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SUMMARY

A key challenge in understanding and ultimately treat-
ing autism is to identify common molecular mecha-
nisms underlying this genetically heterogeneous
disorder. Transcriptomic profiling of autistic brains
has revealed correlated misregulation of the neuronal
splicing regulator nSR100/SRRM4 and its target
microexon splicing program in more than one-third
of analyzed individuals. To investigate whether
nSR100 misregulation is causally linked to autism,
we generated mutant mice with reduced levels of
this protein and its target splicing program. Remark-
ably, these mice display multiple autistic-like features,
including altered social behaviors, synaptic density,
and signaling. Moreover, increased neuronal activity,
which is often associated with autism, results in a
rapid decrease in nSR100 and splicing of microexons
that significantly overlap those misregulated in
autistic brains. Collectively, our results provide evi-
dence that misregulation of an nSR100-dependent
splicing network controlled by changes in neuronal
activity is causally linked to a substantial fraction of
autism cases.

INTRODUCTION

Autism spectrum disorder (ASD) affects more than 1% of
children and is highly heterogeneous with respect to its presen-
tation and contributing genetic factors. All ASD patients exhibit
deficits in socialization, which are often accompanied by envi-
ronmental hypersensitivity. More than a thousand mutations
and other forms of genetic variation affecting several hundred
genes have been linked to ASD (lossifov et al., 2014; Krumm
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et al.,, 2015; O’'Roak et al., 2012). Some forms of ASD that
accompany syndromic disorders, including fragile X syndrome
(FXS), Rett (RTT) syndrome, and tuberous sclerosis complex
(TSC), are caused by well-defined genetic alterations (de la
Torre-Ubieta et al., 2016). However, most cases of ASD are idio-
pathic, i.e., they are of unknown or poorly defined genetic origin
(Jeste and Geschwind, 2014). Because of the extensive hetero-
geneity associated with ASD, a key goal is to determine to what
extent it is associated with the disruption of common molecular
mechanisms and pathways (Mullins et al., 2016).

A common neurobiological feature of autism is a shift in the
excitation/inhibition (E/I) ratio in synaptic formation and/or func-
tion, which affects neuronal network activity (Nelson and Valakh,
2015). Paradoxically, both increases and decreases in E/I ratios
have been reported in murine models of ASD. For example,
knockout of the gene encoding the eukaryotic translation initia-
tion factor 4E-binding protein 2 (Eif4ebp2) results in increased
translation of postsynaptic Neuroligin (NIgn) proteins (Gkogkas
et al., 2013), which in turn causes an increase in E/| ratios and
autistic-like behaviors. Conversely, knockout of NIgn3 (Tabuchi
et al., 2007) or other synaptic proteins including Nrxn1 (Etherton
et al., 2009) and Shank2 (Schmeisser et al., 2012) results in a
reciprocal shift in the E/I balance toward inhibition, yet also
causes autistic-like behaviors. Itis also currently unclear whether
such divergent activity levels associated with ASD involve alter-
ations in common molecular mechanisms and pathways.

Transcriptome profiling employing microarrays and, more
recently, high-throughput RNA sequencing (RNA-seq) of autistic
brains has revealed common patterns of misregulated gene
expression and alternative splicing (Chow et al., 2012; Gupta
etal.,2014; Irimiaetal., 2014; Voineagu et al., 2011). These altered
transcriptomic profiles encompass modules of genes enriched in
neuronal functions and with genetic links to ASD. These and a
subsequent study also revealed misregulation of 5%-10% of
alternative exons in patients with reduced levels of transcripts en-
coding members of the Rbfox family of RNA-binding splicing reg-
ulators (Voineagu et al., 2011; Weyn-Vanhentenryck et al., 2014).

1023

CellPress



mailto:b.blencowe@utoronto.ca
mailto:cordes@lunenfeld.ca
http://dx.doi.org/10.1016/j.molcel.2016.11.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2016.11.033&domain=pdf

Cell’ress

Rbfox1 has been genetically linked to ASD in a small number of
cases (Davis et al., 2012; Lee et al., 2016; Martin et al., 2007)
and shown to regulate alternative splicing, mRNA stability, and
translation of genes linked to brain development and ASD
(Lee et al., 2016; Weyn-Vanhentenryck et al., 2014).

Recently, from comparisons of a larger cohort of autistic and
control brain samples using a more sensitive RNA-seq analysis
pipeline, it was observed that the splicing of 30%-40% of
brain-specific microexons is disrupted in over one-third of
analyzed idiopathic ASD individuals (Irimia et al., 2014). Microex-
ons are a class of highly conserved, predominantly frame-pre-
serving, and neuronal-enriched 3-27 nt cassette exons. They
generally reside on protein surfaces, impact protein-protein in-
teractions, and are significantly enriched in genes with critical
roles in synaptic biology and with genetic links to ASD (Irimia
et al., 2014; Li et al.,, 2015). Most neural microexons are
controlled by nSR100, and nSR700 mRNA levels are downregu-
lated in autistic brains that display microexon skipping (Irimia
et al., 2014). These observations have raised the intriguing
possibility that disruption of nNSR100 may represent a common
mechanism underlying a substantial fraction of ASD cases. How-
ever, the mechanism(s) underlying reduced nSR100 expression
and misregulation of its target splicing program in autistic brains
have not been previously examined, nor has it been determined
whether reduced expression of nSR100, or of any other splicing
regulator, is causally linked to ASD.

