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The splicing regulator Rbfox1 (A2BP1) controls neuronal
excitation in the mammalian brain

Lauren T Gehman!, Peter Stoilov?, Jamie Maguire®, Andrey Damianov*, Chia-Ho Lin*, Lily Shiue>,

Manuel Ares Jr>, Istvan Mody®” & Douglas L Black’*#

The Rbfox family of RNA binding proteins regulates alternative
splicing of many important neuronal transcripts, but its role in
neuronal physiology is not clear'. We show here that central
nervous system-specific deletion of the gene encoding Rbfox1
results in heightened susceptibility to spontaneous and kainic
acid-induced seizures. Electrophysiological recording revealed
a corresponding increase in neuronal excitability in the dentate
gyrus of the knockout mice. Whole-transcriptome analyses
identified multiple splicing changes in the Rbfox7~/~ brain with
few changes in overall transcript abundance. These splicing
changes alter proteins that mediate synaptic transmission and
membrane excitation. Thus, Rbfox1 directs a genetic program
required in the prevention of neuronal hyperexcitation and
seizures. The Rbfox1 knockout mice provide a new model to
study the post-transcriptional regulation of synaptic function.

Alternative pre-mRNA splicing is an important mechanism for regu-
lating gene expression in the central nervous system (CNS), where
it both affects neuronal development and controls functions in the
mature brain?3. Developmental and tissue-specific alternative splicing
is mediated by cis-acting elements in the pre-mRNA and by corre-
sponding trans-acting protein factors that bind these elements to influ-
ence adjacent spliceosome assembly. The RNA-binding Fox (Rbfox)
family of splicing factors is comprised of three members, Rbfox1
(Fox-1 or A2BP1), Rbfox2 (Fox-2 or RBM9) and Rbfox3 (Fox-3,
HRNBP3 or NeuN). Rbfox proteins regulate splicing of many neuronal
transcripts by binding the sequence (U)GCAUG in introns flanking
alternative exons*7. A (U)GCAUG motif that lies downstream of the
alternative exon generally promotes Rbfox-dependent exon inclusion,
whereas an upstream motif will usually repress exon inclusion®¢8-12,
Human RBFOX1 (A2BP1) was first identified through its interaction
with Ataxin-2, the protein mutated in spinocerebellar ataxia type I1'3.
Critical neurological functions for Rbfox1 are indicated by human
mutations in RBFOX1 that lead to severe disorders including mental
retardation, epilepsy and autism spectrum disorder!4-1”.

The three mouse Rbfox paralogues show a high degree of sequence
conservation, especially within the RNA binding domain, which is
identical in Rbfox1 and Rbfox2 and is only slightly altered in Rbfox3
(94% amino acid identity). Rbfox1 is specifically expressed in neurons,
heart and muscle®!8, whereas Rbfox2 is expressed in these tissues
and in other cell types, including the embryo, hematopoetic cells and
embryonic stem cells®!%20, Expression of Rbfox3 is limited to neu-
rons?122, In the mature brain, most neurons express all three Rbfox
paralogs, but certain neuronal subtypes and sporadic individual cells
can be seen that express only one or two of the proteins?? (Fig. 1a).
All three proteins have similar N- and C-terminal domains that are
diversified by alternative promoter use and alternative splicing to
produce a cohort of related protein isoforms with variable localization
and splicing activities>?42°, The three proteins apparently share some
target exons, including exon N30 of non-muscle myosin heavy chain
II-B (NMHC-B), exon N1 of c-src and exons 9* and 33 of the L-type
calcium channel Ca,1.2 (refs. 5,6,26).

We recently showed that the Rbfox1 transcript itself is alternatively
spliced in response to chronic depolarization of cells, resulting in the
increased expression of the nuclear, splicing-active Rbfox1 isoform?4,
The change in nuclear concentration of Rbfox1 then alters the splic-
ing of exons in multiple transcripts affecting neuronal excitation and
calcium homeostasis, including the N-methyl D-aspartate (NMDA)
receptor 1 (encoded by Grinl) and a calcium ATPase (encoded by
Atp2bI). Thus, chronic stimulation controls the subcellular localiza-
tion of Rbfox1, leading to an adaptive splicing response?*. Together,
these findings point to a unique role for Rbfox1 in regulating neuro-
nal gene expression. However, the effect of these Rbfox1-dependent
changes on neuronal physiology in the brain is not clear. To examine
the effects of Rbfox-dependent splicing within functioning neuronal
circuits, we generated mice with CNS-specific deletion of RbfoxI.

We created mice carrying conditional Rbfox1 alleles (Rbfox10xF/loxP;
Supplementary Fig. 1) using standard methods and crossed them
with mice carrying the Cre recombinase gene driven by the rat Nestin
promoter and enhancer (Nestin-Cre*/"), which express Cre in all
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Figure 1 RbfoxI~'- brains lack Rbfox1 protein expression but possess normal morphology.

(a) Confocal immunofluorescence microscopy on coronal sections of wild-type (WT) dentate gyrus
probed for Rbfox1 (green) and Rbfox2 (red); overlayed images are shown in the far right panels.
Arrows point to cells expressing only Rbfox1; arrowheads point to cells expressing only Rbfox2.
Scale bar, 100 um. (b) Immunoblot analysis of Rbfox1 and Rbfox2 in nuclear lysates isolated from
wild-type, RbfoxI1*~ and Rbfox1~'~ brains. We used U1-70K as a loading control for total nuclear
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protein. Below each gel is the amount of Rbfox1 or Rbfox2 protein in each sample as a percentage

of wild type, normalized by U1-70K expression. (c) Confocal immunofluorescence microscopy on coronal sections of wild-type and RbfoxI~~ dentate
gyrus probed for Rbfox1 (green) and Rbfox2 (red) expression. Overlayed images are shown in the far right panels. Scale bar, 100 um. (d) Representative
Nissl stain of wild-type and Rbfox1~~ hippocampus at 1 month of age showing normal gross morphology. Scale bar, 0.5 mm. CA1/CA3, pyramidal layers

of the hippocampus; DG, dentate gyrus.

CNS stem and neural progenitor cells?”?8. We crossed the result-
ing heterozygous Rbfox1"*P/*; Nestin-Cre*'~ mice to Rbfox1'xP/loxP
mice to obtain homozygous Rbfox1'*P/10*P; Nestin-Cre*/~ animals.
Immunoblot analysis confirmed that RbfoxI~/~ brains show loss of
Rbfox1 protein (Fig. 1b). Notably, we observed a 60% increase in
Rbfox2 protein expression in the Rbfox1~/~ brain, but we saw no
change in Rbfox3 expression (Fig. 1b and data not shown), sug-
gesting a cross regulation of Rbfox2 by Rbfox1 that balances overall
Rbfox protein levels. By immunofluorescence, we confirmed that
Rbfox1 expression is eliminated in the RbfoxI~/~ dentate gyrus
and verified that localization of the homologous splicing factors
Rbfox2 and Rbfox3 are unchanged in these cells (Fig. 1c and data
not shown). Rbfox1/0*F/loxP; Nestin-Cre*/~ mice are viable but are
slightly smaller and have reduced fertility compared to RbfoxI*/~ or
wild-type littermates (data not shown). Histological analysis by Nissl
staining at various postnatal stages revealed that RbfoxI~/~ brain
gross morphology is normal, with no obvious anomalies in cellular
architecture (Fig. 1d).

