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Abstract 
 

Neurons are highly polarized cells that communicate with one another at points 

of contact known as synapses. The ability to regulate the number and strength of 

synapses in an experience-dependent manner is called synaptic plasticity and has 

been shown to underlie learning and memory. Long-lasting forms of synaptic plasticity 

require tight control of gene expression in the nucleus and at synapses. In this study, 

we used two approaches to investigate the post-transcriptional mechanisms of gene 

expression regulation in neurons that, when impaired, contribute to neurological 

diseases. 

The first part of my thesis focused on alternative cleavage and polyadenylation 

(APA), which contributes to the diversity of the transcriptomic pool by producing mRNA 

isoforms with distinct 3’ untranslated regions (3’UTRs) and/or coding sequences. 

Alternative 3’UTRs and coding sequences can affect the expression, localization, and 

interactions of transcripts and their cognate proteins therefore impacting neuronal 

proteins function. Here, we investigated whether and how long-lasting phases of 

synaptic plasticity are coupled to changes in the 3’end processing of transcripts though 

APA. We used 3’ region extraction and deep sequencing (3’READS), a specialized 

method for identifying APA isoforms, to examine APA regulation by neuronal activity in 

acute hippocampal slices. We observed a significant and global increase in the usage 

of proximal and intronic polyadenylation sites (PAS) 3 hours after long-term 

potentiation (LTP) induction, consistent with LTP triggering a shortening of 3’UTRs and 

a shortening of the overall length of transcripts. In contrast, global APA regulation was 

undetectable 1 hour post-LTP induction suggesting that APA is temporally regulated. 

RNA-sequencing (RNA-seq) of the mouse hippocampal transcriptome addressed 

whether the change in PAS usage in response to LTP affected mRNA abundance. We 

found that LTP induced significant changes in gene expression patterns 3 hours post-

LTP induction, primarily by increasing the abundance of a subset of transcripts. Further 

analysis of individual transcripts at a large scale revealed that APA is mostly uncoupled 

from mRNA abundance regulation, raising the question of how the observed trend in 

APA regulation impacts neuronal function during LTP. Taken together, our results 

reveal that neuronal activity induces significant changes in APA that alter 3’UTR length 

and overall transcripts size, contributing to the intricate program of gene expression 

regulation underlying long-lasting, learning-related hippocampal plasticity. 

The second part of my thesis research focuses on RNA-binding proteins, which 

play a critical role in controlling the localization, abundance and function of neuronal 
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mRNAs. We studied RbFox1, a neuronal RNA-binding protein previously identified as a 

hub gene for autism-related genes in human genetic studies. RbFox1 binds to a well-

defined RNA sequence, (U)GCAUG, and is alternatively spliced into nuclear and 

cytoplasmic forms. In the nucleus, Rbfox1 functions as a regulator of RNA splicing; 

however, its role in the cytoplasm remained largely unknown. In this study we set out to 

dissect the cytoplasmic functions of RbFox1 in neurons. Previously, our group profiled 

the transcriptome of mouse hippocampal cultures in which RbFox1 and its homologue 

RbFox3 were knocked down. Most of the differentially regulated transcripts that have 

RbFox1 binding sites in their 3’-untranslated regions (3’UTR) were downregulated in 

the absence of RbFox1 and Rbfox3, suggesting that RbFox proteins increase mRNA 

expression levels in neurons. In this study, a subset of these transcripts was validated 

by RNA-seq of neuronal cultures lacking RbFox1 and their expression was rescued 

upon AAV-RbFox1 cytoplasmic isoform transduction. To identify the direct targets of 

each of the RbFox1 isoforms we performed individual-nucleotide cross-linking and 

immunoprecipitation followed by sequencing (iCLIP-seq) for the nucleoplasmic and 

cytoplasmic neuronal fractions separately. We identified that cytoplasmic RbFox1 binds 

predominantly to the 3’UTR of transcripts causing an increase in stability and 

translation of its targets and these targets are enriched in cortical development and 

autism genes. We characterized in more detail the RbFox1 regulation of two proteins 

essential for plasticity: Camk2α and Camta1. We cloned the 3’UTR of these genes into 

a luciferase reporter and showed that cytoplasmic RbFox1 can increase the luciferase 

activities and mRNA levels of these reporters in an RbFox1 site dependent manner. 