ASD-associated cellular processes that control the formation
and function of synapses, including transcription, translation,
and post-translational modification, all respond to neuronal ac-
tivity (Ebert and Greenberg, 2013). Likewise, alternative splicing
and other forms of RNA processing and transport are dynami-
cally regulated in response to changes in neuronal activity
(Dictenberg et al., 2008; Eom et al., 2013; lijima et al., 2011;
Vuong et al., 2016; Xie and Black, 2001), and in some cases
these changes have been linked to altered levels or activities
of RNA-binding post-transcriptional regulators, including
Rbfox1, Elav, and Sam68 (Gehman et al., 2011; lijima et al.,
2011; Ince-Dunn et al., 2012). However, the extent to which alter-
native splicing is regulated by changes in neuronal activity in the
context of normal and disease/disorder-associated physiology
has not been determined. Moreover, whether altered transcrip-
tomic profiles encompassing reduced levels of nSR100 and its
target microexon splicing program in autistic brains might be
associated with changes in neuronal activity also has not been
determined.

In this study, we employed heterozygous mutant mice ex-
pressing approximately 50% wild-type levels of nSR100 to
assess whether reduced levels of this splicing regulator might
be causally linked to ASD. Remarkably, these mice display
several hallmark features of ASD, including altered social
behavior and sensitivity to environmental stimuli, as well as
altered synaptic transmission and neuronal excitability. Depolar-
ization of wild-type neurons to induce increased neuronal activ-
ity, which can mimic changes observed in different models of
ASD (Chahrour et al., 2012), and patient iPSC neurons (Acab
and Muotri, 2015), resulted in widespread changes in the splicing
of microexons controlled by nSR100 as well as those misre-
gulated in patients with ASD. Consistent with these changes,
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nSR100 protein levels rapidly decrease upon stimulation of
neuronal activity through a multifaceted mechanism that in-
cludes proteolytic degradation and a shift to expression of
non-productive nSR7100 transcripts. Collectively, our data pro-
vide evidence that nSR100 constitutes a regulatory “hub” that
is impacted by changes in neuronal activity that can arise in
ASD, and that the disruption of this hub results in numerous
ASD-like phenotypes.

RESULTS

nSR100 Haploinsufficiency Causes Autistic-like
Neurodevelopmental and Behavioral Defects

To investigate whether reduced expression of NSR100 is causally
linked to ASD-associated phenotypes, we analyzed mutant mice
lacking one functional copy of the nSR100/Srrm4 gene through a
frameshifting deletion of exons 7 and 8 (nSR10027®) (Quesnel-
Vallieres et al., 2015). These mice express ~50% of wild-type
levels of protein (Figure 1A) and display intermediate levels of
splicing of microexons and other target exons, relative to wild-
type and homozygous mutant (1.SR700%7#27-8) animals (Figures
1B and 1C). As such, they recapitulate misregulated patterns
of splicing observed in autistic human brains (Irimia et al.,
2014). nSR100*"27% mutant mice appear normal in tests for loco-
motion, habituation, short-term memory, olfaction, and hearing
(Figure S1, available online), and they display either mild or no
aberrant phenotypes in tests for responses to light stimuli and
anxiety (Figure S2).

Individuals with ASD often have sensory gating defects that
result in hypersensitivity to auditory stimuli (Baranek, 2002) and
can display attenuated sensitivity to a pre-stimulus (i.e., pre-
pulse) that normally desensitizes individuals to a subsequent
startle response (Perry et al., 2007). Both male and female
nSR100*/27® mice showed a significant increase in the ampli-
tude of the startle response, and also a significant decrease in
the pre-pulse inhibition of the startle response (Figure 2). These
phenotypes may result from neuroanatomical defects associ-
ated with ASD that include altered cortical layering (Stoner
et al., 2014), mis-wiring of brain circuitry (Rothwell et al., 2014;
Willsey et al., 2013), and disturbance in the number of parvalbu-
min-expressing (Pv*) fast-spiking interneurons (Cellot and
Cherubini, 2013). Consistent with these possibilities, nSR100-
deficient mice display aberrant cortical layering and axon guid-
ance defects in the corpus callosum (Quesnel-Vallieres et al.,
2015), as well as an increase in the number of cortical Pv* inter-
neurons (Figure S3). Thus, neurodevelopmental consequences
of nNSR100 reduction and/or loss are consistent with ASD-asso-
ciated neurodevelopmental phenotypes.

Given that a unifying feature of ASD is its impact on socializ-
ation, we examined social behaviors in nSR100*27® mice.
Strikingly, when compared to wild-type mice in the three-
chamber apparatus, a widely used test for social behaviors
(Silverman et al., 2010), nSR100*/278 males significantly prefer
interacting with an inanimate object over stranger mice
(Figure 3A; p = 0.015, two-tailed t test). They are also strongly
averse to social “novelty” when presented with stranger
and familiar mice in the three-chamber apparatus (Figure 3B;
p = 0.018, two-tailed t test). A decrease in social behavior
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Figure 1. Intermediate Levels of nSR100 Protein and Alternative Splicing Defects in the Brain of nSR100*/27% Mutant Mice

(A) Immunoblotting was performed using an antibody to nNSR100 on lysates from the cortex of six wild-type and six nSR700*27-® E18.5 embryos. Error bars, SEM.
(B) RT-PCR on nSR100 targets in wild-type, nSR100*/278, and nSR100 27-¥/27-8 E18.5 cortex samples. The size of events surveyed is indicated below the gene
names. Orthologous human microexons misregulated in ASD (Irimia et al., 2014) are highlighted in bold. Alternative exons, yellow or orange rectangles;

constitutive exons, blue rectangles; PSI, percent spliced in.