In observing the mutant mice, we found that they are prone to
infrequent, spontaneous seizures under standard housing condi-
tions. These seizures are accompanied by induction of the immediate
early gene c-fos, an indirect marker for neuronal activity?. One hour

Figure 2 Rbfox1~'~ brains are epileptic and hyperexcitable. (a) c-Fos
immunostaining on wild-type and Rbfox1~/~ coronal sections 1 h after a
spontaneous seizure in the Rbfox1/oxF/oxP, Nestin-Cre*'~ mouse. Relevant
brain areas are indicated. Amyg, amygdala; CA1/CA3, pyramidal cell
layers of the hippocampus; DG, dentate gyrus; ent, entorhinal cortex;
I1-111 indicate layers of the cerebral cortex. Scale bar, 2 mm. (b) Progression
of behavioral changes after systemic kainic acid administration

(20 mg/kg, intraperitoneally) in wild-type, Rbfox1/oXF/oxP. Nestin-Cre*'~ and
Rbfox2!0xF/loxP. Nestin-Cre*~ mice over a 2 h observation period. We scored
seizures on the Racine Scale as described3!, and data shown are the mean
scores. Error bars, s.e.m. (c) Representative fEPSP traces from individual
electrophysiological recordings in wild-type and RbfoxI-/~ dentate gyrus.
(d) Average synaptic input/output (1/0) curves in wild-type and Rbfox1~/~
dentate fit with a Boltzmann function (solid lines). Circles are grand-
averaged scores; error bars, s.e.m. Wgq, stimulus width that elicits 50%

of the maximum response; k, slope factor. n = 3 mice, 16-20 slices per
experimental group.

after spontaneous seizure, c-Fos protein is highly expressed in the
Rbfox17/~ amygdala and hippocampus (Fig. 2a), the primary areas
affected in mesial temporal lobe epilepsy®’. To determine if these
mice also show increased susceptibility to induced seizures, we
challenged them with systemic administration of kainic acid, a well
described method for modeling mesial temporal lobe epilepsy®!. We
continuously evaluated the behavioral response of wild-type mice,
homozygous Rbfox1!0*F/0xP; Nestin-Cret/~ mice and heterozygous
Rbfox1'*P/+; Nestin-Cre*/~ mice by the Racine Scale®? over a two hour
period after kainic acid administration (20 mg/kg, intraperitoneally;
Fig. 2b and data not shown). During this period, eight out of ten
wild-type mice showed relatively short tonic-clonic seizures (12.4 +
2.8 s). None of these mice reached stage six, defined as status epilep-
ticus, and all survived the treatment (Fig. 2b and Supplementary
Table 1). In contrast, Rbfoxlloxp/l‘”‘P; Nestin-Cre*’~ mice showed a
dramatic response to kainic acid, with four out of four mice reaching
status epilepticus culminating in death in under 40 min. The mean
tonic-clonic seizure duration was also significantly higher in these
mice than in wild-type littermates (73.2+16.8 s; P = 0.032). Notably,
heterozygous Rbfox1'°P/+; Nestin-Cre*/~ mice showed a kainic acid
sensitivity almost identical to that of homozygous mice, with four
out of four mice dying in under 40 min (Supplementary Table 1).
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A heterozygous deletion of RBFOX1 was found in a human subject
with epilepsy'4; thus, increased susceptibility to seizure is caused by
deletion of just one of the two copies of RbfoxI in mice and apparently
humans. Notably, Rbfonl""P/l‘”‘P; Nestin-Cre*’~ mice did not show
susceptibility to spontaneous or kainic acid-induced seizures (Fig. 2b
and Supplementary Table 1), indicating that Rbfox1 and Rbfox2 are
not fully redundant in their neuronal functions. The different pheno-
types of the Rbfox1 and Rbfox2 knockout mice likely result, at least
in part, from differences in their target exon sets.

To explore the physiological basis of these seizure data, we investi-
gated changes in neuronal excitability by analyzing the synaptic input/
output (I/0) relationship in wild-type and Rbfox1~/~ dentate gyrus.
We measured field excitatory postsynaptic potentials (fEPSPs) in the
molecular layer in response to stimulation of the lateral perforant path
using varying stimulus widths. We found that the stimulus intensities
required to evoke fEPSPs in the Rbfox1~/~ brain were lower than those
required in wild-type brain, as shown by representative fEPSP raw
traces (Fig. 2¢) and average I/O curves (Fig. 2d). The grand average
I/O relationships for individual experiments were fit with a Boltzmann
function, where W5 is the stimulus width that elicits the half-maximal
response and k is the slope factor. Consistent with an increase in net-
work excitability, RbfoxI~/~ slices showed a shift to the left in the I/O
relationship and a decrease in the W, value to 41% that of wild-type
slices (Fig. 2d). Thus, the loss of Rbfox1 causes an increase in excit-
ability of the neuronal population of the dentate gyrus.

To determine if the increase in excitability resulted from an increase
in synapse number, we quantified spine density along granule cell den-
drites of the dentate gyrus using the Golgi-Cox staining method. We
found a very modest decrease in spine density along RbfoxI~/~ den-
drites compared to wild-type dendrites (Supplementary Fig. 2a—c).
Similarly, the RbfoxI~ hippocampus showed no changes in
expression of the synaptic marker proteins Synapsin-I and PSD-95
(Supplementary Fig. 2d,e). Thus, altered synaptic function, rather
than synapse number, is likely responsible for the increased neuronal
excitability of the Rbfox1~/~ brain.

