 GCAUG motif conserved
in human and mouse genomes (GCAUG_2G). *** p< 10715 by hypergeometric test.
For additional data, see Figures S1 and S2.
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Figure 3. Knockdown and rescue experiments identify distinct functions for Rbfox1_C and
Rbfox1_N

(A) Histogram of up-regulated (Up) and down-regulated (Dn) exons rescued by Rbfox1 N
or Rbfox1_C compared to KD. p=7.74e-15 by Pearson’s Chi-squared test with Yates’
continuity correction.

(B) Heatmap of the differences in percentage of splicing (¥) for the exons in (A).

(C) Histogram of up-regulated (Up) and down-regulated (Dn) genes rescued by Rbfox1 N
or Rbfox1_C compared to KD. p = 3.125e-36 by Pearson’s Chi-squared test with Yates’
continuity correction.

(D) Heatmap of the Log?2 fold change (Log2FC) in expression for the genes in (D).

(E) Histogram of the percentage of genes that contain conserved UGCAUG motifs in the 3’
UTR. Up = up-regulated, Dn = down-regulated, Non = not changed; In = mRNA
concentration increased by Rbfox1, De = mRNA concentration decreased by Rbfox1. * p<
1075, ** p< 10710, and *** p< 10715 by hypergeometric test.

(F) Weighted Venn diagram showing the overlap of genes regulated by Rbfox1 at the level of
expression and splicing. P values are calculated by hypergeometric test.

For additional data, see Figures S3, S4, and S5.
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Figure 4. Characterization of Rbfox1 iCLIP tags in the 3/ UTR
(A) Hlustration of iCLIP experimental workflow. HMW: high molecular weight nuclear

fraction that contains chromatin and unspliced RNA.

(B, C) Immunoblot analysis of purity of the fractions. WB: whole brain; Np: nucleoplasm;
HMW: high molecular weight nuclear fraction containing chromatin; WC: whole culture;
Cy: cytoplasm; Nu: nucleus.

(D) Pie charts of the percentage of Rbfox1 clustered tags mapped to 5 UTR,
codingsequence (CDS), intron, and 3’ UTR in different iCLIP experiments.

(E) Scatter plots of the z-scores of pentamers around the Rbfox1 crosslink sites in the 3’
UTR in the cytoplasm and nucleoplasm.
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Figure 5. Identification of Rbfox1 iCLIP 3’ UTR target genes
(A) Screenshot of UCSC genome browser showing iCLIP tags and clusters (black box) in

Camtal 3’ UTR. GCAUG motifs are underlined in black and a UGCAcG motif is underlined
in gray. The boxed region indicates the part of 3’ UTR subcloned to the luciferase reporters
in Figure 6A.

(B) The distribution of the clusters within binned 3’ UTR locations relative to the 5 and 3’
ends shown as nucleotide (nt) and relative positions.

(C) Histogram of the percentage of genes that contain iCLIP clusters in the 3’ UTR in
different experiments. Up: up-regulated in the experiment; Dn: up-regulated in the
experiment; In: mMRNA increased by Rbfox1; De: mRNA decreased by Rbfox1. * p < 1075,
** < 10710, and *** p value < 10715 by hypergeometric test.
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Figure 6. Rbfox1 and Rbfox3 proteins increase gene expression by binding to the 3’ UTR
(A) Diagram depicting the luciferase reporters containing part of Camk2a 3’ UTR or Camta

3’ UTR as labeled in Figures S6 and 5A, respectively. (UYGCAUG motifs are denoted by
vertical red lines, with red crosses marking deletion of these motifs.

(B) Histogram of normalized luciferase activity of the reporter containing full length (FL)
Camk2a 3’ UTR when coexpressed with Rbfox1 C or Rbfox1 N in HEKT cells. Error bars
indicate SD. * p< 0.001 by student’s t-test. N = 3.

(C) Histogram of normalized luciferase activity and mRNA concentration (RT-gPCR) of
Camk2a 3’ UTR S1 reporters when coexpressed with Rbfox1 C or Rbfox1 N in HEKT
cells. Error bars indicate SD. * p< 0.001 by student’s t-test. N = 3.

(D) Immunoblot showing of Rbfox1 and Rbfox3 splice isoforms and a mutant expressed in
HEKT cells. dNLS = delete nuclear localization signal, SC = short cytoplasmic isoform, and
SN = short nuclear isoform.

(E) Immunocytochemistry of Flag-Rbfox1_NdNLS detected with anti-Flag antibodies (red)
and the whole cell labeled with EGFP (green) in HEKT cells. Scale bar = 20 ym.

(F) Histogram of normalized luciferase activity of Camtal 3’ UTR S1 reporters when
coexpressed with Rbfox1 or Rbfox3 isoform or mutant in HEKT cells. Error bars indicate
SD. * p<0.001 by student’s t-test. N = 3.
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Figure 7. Rbfox1 increases the expression level of autism genes in the cytoplasm
(A) Weighted Venn diagram showing the overlap of genes whose expression is increased or

decreased by Rbfox1 and iCLIP target genes with Rbfox1 bound in 3’ UTR. Pvalues
calculated by hypergeometric test.

(B) Heatmap of the fold enrichment of GO terms in different experiments. In = increased.
De = decreased. Sig. path. = signaling pathway.

(C) Heatmap of the enrichment of Rbfox1 regulated genes in gene sets of candidate autism
genes, SFARI ASD (Basu et al., 2009), ASD-associated co-expression modules from human
cortex ,asdMs (Moineagu et al., 2011), FMRP targets (Darnell et al., 2011), Rbox1 3’ UTR
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stability targets (Ray et al., 2013), and co-expression modules from fetal cortex, devMs
(Parikshak et al., 2013). All enrichment values for overrepresenting sets with odds ratio >
1.5 are shown. * FDR adjusted two-sided Fisher’s exact test p value < 0.05.

(D) Venn diagram showing the overlap of direct Rbfox1_C -increased genes in three
functional categories.

(E) A model for the cytoplasmic function of Rbfox1 in neurons. Rbfox1 binds to the 3’ UTR
of target mRNAs and increases their concentration in the cytoplasm of neurons. Rbfox1
binding is predicted to antagonize miRNA binding to a miRNA binding site overlapping or
neighboring an Rbfox1 binding site in the 3’ UTR.

For additional data, see Figure S7.
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