(C) Scatterplot showing percent spliced in (PSI) of events presented in (B) with lines connecting the same event between different genotypes.

See also Figures S1 and S2.

was also observed in the reciprocal interaction test, where
nSR100 mutant males spent significantly less time interacting
than did wild-type mice (Figure 3C; p = 0.036, two-tailed
t test). NSR100*/27-® females also showed social behavior def-
icits, although these were not as pronounced as those
observed for males in the three-chamber apparatus (Figure 3).
ASD is almost five times more common in boys (1 in 42) than
girls (1 in 189) (Christensen et al., 2016). It is remarkable that
reduced levels of nSR100 result in hallmark social deficits in a
manner reflecting the sexually dimorphic vulnerability to ASD
seen in humans.

Altered Synaptic Transmission and Neuronal Excitability
in nSR100 Mutant Mice

Altered synaptic density and activity are additional phenotypes
associated with ASD (Nelson and Valakh, 2015). Interestingly,
microexons misregulated in nSR100-deficient mice and in
autistic brains are enriched in genes involved in various aspects
of synapse biology, including dynamics of neurotransmitter
release (Irimia et al., 2014; Quesnel-Vallieres et al., 2015).

Moreover, primary cortical neurons from nSR100%7-¥278 mice
harbor more glutamatergic (excitatory) and fewer GABAergic
(inhibitory) synapses than wild-type neurons, as highlighted by
immunofluorescence microscopy using antibodies specific for
pre- and postsynaptic markers (Figure S4). Using mice specif-
ically expressing enhanced green fluorescent protein (EGFP) in
subsets of neurons (Thy1-EGFP reporter line), we also observe
that the density of thin dendritic spines that lack the bulbous
head characteristic of mature, functional spines is specifically
increased in the somatosensory cortex of adult nSR100*/A78
mice (Figure 4A). This defect in spine formation in nSR100
mutant neurons suggests that synaptic activity might be affected
in these neurons. Indeed, whole-cell recordings from adult
nSR100%/27-8 cortical brain slices reveal a significant decrease
in the frequency of both miniature and spontaneous excitatory
postsynaptic currents (MEPSCs and sEPSCs; Figure 4B), sug-
gesting a decrease in the frequency of glutamate release. No sig-
nificant change in the amplitude of EPSCs was observed, indi-
cating that reduced levels of nSR100 do not alter synaptic
conductance. Similarly, in the case of inhibitory synaptic

Molecular Cell 64, 1023-1034, December 15, 2016 1025

CellPress




Cell’ress

A Males
— _ p=0.004 _ Pgenotype—0-011
:i 400 | 5 100
© =
— e 804
P 300 =
= 200 b
I 3 404
©
o 1001 b 50l L]+
— —
= a B +a7-8
& o E N — . . .
N 4R 70 75 80 85
> dB

Figure 2. Sensory Hypersensitivity in nSR100*/7-% Mice

B Females

—~ =0.04

T 3007 p=0.002 ¢ 1007 Poennpe™0-048

e — 8

s 2 g0

Q) —_

T 200 £

2 -E 607

= ®

§ 100 2

S o 20 Lo

s = & +/a7-8

n o X ol ; ; ;
R 70 75 80 85

> dB

The startle response is increased (D’ Agostino-Pearson omnibus test followed by two-tailed t test) and the pre-pulse inhibition of the startle response is decreased in
adult nSR100*/27"® males (A) and females (B; two-way ANOVA, F(1,115) = 6.628 for males, F(1,143) = 3.962 for females). a.u., arbitrary units; dB, decibels. N = 13

males per genotype; N = 17 wild-type and 22 nSR7100*/27"® females.
See also Figure S3.

transmission, the frequency, but not amplitude, of miniature
inhibitory postsynaptic currents (mIPSCs) is also decreased in
adult nSR100"27-8 cortical brain slices (Figure 4C). Our results
thus support the conclusion that a decrease in nSR100 levels re-
duces synaptic transmission by disrupting the frequency of pre-
synaptic neurotransmitter release.

In addition to synaptic transmission, neuronal circuit activity is
also determined by intrinsic neuronal excitability. We found that
nSR100*/27-8 neurons are less excitable than wild-type neurons
(Figure 4D), despite having a similar resting membrane potential
(Figure 4E). The increased number of glutamatergic synapses in
culture, and the increased number of thin spines in vivo, may
therefore represent a homeostatic attempt by neurons to
normalize decreased synaptic transmission and excitability (Tur-
rigiano, 2012). Collectively, our results demonstrate that reduced
levels of nSR100 alter the density of excitatory and inhibitory
synapses, and lead to an overall decrease in both excitatory
and inhibitory synaptic transmission in the adult brain, both of
which represent additional hallmark features of ASD.