Table 1 Summary of differentially spliced exons in RbfoxI1-/- brain

To survey the changes in exon inclusion in the Rbfox1~/~ brain
compared to wild type, we used Affymetrix exon-junction (MJAY)
microarrays to assay transcript abundance and alternative splicing
across the genome (Supplementary Table 2). The MJAY arrays offer
broad coverage but do not have probes for all exons, so to extend the
analysis, we also directly assayed by RT-PCR candidate exons that are
known to be regulated by Rbfox1 or to be present in genes implicated
in epilepsy. Combining the RT-PCR validated array exons and directly
tested candidate exons, we identified a total of 20 statistically signifi-
cant splicing changes in the Rbfox1~/~ brain compared to wild type
(Table 1 and Supplementary Fig. 3). This list is not comprehensive,
but compared to mice lacking other splicing factors such as Nova3?
or nPTB (Qin Li & D.L.B., unpublished data), Rbfox1 knockout mice
show relatively few splicing changes in the brain. This may result from
compensation for the loss of Rbfox1 by Rbfox2, which is upregulated
in the Rbfox1~/~ brain (Fig. 1b). The heterozygous RbfoxI*/~ brain
has many of the splicing changes observed in the RbfoxI~/~ brain,
but these changes are generally smaller in magnitude and show large
variation between biological replicates (data not shown). Many exons
altered in the Rbfox1~/~ brain also change in the Rbfox2~/~ brain,
as expected from the overlap in their targets. However, some exons,
including exons of the NMDA receptor 1 (encoded by Grinl), the
voltage-gated potassium channel K 4.3 (encoded by Kcnd3) and the
L-type calcium channel Ca,1.301 (encoded by Cacnald), are more
responsive to loss of Rbfox1 than Rbfox2 (Fig. 3a). Because Rbfox2/ox?/
loxP. Nestin-Cret/~ mice are not prone to seizures, transcripts more
strongly controlled by Rbfox1 may have a crucial effect on the hyper-
excitation phenotype.

Nearly all of the identified exons possess (U)YGCAUG motifs in
their flanking introns and are likely to be directly regulated by Rbfox1.
In total, 85% of exons (11 out of 13) showing reduced inclusion in
the RbfoxI~'~ brain contain a (U)GCAUG within the proximal 300
nucleotides downstream of the exon, consistent with a loss of Rbfox1
activation; 86% of exons (6 out of 7) showing increased inclusion have
a Rbfox binding site within 300 nucleotides upstream, consistent with

Alt event 1D2 APSI (mean +s.e.m.)P Pc Upstream (U)GCAUG? Downstream (U)GCAUGY Function®
1 Stx3_(46) -33.44 +3.65 0.00587 (-101, -74) (+25, +185, +195)  SNARE complex
2 Snap25_(118_118) —24.24 + 3.27 0.00886 n/p_n/p n/p_(+94, +101, +287)  SNARE complex
3 Grinl_(63) -23.29 £ 2.66 0.00641 n/p (+8, +262)  Neurotransmitter receptor
4 Camtal_(31) -22.16 £+1.94 0.00378 n/p (+70, 4210, +252)  Calmodulin binding
5 Cacnals_(57) -21.46+2.61 0.00724 n/p (+13, +44, +60, +69, +165)  lon channel
6 Cacnald_(60) -20.64 £ 5.03 0.02726 (-47) n/p  lon channel
7 Gabrg2_(24) -13.73+2.14 0.01173 n/p (+30)  Neurotransmitter receptor
8 Scn8a_(92_92) -12.33+0.81 0.00216 n/p_n/p n/p_(+114, +192)  lon channel
9 Camk2g_(68) -11.30+1.13 0.00496 (-264, -65) (+8, +65, +120, +190)  Calmodulin binding
10 Nrxn3_(27) -7.61+£1.30 0.01400 n/p n/p  Synapse assembly
11 Ablim1_(120) -6.93 £0.93 0.00871 (-255) (+123, +171)  Cytoskeletal dynamics
12 Cadps_(147) -6.11+£1.49 0.02745 (-227) (+49)  SNARE complex
13 Tpm3_(79) +1.92+£0.31 0.01277 (-260) n/p  Cytoskeletal dynamics
14 Nrcam_(57) +5.46 £ 0.69 0.00773 (-136) (+171)  Synapse assembly
15 Ptpro_(84) +6.97 £2.22 0.04400 n/p n/p  Tyr phosphatase
16 Cacnald_(104_104) +7.63+£2.35 0.04180 (=225, -191)_n/p n/p_(+93) lon channel
17 Ppp3ca_(30) +8.55+1.97 0.02465 (-188) n/p  Calmodulin binding
18 Pbrm1_(156) +13.22+2.52 0.01729 (-78, -44, -31) (+233)  Chromatin binding
19 StxbpbI_(72) +13.57 £ 4.51 0.04757 (-13) (+130)  SNARE complex
20 Kend3_(57) +28.17+7.63 0.03233 (-16) (+83)  lon channel

aThe number in parenthesis after the gene ID indicates the size in nucleotides of the alternative exon. All events listed are alternative cassette exons, except those with two exon sizes (for
example, Snap25_(118_118)), which are paired mutually exclusive exons. PAPSI, percent change in alternative exon inclusion for Rbfox1~'~ brain compared to wild type, determined by RT-PCR.
For mutually exclusive exons, the value given is for the downstream exon. cThe RT-PCR P value was determined by paired, one-tailed Student’s ¢ test (n = 3). 9Location of (U)GCAUG binding
sites in the proximal 300 nucleotides upstream and downstream of the alternative exon are shown with distance in nucleotides in parenthesis. ®Reported function of the encoded protein,

as determined from literature citings. n/p, not present.
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Figure 3 Rbfox1~~ brain exhibits splicing a Grin1_(63) e Cacnatd_(60)
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shown in Table 1.

a loss of Rbfox1 repression (Table 1). This represents a substantial
enrichment of Rbfox binding motifs in the knockout-responsive exons.
Of the 5,166 alternative cassette exons probed by the MJAY array,
only 1,590 (31%) have a (U)GCAUG motif within 300 nucleotides
downstream and only 1,328 (26%) have this motif within 300 nucle-
otides upstream. Characterization of Rbfox1 binding sites in mouse
cortex using individual-nucleotide resolution crosslinking immuno-
precipitation (iCLIP)'234 confirms that a majority of these exons show
adjacent Rbfox1 binding in vivo and are thus direct targets of the
protein (Fig. 3b and data not shown). Notably, there were minimal
changes in the overall expression of genes across the array. Besides
the expected loss of Rbfox] mRNA, we detected only two changes in
transcript abundance in the RbfoxI~/~ brain (Pop4 and AK138161,
encoding a hypothetical protein expressed in mouse hypothalamus).
The effect of Rbfox1 is primarily post transcriptional. We also exam-
ined the protein expression of several well-characterized splicing

gl
0

factors in the RbfoxI~'~ brain. Most of the proteins tested, including
Ptbpl (PTB) and Mbnll, were unchanged in the RbfoxI1~/~ brain.
The neuron-specific splicing factor Noval was moderately decreased
(Supplementary Fig. 4). Rbfox1 apparently affects the post-transcrip-
tional regulation of Noval, with loss of Rbfox1 resulting in reduced
Noval expression. This is notable in light of previous findings of a
substantial overlap between the Noval and Rbfox1 protein regula-
tory networks>>. It is also notable that Rbfox1 targets are enriched in
synaptic functions, similar to Noval.