The (U)GCAUG sequence is one of the most conserved elements in the 3’-UTRs of 

human genes and we found that these sequences overlap significantly with or locate 

close to microRNA (miRNA)-target sites. Amongst other potential mechanisms, we 

postulate that RbFox1 binds to the 3’-UTR of target transcripts and increases their 

stability by competing with miRNAs. The results of this project provide additional 

insights to advance the understanding of the molecular interactions that underlie neural 

circuit dysfunction in autism-spectrum disorders. 

Above all, these two approaches highlight the intricacy of gene expression 

regulation in the brain and open new avenues to future studies. 

 

 
  



 

xiii 
 

Resumo 
 

Os neurónios são células altamente polarizadas que comunicam entre si 

através de pontos de contacto conhecidos por sinapses. A capacidade de regular o 

número e a força das sinapses de uma forma dependente de experiências foi 

denominada plasticidade sináptica, e constitui a base molecular da formação de 

memórias e aprendizagem. Formas duradouras de plasticidade sináptica exigem um 

controlo rígido da expressão génica ao nível nuclear e das sinapses. Neste estudo 

foram utilizadas duas abordagens para investigar os mecanismos pós-transcricionais 

de regulação da expressão génica em neurónios que, quando debilitados, contribuem 

para o desenvolvimento de doenças neurológicas. 

A primeira parte da tese foca-se no processo de clivagem e poliadenilação 

alternativa (APA) que contribui para a diversidade do pool transcriptomico através da 

produção de isoformas de mRNA com regiões 3’ não traduzidas (3'UTRs) e/ou 

sequências codificantes diferentes. 3'UTRs e sequências codificantes alternativas 

podem afetar a expressão, localização e interações de mRNAs e suas 

correspondentes proteínas, levando a uma potencial alteração da função de proteínas 

neuronais. Neste estudo, investigámos de que forma a plasticidade sináptica de longa 

duração está acoplada a mudanças no processamento final dos transcritos via APA. 

Para examinar os efeitos da atividade neuronal na regulação de APA em secções de 

hipocampo, utilizámos um método especializado para a identificação de isoformas de 

APA chamado extração de regiões 3' e sequenciamento profundo (3'READS). 

Observámos um aumento significativo e global no uso de locais de poliadenilação 

(PAS) proximais e intronicos 3 horas após a indução de potenciação de longa duração 

(LTP), consistente com a LTP resultar num encurtamento de 3'UTRs e uma redução 

global do comprimento de transcritos. Em contraste, a regulação da APA a níveis 

globais foi indetectável 1 hora após a indução de LTP, sugerindo que o mecanismo de 

APA é temporalmente regulado. O sequenciamento de RNA (RNA-seq) do 

transcriptoma hipocampal do ratinho  permitiu-nos investigar se a mudança no uso de 

PAS em resposta à indução de LTP resulta numa alteração da concentração de 

mRNAs. Descobrimos que a LTP induziu mudanças significativas nos padrões de 

expressão génica 3 horas após a indução da LTP, principalmente pelo aumento da 

abundância de uma subpopulação de transcritos. Uma análise mais aprofundada de 

alguns transcritos em larga escala revelou que a APA é na maioria dos casos 

desacoplada da regulação da abundância de mRNA, levantando questões relativas ao 

impacto da regulação da APA na função neuronal durante a LTP. Conjuntamente, os 

nossos resultados revelam que a atividade neuronal induz alterações significativas na 
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APA que alteram o comprimento das 3’UTRs e o tamanho geral dos transcritos, 

contribuindo para o complexo programa de regulação da expressão génica associado 

à plasticidade do hipocampo que fundamenta a aprendizagem de longa duração. 

A segunda parte da tese centra-se na investigação de proteínas de ligação ao 

RNA, que desempenham um papel crítico no controlo da localização, abundância e 

função dos mRNAs neuronais. Estudámos a RbFox1, uma proteína neuronal de 

ligação ao RNA previamente identificada como elemento central de genes associados 

ao autismo em estudos genéticos humanos. A RbFox1 liga-se a uma sequência de 

RNA bem definida, (U)GCAUG, e é alternativamente spliced em formas nucleares e 

citoplasmáticas. No núcleo, a Rbfox1 funciona como um regulador do splicing de RNA; 

no entanto, o seu papel no citoplasma permaneceu em grande parte desconhecido. 