Neuronal Activity Regulates a Large Program of
Alternative Splicing

Neuronal activity has been shown to regulate alternative splicing
(lijima et al., 2011; Vuong et al., 2016; Xie, 2008; Xie and Black,
2001), and several activity-dependent pathways are associated
with ASD (Ebert and Greenberg, 2013). These observations
prompted us to systematically investigate whether nSR100 con-
trols alternative splicing in response to neuronal activity. Accord-
ingly, we used RNA-seq to detect all classes of alternative
splicing events modulated by neuronal activity in cultured wild-
type hippocampal neurons activated by depolarization with
KCI treatment (Figure 5A; Tables S1 and S2). Remarkably, of
408 detected alternative microexons, 95 (23%) display altered
splicing levels after 3 hr of KCI treatment, among which 88
(92%) display increased skipping and only 7 display higher
inclusion levels (Figure 5B). Proportionately fewer (887/10,830;
8.1%) cassette exons >27 nt in length show changes in splicing
levels during neuronal depolarization, and these are also
preferentially skipped in activated neurons (747/887; 84.2%)
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(Figure 5B). RT-PCR assays confirmed splicing changes de-
tected by RNA-seq for all 14 microexons tested (Figure S5A).
Treating neurons with KCI for 6 hr did not significantly increase
splicing changes (data not shown). Genes harboring activity-
dependent alternative cassette exons (>27 nt) have functions pri-
marily related to signal transduction and transcriptional regula-
tion, whereas those with activity-dependent microexons relate
primarily to vesicle transport (Figure 5C). Analysis of an indepen-
dent RNA-seq dataset (Maze et al., 2015) from primary cortical
mouse neurons treated with KCl for 5 hr gave comparable results
(Figures S5B-S5D; Table S3). Our results thus demonstrate that
an alternative splicing program comprising hundreds of events,
including a significant fraction of neural microexons enriched in
genes with synaptic functions, is dynamically regulated by
neuronal activity.

Neuronal Activity-Dependent Microexons Are nSR100
Targets and Are Misregulated in Autism

Remarkably, 87.2% (75/86) of microexons displaying increased
skipping in activated neurons are also more skipped upon loss
of nSR100 in the mouse brain (Figure SE6A; association
p value = 3.7 x 10~ '3, one-sided binomial test), and we addition-
ally observe a significant overlap between microexons skipped
upon neuronal activation and in autistic brains (Figure 6A;
p=7.66 x 10~ ASD versus depolarization; p=3.78 x 10~*, de-
polarization versus nSR100 mutant; p = 0.039, ASD versus
nSR100 mutant; Fisher’s exact test). Moreover, UGC motifs,
which represent binding sites through which nSR100 promotes
neural exon inclusion (Nakano et al., 2012; Raj et al., 2014), are
significantly enriched immediately upstream of microexons, as
well as of longer cassette exons that display increased skipping
after neuronal activation (Figure 6B; p = 3.95 x 10~ for micro-
exons, p = 1.22 X 10~ for longer cassette exons; two-tailed
Mann-Whitney test). Taken together, these results suggest a
direct and widespread role for nSR100 in the splicing of microex-
ons that are dynamically involved in synaptic functions and that
respond to external stimuli, and they further suggest that
nSR100 is regulated by neuronal activity. Also of importance is
that the results reveal that an altered splicing signature in the
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Figure 3. nSR100 Mutant Mice Display Autistic-like Behavior in a Sexually Dimorphic Manner

(A and B) Differential heatmaps showing where adult nSR700*/27-8 mice spent more time than wild-type mice (orange scale) and where wild-type mice spent more
time than nSR700*/27-® mice (gray scale) in the three-chamber social choice test (A) and in the social novelty test (B). Social behavior was measured as a sociality
index in the social choice test (time interacting with stranger/time interacting with object) and as a social novelty avoidance index in the social novelty test (time
spent in chamber with familiar mouse or in neutral chamber/time spent in chamber with stranger mouse). N = 17 wild-type and 15 nSR700*/27® males; N = 17

wild-type and 21 nSR100*/278 females.

(C) The reciprocal social interaction test was used to measure direct nose-to-nose interactions. N = 10 wild-type and 8 nSR7100*/27"® males; N = 6 wild-type and
10 nSR100%/27-8 females. D’Agostino-Pearson omnibus test followed by two-tailed t test. s, seconds. Error bars, SEM.

brains of ASD subjects is associated with increased neuronal
activity.

To address the mechanism connecting these observations,
we assayed nSR100 levels in response to depolarization.
Remarkably, there is an ~2-fold decrease in nSR100 protein
levels within 30 min after KCI treatment of primary neurons
(Figure 6C). This decrease is reversible, as allowing 24 hr of re-
covery after 3 hr of KCI treatment restores nSR100 to pre-KCl
treatment levels (Figure S6B). Moreover, this change is triggered
by neuronal depolarization rather than osmotic effect since treat-
ing neurons with a concentration of NaCl osmotically equivalent
to the 55 mM KCI treatment used above does not alter nNSR100
protein levels (Figure S6C). The rapid decrease in nSR100 pro-
tein levels following depolarization suggests that it may be tar-
geted by proteolysis. Treatment with the proteasomal inhibitor
MG132 in the absence of depolarization results in a 2-fold in-
crease in nSR100 protein levels, indicating that steady-state
levels of nSR100 are regulated by proteasomal degradation
(Figure 6D, lanes 1-3 versus lanes 4-6). Although maintaining
MG132 treatment after the addition of KCI does not prevent a
reduction in nSR100 levels following depolarization (Figure 6D,
lanes 4-6 versus lanes 7-12), the increase in NnSR100 levels

observed during MG132 treatment is accompanied by a
decrease in the magnitude of KCl-induced microexon skipping
(Figure 6E).