The splicing changes in the Rbfox1~/~ brain affect multiple func-
tional components of synaptic transmission that could clearly
contribute to the epileptic phenotype (Table 1). Transcripts for
ion channels such as the voltage-gated potassium channel K 4.3
(encoded by Kcnd3) and the L-type calcium channel subunits
Ca,l.10 (encoded by Cacnals) and Ca,1.30.1 (encoded by Cacnald)
were significantly altered in the RbfoxI~~ brain (see Table 1 for

Table 2 Summary of transcripts altered in RbfoxI~'~ brain with implications in epilepsy

Gene Protein Implications in epilepsy Splicing change in Rbfox1 KO brain Effect of splicing change on encoded protein
1 Gabrg2  GABA-A receptor y2 Mutations identified in Decrease in exon 9 inclusion Removes a protein kinase C phosphorylation
affected individuals3’ site that modulates receptor function
2 Grinl NMDA receptor 1 Downregulation reduces seizure ~ Decrease in exon 5 inclusion Removes a portion of the extracellular domain,
susceptibility in mice38:39 altering the receptor’s response to ligands
3 Scn8a Na(v)1.6 sodium Mouse mutations exhibit Decrease in exon 5A Modifies transmembrane segments S3 and S4 of
channel seizures?0 domain I; results in decreased expression of the
adult isoform
4 Snap25 SNAP-25 Mouse mutations exhibit Decrease in exon 5b Modifies the N terminus; results in decreased

seizures*l

expression of the adult isoform

KO, knockout.
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P values). Transcripts encoding neurotransmitter receptors such
as the gamma-aminobutyric acid (GABA)-A receptor subunit y2
(encoded by Gabrg2) and the NMDA receptor 1 (encoded by Grinl)
were also changed in the RbfoxI1~/~ brain. We also found splicing
changes in transcripts for structural proteins of the synapse, such
as neurexin 3 (encoded by Nrxn3) and for vesicle fusion proteins
including syntaxin 3 (encoded by Stx3), synaptosomal-associated
protein 25 (encoded by Snap25) and the calcium-dependent secre-
tion activator (encoded by Cadps). Changes in intracellular calcium
dynamics are associated with epileptogenesis, including alterations
in calcium entry through voltage-gated channels or changes in cal-
cium buffering by calcium-binding proteins®. In addition to the
splicing changes in the voltage-gated channels mentioned above,
we identified changes in transcripts for the calcium/calmodulin-
dependent protein kinase II (encoded by Camk2g), the calmodu-
lin binding transcription activator (encoded by Camtal) and the
calmodulin-dependent calcineurin subunit (encoded by Ppp3ca).
Disruption of calcium dynamics may contribute to the epileptic phe-
notype observed in Rbfox19x/10xP; Nestin-Cre*/~ mice.

Most notably, a number of the Rbfox1 target transcripts have been
directly linked to epilepsy (Table 2). Mutations in Gabrg2 have been
identified in humans with epilepsy?’, and changes in expression of
NMDA receptor 1 (encoded by Grinl) or the voltage-gated sodium
channel Na 1.6 (encoded by Scn8a) alter seizure susceptibility in
mice®¥4%, Transgenic mouse models have revealed that changes in
expression or alternative splicing of Snap25 result in seizures*!42.
In particular, it was found that the splicing ratio of a pair of Snap25
mutually exclusive exons is developmentally regulated and that
removal of the exon 5b predominantly expressed in adult brain
results in spontaneous seizures*?. We find that the splicing of this
same adult-specific exon is reduced by 24% in the Rbfox1~/~ brain
and is reduced by a much lesser extent (12%) in the Rbfox2~/~ brain
(Table 1 and Fig. 3b). We also identified a number of Rbfox1 iCLIP
reads surrounding (U)GCAUG motifs adjacent to exon 5b (Fig. 3b),
indicating that Rbfox1 directly regulates the splicing of this exon. The
change in Rbfox1-dependent Snap25 splicing likely contributes to the
seizure phenotype of Rbfox1 knockout mice.

In summary, our findings show a critical role for Rbfox1 in neuro-
nal function. We previously showed that changes in Rbfox1 activity
in response to chronic stimuli can homeostatically adjust the level
of splicing for its target exons?*. The limited response of Rbfox2 and
Rbfox3 to depolarizing media (Ji-Ann Lee & D.L.B., unpublished
observations) and the abnormal physiology of the Rbfox1 knockout
brain indicate that these proteins are not fully redundant in their
functions and that Rbfox1 plays a unique role in the cellular response
to overexcitation. The Rbfox1 knockout mice provide a new model
for examining how modifications of synaptic proteins determine
excitation and epileptogenesis. Splicing regulation by Rbfox1 clearly
affects neuronal excitation. However, the presence of cytoplasmic
Rbfox1 protein and its binding to 3" untranslated regions indicates
that there will be other components to the RbfoxI~/~ phenotype.
Examination of the larger nuclear and cytoplasmic programs of
post-transcriptional regulation by Rbfox1 should yield new insights
into the control of cellular homeostasis and its misregulation in
neurological disease.

URLSs. phastCons, http://genome.ucsc.edu/.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Accession codes. The full dataset is available online at Gene
Expression Omnibus (GEO) at http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE28421.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Mice. We used homologous recombination to create ‘floxed” Rbfox1 alle-
les consisting of loxP sites flanking RbfoxI exons 11 and 12, annotated as
previously described?”. DNA blot hybridization probes were generated by
PCR amplification (Supplementary Table 3), cloned using the TOPO TA
cloning kit (Invitrogen) and labeled by PCR in the presence of 0.-3?P-dCTP.
Mouse strain 12956/SVEvTac BAC library (RPCI-22), arrayed on high den-
sity nylon filters, was obtained from Children’s Hospital Oakland Research
Institute (CHORI), and probe Rbfox1_knpr_frt was used to screen the BAC
library. Positive clones were purchased from CHORI and validated by BAC
end sequencing. Clone RP22-344]23 was used to construct the floxed Rbfox1
targeting cassette also carrying a neomycin resistance (neo) cassette flanked
by Frt sites*?, and the primer sequences used for recombineering are listed in
Supplementary Table 3. The targeting cassette was transfected into 12952/
Sv embryonic stem cells at the University of California, San Diego (UCSD)
Transgenic and Gene Targeting Core. Clones that had undergone homologous
recombination were identified by DNA blot using the 5" and 3" probes after
digesting the genomic DNA with Swal and Spel (Supplementary Fig. 1). Cells
from positive clones were injected into a C57BL/6] blastocyst at the UCSD
transgenic and gene targeting core, and one line was found to have germline
transmission. Heterozygous (Rbfox1*?/*) F1 offspring were crossed to trans-
genic mice expressing Flp recombinase** to excise the neo cassette. Resulting
heterozygous (RbfoxI1'°*F/+) mice lacking the neo cassette were intercrossed
to produce homozygous (Rbfox1'*/°*P) mice. Homozygous mice were then
crossed to transgenic Nestin-Cre*/~ mice, allowing for restricted deletion of
Rbfox1 in the CNS of double transgenic mice (Rbfox1'P/10xP; Nestin-Cre*/~).
Primers used for genotyping the Rbfox1*, Rbfox1'*P and RbfoxI® alleles are
listed in Supplementary Table 3, and product sizes are given in Supplementary
Figure 1. Mice used for this study were maintained on a mixed 129S2/Sv x
C57BL/6] background. Animals were housed in a 12-h light-dark cycle with
food and water available ad libitum and were maintained by the University of
California, Los Angeles (UCLA) Association for Assessment and Accreditation
of Laboratory Animal Care accredited Division of Laboratory Medicine. All
experiments were Institutional Animal Care and Use Committee approved by
the UCLA Chancellor’s Animal Research Council.