Neste estudo, dissecámos as funções citoplasmáticas da RbFox1 em neurónios. 

Anteriormente, o nosso grupo começou por estudar o perfil transcriptomico de culturas 

de hipocampo de ratinhos em que RbFox1 e a sua proteína homóloga RbFox3 

estavam ausentes. Foi descoberto que a maioria dos transcritos diferencialmente 

regulados que possuem sítios de ligação RbFox1 em 3’UTRs são reprimidos na 

ausência de RbFox1 e Rbfox3, sugerindo que as proteínas RbFox aumentam os níveis 

de expressão de mRNA em neurónios. Neste estudo, um subconjunto desses 

transcritos foi validado por RNA-seq de culturas neuronais sem RbFox1 e  a sua 

expressão foi resgatada após a transdução da isoforma citoplasmática AAV-RbFox1. 

Para identificar os alvos diretos de cada uma das isoformas de RbFox1, realizámos a 

reticulação de nucleotídeos individuais e a imunoprecipitação seguida de 

sequenciamento (iCLIP-seq) para as fracções neuroplasmáticas e citoplasmáticas 

separadamente. Verificámos que a RbFox1 citoplasmática se liga predominantemente 

ás 3'UTRs de transcritos causando um aumento na estabilidade e tradução dos seus 

alvos, e que estes alvos estão enriquecidos em genes de desenvolvimento cortical e 

autismo. Caraterizámos com mais detalhe a regulação mediada por RbFox1 de duas 

proteínas essenciais para a plasticidade: Camk2α e Camta1. Clonámos a 3'UTR 

desses genes num repórter da luciferase e mostrámos que a RbFox1 citoplasmática 

pode aumentar as atividades da luciferase e os níveis de mRNA desses repórteres de 

maneira dependente do local de ligação da RbFox1. A sequência GCAUG(U) é um 

dos elementos mais conservados nas 3’UTRs dos genes humanos. Descobrimos que 

essas sequências se sobrepõem significativamente ou se localizam próximas de locais 

de ligação para microRNAs (miRNA). Entre outros mecanismos potenciais, postulamos 

que a RbFox1 se liga à 3’UTR de transcriptos alvo e aumenta a sua estabilidade 

competindo com miRNAs. Os resultados deste projeto contribuem deste modo para o 
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avanço do nosso entendimento sobre as interações moleculares associadas às 

disfunções do circuito neural em perturbações do espectro do autismo. 

Concluindo, estas duas abordagens destacam a complexidade da regulação da 

expressão génica no cérebro e abrem novos caminhos para futuros estudos. 
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1. CHAPTER I – GENERAL INTRODUCTION 

 

  1.1 From synaptic plasticity to memory formation 

For many centuries philosophers, psychologists and scientists have been 

fascinated with the function of the human brain and have engaged in relentless 

attempts to uncover the basis of complex abilities such as perception, memory and 

cognition (Berlucchi and Buchtel, 2009). In the late 1800s, William James introduced 

the concept of plasticity in the brain and theorized that the behavioral habits observed 

in living beings relied on changes in nervous system pathways (James, 1890)1. The 

neuroanatomist Santiago Ramon y Cajal used Golgi staining to provide the first 

concrete evidence that the brain was composed of individual cells (neurons) that 

harbored distinct and extensive processes. Cajal highlighted that neuronal networks 

were not in cytoplasmic continuity but instead individual neurons communicated with 

one another through specialized junctions, later called synapses by Sherrington (Cajal, 

1894). Eugenio Tanzi identified these points of contact between adjacent neurons as 

potential sites for neuronal plasticity. Tanzi also anticipated that repeated activity could 

lead to changes in the resistance of neuronal connections and linked those changes to 

the formation of associative memories and practice-dependent motor skills (Tanzi, 

1893). Advances in technology, including the use of intracellular microelectrodes to 

record neuronal activity and electron microscopy to visualize the ultrastructure of 

synapses, opened new avenues to understanding brain biology and memory formation. 