To further assess whether the activity-dependent changes in
microexon inclusion levels are a direct consequence of the
reversible loss of nSR100 protein, we expressed nSR100 from
a cDNA construct during KCI depolarization of Neuro2A cells.
Importantly, increased expression of nSR100 during KCI treat-
ment prevented the activity-dependent skipping of microexons
(Figure S6D, lanes 1-6). Conversely, short hairpin RNA (shRNA)
knockdown of nSR100 further reduced KCl-induced microexon
inclusion changes (Figure S6D, lanes 7 and 8). Collectively, these
and the results described above provide evidence that activity-
dependent changes in microexon splicing are a direct conse-
quence of reduced steady-state levels of nNSR100, and that these
changes occur through a proteasome-independent degradation
pathway. Moreover, the results provide evidence that nSR100
function is likely neuronal activity dependent.

To further investigate possible additional mechanism(s) under-
lying reduced levels of nNSR100, we analyzed activation-depen-
dent changes in nSR100 transcripts. nSR100 transcripts harbor
a 16 nt microexon and overlapping intron that display increased
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Figure 4. Impaired Synaptic Transmission and Excitability in nSR100*/7-% Neurons

(A) The number and morphology of spines was characterized from EGFP* pyramidal neurons of the somatosensory cortex from mice bearing the Thy1-EGFP
transgene in a region of the dendritic arbor corresponding to the boxed area in the left panel. Spines were assessed as mushroom (M), thin (T), stubby (S), or
filopodia (F). nSR100*"27"® mice have a higher number of thin spines (**p = 0.006). N = 3 mice for each genotype, 21-27 dendrites per mouse. Two-tailed Mann-
Whitney test; whiskers, 10th-90th percentiles. n.s., not significant.

(B) nSR100*"278 mice have a lower frequency but unaltered amplitude of MEPSCs and sEPSCs when compared to wild-type mice. Representative traces of
mMEPSCs or sEPSCs in wild-type and mutant neurons from the somatosensory cortex of adult mice are shown, and the frequency (center plots) and amplitude
(right plots) of events were quantified. n = 5 cells per genotype. **p = 0.004 for mEPSC frequency and *p = 0.029 for sEPSC frequency, Mann-Whitney test.
s, seconds; ms, milliseconds; pA, picoamperes.

(C) nSR100*"27® mice have a lower frequency but unaltered amplitude of mIPSCs, and unaltered sIPSCs when compared to wild-type mice. Representative
traces of mIPSCs or sIPSCs in wild-type and mutant neurons from the somatosensory cortex of adult mice are shown, and the frequency (center plots) and
amplitude (right plots) of events were quantified. n = 8 cells per genotype for sIPSCs; n = 8 cells per genotype for mIPSC frequency and n = 5 cells per genotype for
mIPSC amplitude. **p = 0.002 for mIPSC frequency, Mann-Whitney. n.s., not significant.

(D) Evoked action potentials are less frequent in nSR700*/278 neurons. Representative traces are shown in the upper panel. The number of action potentials
recorded when applying increasing steps of current injections for 500 ms were quantified (bottom panel). n = 6 wild-type and 14 nSR100*/27-8 cells. r? = 0.957 for
wild-type and 0.996 for nSR100*"27"8, two-way ANOVA; F(1,108) = 8.776, **Pgenotype = 0.004. mV, millivolts.

(E) Resting potential of n\SR700*/27-® neurons does not significantly differ from wild-type neurons. n = 9 wild-type and 18 nSR100*/7-® cells for resting potentials.
Two-tailed t test.

All error bars are SEM. See also Figure S4.
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Figure 5. A Program of Neuronal Activity-Dependent Alternative Splicing

(A) Bar graphs depicting the number of alternative splicing events with percent

spliced in (PSI), percent intron retention (PIR), or percent splice site usage (PSU)

changes > 15 after 0.5 and 3 hr of KCl treatment. The number of events included in each category is shown above the bars. Alt exons (>27 nt), alternative cassette
exons longer than 27 nt; Alt. 5’ SS, alternative 5’ splice site; Alt. 3’ SS, alternative 3’ splice site.
(B) Microexons and cassette exons are preferentially skipped following neuronal activation, whereas retained introns show no directionality. The number of events

included in each category is shown above the bars.

(C) Gene ontology enrichment analysis of genes containing microexons and cassette exons with [dPSI| > 15 during neuronal activation.