Protein blotting. Nuclei were isolated from wild-type, Rbfox1*/~ and Rbfox1~/~
brains as previously described*®. Nuclei were lysed in Lysis Buffer (20 mM
Hepes-KOH, pH 7.9, 300 mM NaCl, 1 mM EDTA, 0.75% NP-40) containing
complete protease inhibitors (Roche) for 10 min on ice. For quantification of
synaptic proteins or splicing factors, hippocampi or total brains, respectively,
were dissected from wild-type and Rbfox19¥F/1oxP; Nestin-Cre*/~ mice and
homogenized by sonication in RIPA buffer containing protease inhibitors.
Nuclear and total protein samples were cleared, boiled in SDS loading buffer
and resolved on 10% Tris-glycine gels. Antibodies were used at the following
dilutions: oi-Rbfox1 1D10%4, 1:2,000; o.-Rbfox2, 1:2,000 (Bethyl); o-U1-70K,
1:5,000; o-Synapsin-I, 1:2,000 (Millipore); o-PSD-95, 1:2,000 (Millipore);
0a-GAPDH, 1:10,000 (Ambion); o.-PTB N'T4856, 1:2,500; o.-nPTB IS2, 1:3,000;
o-Mbnll, 1:1,000 (Millipore); o.-Nova-1, 1:1,000 (Millipore); o-hnRNPA1,
1:1,000; 0.-SRp20, 1:1,500 (Zymed); o--tubulin, 1:100 (Santa Cruz); and ECL
Plex Cy3-conjugated goat o-mouse and Cy5-conjugated goat o-rabbit second-
ary antibodies, 1:2,500 (GE Healthcare).

Histology and immunohistochemistry. Rbfox1/0¥P/10xP; Nestin-Cre*/~ and
wild-type littermates were transcardially perfused with ice-cold 0.1 M phos-
phate buffered saline (PBS; pH 7.4) followed by ice-cold 4% paraformaldehyde
in PBS (pH 7.4). Brains were cryoprotected in 30% sucrose, and 40 um free-
floating sections were cut in the coronal orientation using a Microm HM505E
cryostat. For Nissl histology, sections were hydrated and stained using 0.25%
thionin acetate (Sigma), dehydrated through alcohols, cleared in xylenes and
mounted with DPX (Electron Microscopy Sciences). For double immunofluo-
rescent staining, sections were blocked for 30 min with blocking solution
(10% normal goat serum, 0.1% Triton X-100 in PBS) and incubated with pri-
mary antibodies at 4 °C overnight. Sections were washed three times and
stained with secondary antibodies in PBS for 2 h. Sections were again washed
three times, mounted with ProLong Gold plus DAPI reagent (Invitrogen)
and imaged using a Zeiss LSM 510 Meta confocal microscope. The following

primary antibodies were used: o-Rbfox1 1D10, 1:200; o-Rbfox2, 1:200
(Bethyl); and ai-c-Fos Ab-5, 1:1,600 (Calbiochem). Alexa Fluor 488-conjugated
goat o.-mouse IgG and Alexa Fluor 568-conjugated goat o.-rabbit IgG second-
ary antibodies (Molecular Probes) were used at a dilution of 1:1,000. For Golgi-
Cox staining, wild-type and Rbfox1~/~ brains were processed using the FD
Rapid GolgiStain Kit (FD Neurotechnologies) according to the manufacturer’s
instructions and counterstained with thionin acetate. For spine quantification,
the analyzer was blind to the experimental group throughout the analysis.
Dendrites of the same size in diameter from dentate gyrus granule cells were
randomly selected from four slices per individual animal. A total of 28-29
dendritic segments from two animals per genotype were used for quantifica-
tion. Images were collected under a 100x oil-immersion objective using the
Spot RT KE camera and software system (Diagnostic Instruments). Spines
were operationally defined as any protrusion less than 5 um in length. Each
spine was manually traced, and dendritic length was measured using Image]
software. The spine numbers were expressed as mean spine density per 10 pm
of linear dendritic length. For all histology and immunofluorescence experi-
ments, images shown are representative of at least two independent samples.

Behavioral observation of kainic acid-induced seizures. Kainic acid (Sigma)
was dissolved in sterile saline and administered intraperitoneally at 20 mg/kg
body weight. Ten wild-type mice, four heterozygous Rbfox1'*P/+; Nestin-
Cre*'~ mice, four homozygous Rbfox1'o¥F/1oxP; Nestin-Cre*/~ mice and four
homozygous Rbfox20XF/10xP; Nestin-Cre*'~ mice (2-3 months of age) were used.
In all experiments, the experimenter was blind to the genotype of the animals,
and each experiment used at least one wild-type littermate. Seizure severity
was determined according to the Racine Scale?: stage 0, normal behavior;
stage 1, mouth and facial movements; stage 2, head bobbing; stage 3, forelimb
clonus; stage 4, rearing; stage 5, continuous rearing and falling (tonic-clonic
seizures); and stage 6, status epilepticus and/or death. For each animal, the
seizure score was determined every 10 min for 2 h after kainic acid admin-
istration. Each animal’s maximum score for each 10 min interval was used
to calculate the mean seizure score (+ s.e.m.) for each experimental group.
Latency to the first stage 5 (tonic-clonic) seizure, duration of each stage 5
seizure and time to death were measured from time of kainic acid administra-
tion. Statistical significance was determined using a one-tailed Student’s ¢ test.
The level of significance was set as P < 0.05.

Electrophysiology. To obtain synaptic I/O curves, hippocampal field potential
recordings were carried out as previously described®. Coronal hippocam-
pal slices (350 pm thick) were prepared from three adult (2-3 months old)
wild-type and three Rbfox1“F/loxP; Nestin-Cre*/~ mice. Hippocampal field
recordings were performed at 32-34 °C under standard conditions in an inter-
face chamber perfused with normal artificial cerebral spinal fluid (nACSF)
solution containing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl,, 1-2 MgCl,, 1.25
NaHPO,, 26 NaHCOj; and 10 D-glucose, pH 7.3-7.4 (bubbled with 95% O,
and 5% CO,). Field potentials were evoked by lateral perforant path stimula-
tion at 0.05 Hz, and responses were recorded in the dentate gyrus molecular
layer. Bipolar electrodes were used to deliver a constant-current stimulus.
The stimulus intensity was determined by recording a threshold response at
a width (W) of 60 us with no response at 20 us. The W of the stimulus was
increased stepwise by 20 ps to create I/O curves ranging from 20 to 240 ps.
Four population field EPSPs (fEPSPs) were recorded at each W, and the maxi-
mum slope of the responses (volts per second) was measured over a 0.5-1 ms
window of the fEPSP rising phase. The average slope was calculated at each
W used. I/O curves were fit with a Boltzmann equation: W) = (MAX/(1 +
exp((W - Wsg)/k)) + MAX), where W is stimulus width, MAX is the maximum
response, k is a slope factor and W is the stimulus width that elicits 50% of
MAX. The fitted parameters were compared between experimental groups,
and statistical significance was determined using a one-way ANOVA followed
by Bonferroni’s corrected t-tests.

Splicing microarrays. Total RNA was extracted by Trizol reagent (Invitrogen)
from whole brain of three wild-type and three Rbfox1*F/1oxP; Nestin-Cret/~
mice, all of which were 1-month-old males. Ribosomal RNAs were removed
from samples using the RiboMinus Transcriptome Isolation Kit (Invitrogen)
according to the manufacturer’s instructions. An amplified, biotinylated
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complementary DNA target was produced using the GeneChip Whole
Transcript Sense Target Labeling and Control Reagents kit (Affymetrix)
according to the manufacturer’s instructions. Each sample target was hybrid-
ized overnight to a Mouse GeneSplice Array (Affymetrix PN 540092).
Hybridized arrays were processed using the Affymetrix Fluidics Station 450
and scanned with an Affymetrix GeneChip scanner. Data were analyzed, and
each alternative event was assigned an MJAY ratio, a measure of the differ-
ence in the average ratio of inclusion to skipping the indicated exon in the
RbfoxI~/~ samples compared to wild-type, as previously described*”. The top
25 significant changes, ranked in descending order by the absolute value of the
MJAY ratio, of alternative cassettes and mutually exclusive exons are shown
in Supplementary Table 2.

RT-PCR assay. Total RNA was extracted by Trizol reagent (Invitrogen) from
whole brain of 1-month-old wild-type, Rbfox1'0*P/10xP; Nestin-Cre*'~ and
Rbfox2!oxP/loxP; Nestin-Cre*/~ mice (n = 3 for each genotype). We reverse tran-
scribed 1 ug of total RNA with random hexamers. One-tenth of this reaction
was then amplified in 24 cycles of PCR with exon-specific primers, one of
which was 32P-labeled. The PCR products were resolved on 8% polyacryla-
mide, 7.5 M urea denaturing gels. The gel was dried, exposed and scanned
in a Typhoon 9400 PhosphorImager scanner (GE Healthcare). Images were
analyzed with ImageQuant TL Software. The mean exon inclusion levels were
calculated for wild-type and RbfoxI~/~ brains, and the percent change in inclu-
sion (APSI) was calculated by subtracting the RbfoxI~/~ mean inclusion level
from the wild-type mean inclusion level. Statistical significance was deter-
mined using the paired, one-tailed Student’s f test with significance set to
P < 0.05. RT-PCR primers are listed in Supplementary Table 3.

Rbfox1-RNA crosslinking immunoprecipitation analysis (Rbfox1 iCLIP).
The Rbfox1 iCLIP was done as previously described®* with the following
modifications: cortices from 1.5-month-old male and female wild-type

C57BL/6] mice were dissected, triturated in 8 ml ice cold HBSS with
20 mM HEPES-KOH pH 7.5, and ultraviolet irradiated in a Stratalinker 1800
(Stratagene) at 750 mJ/cm?. Rbfox1 was immunoprecipitated with 1D10 anti-
body and washed with high salt buffer. The immobilized crosslinked RNA
was fragmented as previously described!?: aliquots of beads in 50 pl of 1x
micrococcal nuclease buffer with 5.0 j1g yeast transfer RNA were treated with
5 or 2,000 Kunz U/ml of micrococcal nuclease (New England Biolabs) for
5min at 37 °C. The enzyme was inhibited by addition of 0.5 ml 1x PNK buffer +
EGTA. The RNA fragments were dephosphorylated for 1 h to remove the
3’ phosphorylates left by micrococcal nuclease. The RNA linker contained
3" biotin instead of the puromycin group used previously**. Because Rbfox1
co-migrates with the IgG heavy chain, the crosslinked protein-RNA-linker
products were purified on monomeric avidin beads (Fischer Scientific)
before resolving on 10% NuPAGE gel (Invitrogen). The constructed Rbfox1
iCLIP library was sequenced on a Genome Analyzer IIx (Illumina) with a 76
nucleotide read length. Mapping of sequence reads was performed against the
mouse genome (version mm9/NCBI37) using Bowtie version 0.12.5 (ref. 48)
as previously described*.

43. Liu, P., Jenkins, N.A. & Copeland, N.G. A highly efficient recombineering-based
method for generating conditional knockout mutations. Genome Res. 13, 476-484
(2003).
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expression using FLPeR (flipper) mice. Genesis 28, 106-110 (2000).

45. Grabowski, P.J. Splicing-active nuclear extracts from rat brain. Methods 37,
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(2009).