See also Figure S5 and Tables S1, S2, S3, and S4.

inclusion and retention, respectively, upon neuronal activation
(Figure 6F). Although the microexon is predicted to introduce
a premature termination codon (PTC) with potential to elicit
nonsense-mediated mMRNA decay (NMD), steady-state levels of
the microexon-containing spliced mRNAs and total nSR100
mRNAs increase slightly after 3 hr of activation (Figures 6F and
6G). Moreover, blocking NMD in Neuro2a cells with cycloheximide
treatment did not affect the levels of any of the three nSR100 iso-
forms assessed (Figure S6E). These alternative splicing events
also do not appear to operate in a negative feedback regulatory
loop, as overexpression of NSR100 in Neuro2A cells did not signif-
icantly affect the levels of inclusion of the microexon or retention of
the intron (Figure S6F). However, in addition to increased splicing
of the PTC-introducing microexon, we also observe an approxi-
mately 3-fold accumulation of nSR1700 transcripts containing the
retained intron after 3 hr of KCI treatment (Figures 6F and 6G).
To assess whether the increased levels of non-productive
nSR100 transcripts may contribute to reduced nSR100 protein

levels following depolarization, we measured nSR100 protein
half-life. Primary neurons were treated with cycloheximide and
nSR100 levels were monitored over time by immunoblotting.
These data reveal that the half-life of nNSR100 is ~3 hr (Figure 6H).
Given the ~2-fold decrease in nSR100 levels after 30 min of KCI
depolarization (Figure 6C), it is therefore likely that the expression
of non-productive nSR7100 transcripts contributes to reduced
levels of nSR100 protein soon after depolarization. Taken
together, our results indicate that neuronal activity-dependent
skipping of microexons that are also misregulated in ASD occurs
as a consequence of a multifaceted mechanism that includes the
rapid proteolytic turnover of nSR100 and expression of non-pro-
ductive nSR100 transcripts.

DISCUSSION

In this study, we show that heterozygous mutant mice express-
ing reduced levels of nSR100 exhibit multiple key features of
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Figure 6. nSR100*/7-® Neurons Mirror the Molecular Signature of KCI-Treated Neurons

(A) Venn diagram displaying the overlap between microexons that are skipped in humans with ASD (green) or upon neuronal activation (red), and nSR100-
regulated microexons in mouse (blue). *p < 0.05; ***p < 0.0001.

(B) Cumulative distribution plots indicating the position of the first UGC motif within 200 nt upstream of neuronal activity-regulated microexons (dark blue) or
longer cassette exons (light blue) versus non-neural alternative cassette exons (black). The number of exons used to analyze each subgroup is shown in pa-
rentheses.

(C) Quantification of NSR100 protein levels by immunoblotting of lysates from DIV11 cortical neurons treated with KCI.

(D) Quantification of nNSR100 protein levels by immunoblotting of lysates from DIV11 cortical neurons treated with KCl in the presence or absence of proteasome
inhibitor MG132.

(E) Comparison of microexon inclusion levels between DIV11 cortical neurons with or without MG132 treatment during KCI depolarization. RT-PCR was per-
formed on RNA pooled from three biological replicates. dPSI between no and 3 hr KCI treatment is plotted in bar graphs. Error bars, SEM.

(F) Semi-quantitative RT-PCR (top panel) and RNA-seq (bottom panel) analyses of microexon splicing in nSR100 transcripts after neuronal activation using DIV4
cortical neurons and DIV10 hippocampal neurons, respectively. An nSR700 intron is also increasingly retained after activation. Percent intron retention (PIR) and
PSI levels are indicated below the gel.

(legend continued on next page)
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Autism spectrum disorders

ASD, including deficits in socialization that are most pronounced
in male subjects, sensory hypersensitivity, and altered synaptic
transmission and neuronal activity. Our results provide evidence
for a causal role for disruption of an alternative splicing regulatory
network in the development of autistic-like phenotypes, and
further reveal a molecular mechanism linked to increased
neuronal activity that likely underlies the disruption of this
network in autistic human brains.

Our observation that the microexon splicing profiles of
nSR100 mutant neurons mirror those of activated primary
neurons, and that nSR100 levels are reduced in response
to neuronal activity, highlights a new mechanism that connects
altered brain activity with ASD (Figure 7). Dynamic, activity-
dependent modulation of nSR100 protein levels is likely
important for normal neurodevelopment and function (Quesnel-
Vallieres et al., 2015), whereas, based on transcriptomic profiling
of autistic brains (Irimia et al., 2014), it appears to represent a
common target for disruption in ASD. These observations further
suggest that neurological disorders linked to genetic alterations
that impact neuronal activity may also disrupt this mechanism.
For example, neuronal depolarization resulting from events
such as stalled GABAergic neuron maturation or epileptic sei-
zures, which accompany syndromic and some idiopathic ASD
cases (Cellot and Cherubini, 2014; Spence and Schneider,
2009), could inappropriately reduce nSR100 levels and thereby
cause or exacerbate neurodevelopmental or functional deficits
associated with ASD.

The overall decrease in neuronal activity and synaptic signaling
we observe in adult nSR100"27% mice is presumably a direct
consequence of reduced levels of nSR100 and the splicing of
its target microexons (and possibly also of longer cassette exons)
located in genes that are important for synaptic function. For
example, reducing nSR100 levels may decrease the frequency
of presynaptic neurotransmitter release by affecting the inclusion
of microexons in genes governing vesicle-mediated transport
and actin cytoskeleton and membrane reorganization (Figure 5C).
The disruption of neurodevelopmental processes, including
altered cortical neurogenesis and axon guidance (Quesnel-
Vallieres et al., 2015), or defective synaptic signaling during

Microexon skipping (nSR100*27-%)

o

Autistic features

Figure 7. A Model for Activity-Dependent
nSR100 Regulation and ASD

nSR100/Srrm4 expression activates the splicing
of a program of microexons in healthy neurons.
Experimental stimulation of neurons to mimic
increased neuronal activity observed in some ASD
models and patient iPSC neurons results in the
rapid loss of expression of nSR100 protein and
skipping of microexons (u) that are also mis-
regulated in autistic brains. Genetically reducing
nSR100 levels reproduces the microexon splicing
profile of activated wild-type neurons and autistic
brains, and causes autistic-like behavior as well as
other ASD-like phenotypes in mice.

nSR100

!

development (this study), while initially a direct consequence of
disturbing nSR100-dependent splicing of neurodevelopmental
genes, may also further contribute to the observed changes in
the adult in a secondary manner (Rubenstein, 2010).

Given the activity-responsive nature of NSR100 and its splicing
program, and that disruption of this splicing regulatory network is
found in a substantial proportion of ASD cases, it is anticipated
that future studies will further link nSR100 to ASD cases. In this
regard, it is interesting to note that nSR100 controls a conserved
microexon in Eif4g (Irimia et al., 2014). This factor binds elF4e to
form a translation initiation complex, and altered elF4e activity
has been linked to ASD (Gkogkas et al., 2013; Santini et al.,
2013). nSR100 also regulates the splicing of microexons in addi-
tional activity-dependent genes such as the ASD-associated
transcription factor Mef2c, as well as in synaptic genes with ge-
netic links to ASD, including Ank3, Nbea, Nrxn2, and Shank1
(this study and Bi et al., 2012; Castermans et al., 2003; Gauthier
et al,, 2011; Sato et al., 2012). Thus, multiple ASD-causing
molecular pathways, including those that affect neuronal activity
(de la Torre-Ubieta et al., 2016; Ebert and Greenberg, 2013;
Mullins et al., 2016), likely converge on nSR100 and its
target alternative splicing program. As such, nSR100 represents
an attractive potential target for the development of new diag-
nostic and therapeutic approaches that may be applicable to a
substantial proportion of ASD individuals.

EXPERIMENTAL PROCEDURES

Mice

All mice used in this study were C57BL/6. All experiments were conducted in
compliance with the Animals for Research Act of Ontario and the Guidelines of
the Canadian Council on Animal Care. The Centre for Phenogenomics (TCP)
Animal Care Committee reviewed and approved all procedures conducted
on animals at TCP.

Behavioral Tests

All behavioral tests were performed on wild-type and mutant mice generated
from nSR100*/27-8 intercrosses and fostered by nSR7100*/27-8 females. After
weaning, mice were hosted in cages holding two to five siblings with a random
distribution of genotypes. Behavior was either scored automatically with a
tracking software or manually by an observer blind to the genotype of subject

(G) Quantification of total nSR700 transcript levels and microexon-containing and retained intron-containing nSR700 transcripts by qRT-PCR of KCl-treated
DIV11 cortical neurons. Transcript levels were normalized to Gapdh, Medd22, and Clptm1l.
(H) Quantification of NSR100 protein levels in DIV4 cortical neurons treated with cycloheximide for 0.5, 1, 3, or 9 hr by immunoblotting.

See also Figure S6.
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mice. Open-field, light-dark box, elevated zero maze, Y-maze, and olfaction
tests as well as auditory brainstem response and electroretinography record-
ings were performed using standard protocols. In the three-chamber appa-
ratus, subjects were given 10 min to interact with an object or a stranger mouse
for the social choice test, immediately followed by an additional 10 min to
interact with a familiar mouse or a new stranger mouse for the social novelty
test. The reciprocal interaction test was performed after a period of at least
30 min of social isolation. Stranger mice were allowed to interact for 10 min
in a clean cage. Measurements for the pre-pulse inhibition of the startle
response were acquired following the International Mouse Phenotyping
Resource of Standardized Screens protocol (https://www.mousephenotype.
org/impress). See also Supplemental Experimental Procedures.

Dendritic Spines

A Thy1-EGFP mouse line (Tg[Thy1-EGFP]MdJrs /J#7788) (Feng et al., 2000)
was crossed with nSR700*/27-® mice. Brains were harvested from 9- to 13-
week-old wild-type or nSR100*/27% mice carrying only one copy of the
Thy1-EGFP transgene. Dendrites from layer V-VI pyramidal neurons in the so-
matosensory cortex were imaged from 300 um coronal slices. Spines were
counted on dendritic segments of approximately 35 pm.

Primary Neuronal Cultures

For neuronal depolarization experiments, hippocampal neurons were pre-
pared from embryonic day 16.5 (E16.5) embryos following a method described
in Abe et al. (2004). Depolarization was induced by adding KCl at a final con-
centration of 55 mM and incubating for 0.5 or 3 hr. For all other experiments,
cortical neurons were harvested from wild-type or nSR700%7"® mice at E18.5
and plated on glass coverslips coated with 2% Matrigel (Corning) for immuno-
staining experiments or on polystyrene coated with 2% Matrigel for RNA or
protein extraction. RNA was extracted using Trizol following the manufac-
turer’s instructions. Lysates were prepared in Tris lysis buffer. All experiments
performed on neuronal cultures were performed in three or four biological rep-
licates. See also Supplemental Experimental Procedures.