47. Sugnet, C.W. et al. Unusual intron conservation near tissue-regulated exons found
by splicing microarrays. PLOS Comput. Biol. 2, e4 (2006).
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Supplementary Figure 1. Design of the Rbfox1 targeting constuct and genotyping
of the Rbfox1 alleles. (a) Schematics of the relevant portion of the wild-type (WT)
Rbfox1 gene, the targeting construct, and the integrated construct genomic DNA. (b)
Schematic showing the Rbfox 1 allele after removal of the neo selection cassette plus
the location of primers for genotyping the WT (Rbfox1*), Rbfox1°** and Rbfox12 alleles,
with PCR product sizes indicated. The Rbfox 14 allele will only be amplified by PCR after
Cre-mediated recombination. (c¢) Agarose gel showing PCR genotyping of DNA extracted
from the tail and brain of Rbfox1>®F — Rbfox1°**/Nestin-Cre*-, and
Rbfox1'xPoxF/Nestin-Cre*~ mice. Sequences for genotyping primers are listed in Supple-
mentary Table 3.
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aptic proteins. (a) Representative Golgi-Cox—stained images of adult WT and Rbfox1~~
dentate gyrus, counterstained with thionin (blue). Abbreviations: ML, molecular layer of
the dentate gyrus; gc, granule cell; CA3, pyramidal layer of the hippocampus. Scale bar,
0.2 mm. (b) Representative Golgi-Cox—stained images of dendrites from WT and
Rbfox1~- dentate gyrus granule cells. Scale bar, 10 um. (c¢) Quantification of overall spine
density per 10 ym. Results are mean + s.e.m.; n = 28 or 29 dendritic segments from 2
mice for each genotype. *P=0.031 by one-tailed Student’s t test. (d) Representative
immunoblot analysis of Synapsin-lI (Syn-l) and PSD-95 in total protein lysates from WT
and Rbfox 1~ hippocampus. GAPDH was used as a loading control. (e) Quantification of
relative Syn-l1 and PSD-95 expression in hippocampus, normalized by GAPDH. Results
are mean + s.e.m.; n = 3 animals per genotype. n.s., no significant difference by one-
tailed Student’s t test (P=0.404 and P=0.363, respectively).
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Supplementary Figure 3. Representative RT-PCR gels for all remaining significant
splicing changes identified in Rbfox1~~ brain. (a) and (b) Representative RT-PCR
gels for alternative cassette exons exhibiting decreased inclusion (a) and increased inclu-
sion (b) in Rbfox1~ brain (KO) compared to WT. (c) RT-PCR gels for mutually exclusive
exon pairs analyzed by digestion with restriction endonucleases; exon inclusion levels
were calculated for the downstream exon. Schematic above each gel shows the relative
location of (U)GCAUG sequences (yellow boxes) in flanking introns. For all images, num-
bers below the gel show mean percentage inclusion levels of the alternative exon.
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Supplementary Figure 4. The expression of other splicing factors is largely
unchanged in the Rbfox1~~ brain. (a) Immunoblot analysis of six well-characterized
splicing factors in total protein lysates isolated from WT and Rbfox71~ brains. B-tubulin
was used as a loading control for total protein. Only Nova1 shows a slight decrease
(-40%) in Rbfox1~~ brain compared to WT.
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WT Rbfox1™" Rbfox1™*" Rbfox2™"

Animals with stage 5 seizures’ 8/10 4/4 4/4 4/4
Latency (minutes) to 1st stage 5 seizure* 48.3+8.9 19.7+5.8* 19.5+2.6* 36.5+7.8°
Duration (seconds) of stage 5 seizures 12.4+2.8 73.2+16.8* 61.6+21.0° 9.8+3.6°
Deaths 0/10 4/4* 4/4* 0/4°
Latency to status epilepticus/death* n/a 31.3+4.8 31.3£2.9 n/a

Supplementary Table 1. Summary of behavioral response to KA-induced seizures.
TA stage 5 seizure is defined as a tonic-clonic seizure characterized by continuous rearing
and falling®2.

*Latency to 1st stage 5 seizure and to status epilepticus (mean + s.e.m.) is calculated
from the time of KA administration.

*Significantly different from WT (one-tailed Student’s t test, P<0.05).

aNot significantly different from WT (one-tailed Student’s t test, P>0.05).
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RT-PCR
MJAY APSI RT-PCR  Upstream Downstream
Alt event ID* Ratiof (Meanzts.e.m.) P value (U)GCAUG (U)GCAUG
1 Kend3_(57) +2.47 +28.17+£7.53 0.03233*  (-16) (+83)
2 Camtal1_(31) -1.48 -22.16x1.94 0.00378* nl/a (+70, +210, +252)
3 Camkk2_(43) -1.15 +2.42x1.17 0.08697 nl/a (+196, +217, +295)
4 Grin1_(63) -1.06 -23.29+2.66 0.00641* nl/a (+8, +262)
5 Stxbp5l_(72) +1.03 +13.57+4.51 0.04757*  (-13) (+130)
6 Tmem41b_(118) -0.98 n/a n/a (-185) n/a
7 Nt5c2_(59) +0.92 +0.70+0.34 0.08756  n/a (+254)
8 Scn8a_(92_92) -0.89 -12.33+0.81 0.00216* n/a_n/a nfa_(+114, +192)
9 Pbrm1_(156) +0.81 +13.22%2.52 0.01729*  (-78, -44, -31) (+233)
10 Trpm1_(196) +0.78 n/a n/a n/a n/a
11 Ablim1_(120) -0.72 -6.93+0.93 0.00871*  (-255) (+123, +171)
12 Ppp3ca_(30) +0.71 +8.55+1.97 0.02465*  (-188) n/a
13 PId3_(75_84) +0.67 -1.60£0.72 0.07834  n/a_n/a n/a_(+123)
14 Ptpro_(84) +0.65 +6.97+2.22 0.04400* n/a n/a
15 Taf1b_(98) +0.64 +8.22+8.55 0.21890  (-261, -244) n/a
16 Tpk1_(147) -0.62 +2.79x1.19 0.07191  (-305) n/a
17 Tpm3_(79) +0.61 +1.92+0.31 0.01277*  (-260) n/a
18 Tmem180_(172) +0.61 +2.45+2.08 0.18023 n/a n/a
19 Myom1_(294) +0.61 -2.31+£3.36 0.28156  n/a (+282)
20 Ccdc38_(183) +0.60 n/a n/a (-115) n/a
21 Dguok_(113) +0.60 -0.24£1.27 0.43457 nla (+231)
22 Fbf1_(140) +0.59 -0.15+0.24 0.29756  (-153) (+57)
23 Nrxn3_(27) -0.57 -7.61%£1.30 0.01400* n/a n/a
24 Nrcam_(57) +0.57 +5.46+0.69 0.00773*  (-136) (+171)
25 Cacna1d_(60) -0.56 -20.64+5.03 0.02726*  (-47) n/a

Supplementary Table 2. Summary of microarray results and RT-PCR validation for
splicing changes in Rbfox1~- brain.

*Alternative events identified by microarray (MJAY) were checked by RT-PCR and mean
percentage change in exon inclusion in Rbfox1~- compared to WT were calculated. Loca-
tion of (U)GCAUG sequences and alternative event nomenclature as in Table 1.

TMJAY ratio is described in Supplementary Methods.