Electrophysiology

Cortical slices (300-400 um) were prepared from 8- to 12-week-old mice in
modified artificial cerebrospinal fluid (aCSF). Recordings were performed in
whole-cell configuration on layer II/lll pyramidal neurons in the somatosensory
cortex. All recordings were performed on a minimum of three animals per ge-
notype. See also Supplemental Experimental Procedures.

Computational Analysis

RNA-seq was performed on RNA extracted from days in vitro (DIV)10 hippo-
campal neurons from E16.5 embryos treated with 55 mM KCI in biological du-
plicates (see Table S4 for details on RNA-seq). We used vast-tools (Irimia et al.,
2014) to detect and quantify alternative splicing from RNA-seq data. The
threshold used to define neuronal activity-dependent alternative splicing
events was as follows: alternative splicing events with sufficient read coverage
(see Supplemental Experimental Procedures) that show a APSI > 15 between
the two replicates for each time point and a minimum difference of 5 between
ranges. Cumulative distribution of UGC motifs was performed as previously
described (Raj et al., 2014). Gene ontology analysis was performed using
DAVID (Huang et al., 2009) for GO_FAT categories. All multi-exonic genes
with sufficient read coverage for at least one of their introns or exons
(as defined by vast-tools) in our RNA-seq dataset were used as background.
Alternative splicing inclusion levels for human orthologous microexons in
autistic and control brains were obtained from Irimia et al. (2014) and data
for nSR100°7#27 mice were obtained from Quesnel-Valliéres et al. (2015).
For the latter, we used microexons with sufficient read coverage in all four pairs
of replicate experiments (wild-type and nSR700%7-#27-8 RNA-seq) and with an
average |APSI| > 10.

Immunoblotting

E18.5 brains were lysed in Tris lysis buffer (10 mM Tris, 150 mM NaCl, 1%
NP-40, and 10% glycerol) and sonicated. Protein samples were immunoblot-
ted with an anti-nSR100 polyclonal rabbit antibody (Calarco et al., 2009)
diluted at 1:5,000 overnight at 4°C. Mouse anti-tubulin (T6074, Sigma) was
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used at 1:5,000 and incubated for 2-3 hr at room temperature. Horseradish
peroxidase-conjugated anti-rabbit and anti-mouse antibodies were used at
1:5,000 and incubated for 1-2 hr at room temperature.

Immunofluorescence

Coronal sections (16 um) from formaldehyde-fixed E18.5 embryonic or
adult mouse brains were blocked and permeabilized in 5% BSA and
0.3% Triton X-100 in PBS with or without the M.O.M. kit (Vector Labs)
for 1 hr at room temperature. All primary antibodies were incubated over-
night at 4°C, with or without the M.O.M. kit. Antibodies were as follows:
mouse anti-NeuN (mab377, Millipore) diluted to 1:200, rabbit anti-parvalbu-
min (PV27, Swant) diluted to 1:2,000, rabbit anti-vGlut1 (135 303, Synaptic
Systems) diluted to 1:500, mouse anti-PSD-95 (ab2723, Abcam) diluted to
1:500, rabbit anti-vGAT (131 011, Synaptic Systems) diluted to 1:500,
mouse anti-gephyrin (147 111, Synaptic Systems) diluted to 1:500, and
chicken anti-MAP2 (ab5392, Abcam) diluted to 1:10,000. Secondary anti-
bodies were goat anti-mouse, anti-rabbit, or anti-chicken coupled to Alexa
488, Alexa-568, Alexa-594, or Alexa-647 dyes (Abcam), all diluted to 1:500
and incubated for 1 hr at room temperature with or without the M.O.M. kit.
Stained sections were mounted in Vectashield mounting medium with
DAPI.

RT-PCR and qRT-PCR

Semi-quantitative RT-PCR was performed using the QIAGEN One-Step
RT-PCR kit as per the manufacturer’s instructions using 20 ng total RNA as
template per 10 uL reaction and run on 2% or 4% agarose gels. Bands were
quantified using Image Lab (BioRad) or Imaged. Primer sequences are avail-
able upon request.

For gRT-PCR, RNA was converted into cDNA using the Maxima H Minus
First Strand cDNA Synthesis kit (Thermo Scientific) as per the manufacturer’s
instructions. qRT-PCR was performed in technical triplicates using the
SensiFAST SYBR No-ROX Kit (Bioline) and 2 ng cDNA per reaction.

Cellular Fractionation

Cellular fractionation was performed following the REAP method (Suzuki et al.,
2010). Briefly, cells were harvested in PBS and resuspended in 0.1% NP-40 in
PBS. After a brief spin, half of the supernatant was collected as the cyto-
plasmic fraction. The pellet was washed once in 0.1% NP-40 in PBS and
then collected as the nuclear fraction. RNA was extracted using TRI Reagent
(Sigma) as per the manufacturer’s instructions.
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