*Significant deviation from WT, as determined by paired, one-tailed Student’s f test.
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Primer Pair Purpose / alt event coordinates* Forward primerT Reverse primerT

1 Probe-Rbfox1_knpr_frt Southern blot hybridization probe ~ AAACCAGATTTCCATACTCATCA TGTTATTGGGTCTAGGCTGGT

2 5'Probe Southern blot hybridization probe ~ ATCAGCACCCTGAGAAATGC GGCATGGGTAATTTTCCTGT

3 3'Probe Southern blot hybridization probe  CCTGGTTTGGCTGCATATTT GGCATGGGTAATTTTCCTGT

4 PL253-Rbfox1 Recombineering primer tcacagacaatgttggaacttcttatgaaattatttcctat agaccattccecttttggcaaacaggaagcetgcaacgt
gaggagtgtttgcGTATTGGTCACCACGG agactggacccaaggaCGGTGGGGTATCGA
CCGAGTTTC CAGAGTGCCAG

5 PL452-Rbfox1 Recombineering primer tcactgacatggttcttatgatgagtatggaaatctggtt tccaaaggttggtgtatgtatttctaaccaaaatgtacaa
tactactacttctaaCTGCAGCCCAATTCCG ataagcttaaggattTAGAACTAGTGGATCC
ATCATATTC CCTCGAGGG

6 PL451-Rbfox1 Recombineering primer acatttataactcttcatataaatgtgaagcaaatttttttt gacatgaagctgtggatgtacatgcagagcatgtacaa
ctggtgatggtggGACGGTATCGATAAGCT gactctaggtccaagtcGCGGCCGCTCTAGA
TGATATCG ACTAGTGGATC

7 Rbfox1 WT/loxP alleles Genotyping primer ATGCCCATGCAGTGAAAAAT TGCAGCACATTGAAACCTTC

8 Rbfox1 A allele Genotyping primer ATGCCCATGCAGTGAAAAAT AGCCAGTCAGCTGGAGTGAT

9 Nestin-Cre allele Genotyping primer CGTGTTGCACTGAACGCTAA GCAAACGGACAGAAGCATTT

10 Ablim1_(120) chr19:57,133,575-57,133,694 CTCCATCAACTCCCCTGTGT TGGGTGGTTTTCGGTAAATG

11 Cacnald_(104_104)  chr14:30,984,482-30,985,245 CCCAATGGAGGCATCACT CTTCCAGCTGCTGTTTTTCC

12 Cacnald_(60) chr14:30,942,975-30,943,034 CACCAGCGAGACTGAATCTG TGAGTTTGGATTTCGAGATGG

13 Cacnals_(57) chr1:138001147-138001203 TTTGGAGATCCTTGGAATGTG AGTCTCATGACCCGGAACAG

14 Cadps_(147) chr14:13,290,197-13,290,343 CGCCCCACTTGTTGTTAGAT TTTGACGCAGGACTCAATCA

15 Camk2g_(68) chr14:21,576,888-21,576,955 GGTCTACGGTGGCATCCAT CCGCCATCTGACTTCTTGTT

16 Camkk2_(43) chr5:123,186,997-123,187,039 CATGATTCGAAAGCGCTCAT GTCTTCGCTGCCTTGCTTC

17 Camta1_(31) chr4:150,445,535-150,445,565 GCCATCCTTATCCAGAGCAA TCCTTGGCCTTTTTCAATTC

18 Ccdc38_(183) chr10:93,041,454-93,041,636 TGAGGTCCAGGCTCTTCAGT AGCATCTCCGATGCAGACTC

19 Dguok_(113) chr6:83,446,680-83,446,792 GCATTGAAGGCAACATCG GGCTCCAGCTGCACCTTC

20 Fbf1_(140) chr11:116,019,334-116,019,473 GGTCTTCCTGCAGAACATGAA CTTTCCCAGGACCCTTTGC

21 Gabrg2_(24) chr11:41,727,472-41,727,495 ATTTTGTCAGCAACCGGAAG ACAGTCCTTGCCATCCAAAC

22 Grin1_(63) chr2:25,166,863-25,166,925 CCCTACTCCCACCAGTCCAGCGTC AGCGTCGTCCTCGCTTGCAGAAAGG

23 Kcend3_(57) chr3:105,469,880-105,469,936 GGCAAGACCACCTCACTCAT AGTGGCTGGACAGAGAAGGA

24 Myom1_(294) chr17:71,431,543-71,431,836 GGTCAGAGCAGTGAATGCAG ATGTCATAGGGCGCAGATG

25 Nrcam_(57) chr12:45,646,366-45,646,422 GAGGACACCCGTGAGGACTA TTTCATTGCCCTCTGGAGTT

26 Nrxn3_(27) chr12:90,756,350-90,756,376 CTCATCAACGATGCTCTCCA TCATTGCACTGGTTTCCAGA

27 Nt5c2_(59) chr19:46,983,980-46,984,038 ACCGAAGTTTAGCCATGGAA CCTGAGGATAGCCAATGGAA

28 Pbrm1_(156) chr14:31,927,035-31,927,190 TGGGGACAGAATGGAGAAAC ATGGGGGCTACTCCTTGATT

29 PId3_(75_84) chr7:28,330,205-28,334,117 GGGGCTAGGTTCTGGAGTAGA AAAGGGGTGGTCCTGAGC

30 Ppp3ca_(30) chr3:136,594,975-136,595,004 CTGACACTGAAGGGCCTGAC GAGGTGGCATCCTCTCGTTA

31 Ptpro_(84) chr6:137,368,845-137,368,928 GGAGCTGGCACGTTTGTTA TTTCCTCTTCTTTAAGCCATTTTT

32 Scn8a_(92_92) chr15:100,789,771-100,790,125 GACCCGTGGAACTGGTTAGA TCCAGATAGCTCTCGTTGAAGTT

33 Snap25_(118_118) chr2:136,595,478-136,595,910 ATGGCCGAAGACGCAGACATGCGC TTAACCACTTCCCAGCATCTTTGT

34 Stx3_(46) chr19:11,864,538-11,864,583 ACAGCCTTCATGGACGAGTT GTTGTTGGCCCTTTTCTTGA

35 Stxbp5l_(72) chr16:37,186,737-37,186,808 GCTATTAAGCATGGGGACCA CCAGGGGAACTGGACTATCA

36 Taf1b_(98) chr12:25,193,949-25,194,046 CCCCAACACCAAGATCAACT AGGCCTGTTTGCTCTTCTGA

37 Tmem180_(172) chr19:46,446,426-46,446,597 GACCACATCTCCCTGTCCAC AGAAGCAGAGAAGCCAGGTG

38 Tmem41b_(118) chr7:117,126,170-117,126,287 CCACCGAAATGTTGCACTC CCATATCTCTCGGAACCTTCA

39 Tpk1_(147) chr6:43,419,001-43,419,147 CCTGACCAAGACCACACTGA TGTCTACATGGAGCCTGTGC

40 Tpm3_(79) chr3:89,894,935-89,895,013 CGTGCTGAGTTTGCTGAAAG GCTCCTCTTTGGTGCACTTC

41 Trpm1_(196) chr7:71,344,049-71,344,244 TGCAAAAGGGAATGCATCTT CCCAAACACCTGCTTCAGTT

Supplementary Table 3. List of primer sequences used for generating Rbfox1
transgenic mice, genotyping Rbfox1 and Nestin-Cre alleles, and for RT-PCR
assays.

*Purpose of the primer pair; genomic coordinates (UCSC July 2007 assembly mm9) for
the alternative event are listed if the primer pair was used for RT-PCR.

TPrimer sequences listed 5’ to 3'.
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