Donald Hebb hypothesized that learning and long-term memory resulted from the 

strengthening of synaptic connections caused by repetitive and associative firing of 

adjacent neurons – a theory popularized by the iconic statement “neurons that wire 

together, fire together”(Hebb, 1949). 

The first compiling evidence implicating the hippocampus in the formation of 

new memories originated from the study of epileptic patient Henry Gustav Molaison, 

widely known as patient H.M., in the late 1950s. H.M. underwent bilateral removal of 

the hippocampus and neighboring regions in the medial temporal lobe as treatment for 

severe seizures. As a result of the surgery, the patient developed both anterograde 

amnesia (inability to form new memories) and partial retrograde amnesia (inability to 

recall old memories), while his working memory (short-term memory) remained intact 

(Scoville and Milner, 1957; Squire and Wixted, 2011). Additional studies of patients 

with long-term memory deficits caused by hippocampal lesions corroborated these 

early findings and established the hippocampus as a critical brain region for memory 

formation. 
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The hippocampus receives information from the nearby entorhinal cortex and 

projects back to the cortex and the subiculum through pyramidal neurons of the CA1 

(Figure 1). The cortical inputs reach the CA1 region through both direct and indirect 

excitatory pathways, together called the perforant pathway. In the direct pathway, 

axons from the entorhinal cortex project directly into the dendrites of the CA1 neurons. 

The indirect pathway comprises a trisynaptic pathway journey spanning from the 

perforant pathway, in which axons from the entorhinal cortex form synapses with 

dendrites from the granule cells of the dentate gyrus, to the mossy fiber pathway, in 

which axons from the dentate granule cells project into neurons of the CA3 region, to 

the Schaffer collateral pathway, where CA3 axons excite pyramidal neurons of the CA1 

region of the hippocampus. The well-defined layered architecture of the hippocampus 

allowed for early studies of electrophysiology to start uncovering the physiological 

mechanisms that underlie learning and memory.  

 

 

Figure 1 – The hippocampal synaptic circuitry (Kandel et al., 2013) 

 

In 1973, Timothy Bliss and Terje Lomo discovered that electrical stimulation of 

the perforant pathway of anesthetized rabbits led to long-lasting and activity-dependent 

changes in synaptic strength in the hippocampus. They found that the delivery of brief 

trains of high frequency stimuli to the perforant pathway resulted in an increase in 

synaptic transmission, as measured by the amplitude of excitatory postsynaptic 

potentials (EPSPs), which could last hours. This phenomenon was then named long-

term potentiation (LTP). Long-term depression (LTD) describes a persistent weakening 

of synaptic strength in response to specific patterns of neuronal firing or activity. Both 

LTP and LTD are forms of synaptic plasticity, defined by the ability of neurons to modify 

the strength of synaptic connections in an experience-dependent manner (Bliss and 

Collingridge, 1993; Silva et al., 1992). 
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In the 1960s and 1970s, the Eric Kandel and colleagues provided the first 

convincing evidence linking molecular mechanisms to long-lasting changes in synaptic 

strength that in turn resulted in specific learning behaviors. The group pioneered the 

use Aplysia californica as a model system for studying learning-related synaptic 

plasticity. Aplysia are marine molluscs with a central nervous system of approximately 

20,000 large and stereotyped nerve cells that can perform simple learning behaviors 

such as developing long-term sensitization of the gill-withdrawal reflex following 

repeated tail shocks. This learning paradigm was recapitulated in Aplysia sensory-

motor culture systems, allowing to study behavior at a resolution of single neuron cells 

and individual synapses (Martin et al., 1997a).  

LTP exhibits two distinct forms based on temporal and molecular features: a 

transient early-phase (E-LTP) that lasts for minutes to a few hours, and a late-phase 

(L-LTP) that lasts several hours to days (Figure 2). One train of electrical stimulation 

(1s at 100Hz) produces short lasting plasticity and four or more trains at 10min 

intervals are required to elicit L-LTP. 

 

 

 Figure 2 - Early and late-phases of LTP in the Schaffer collateral pathway 

(Kandel, 2001) 

 

Studies using transcriptional and translational inhibitors revealed that the E-LTP 

is independent of new gene expression whereas L-LTP requires de novo transcription 

and translation (Frey et al., 1988; Ho et al., 2011; Kandel, 2001; Nguyen et al., 1994). 

Mansuy and Winder tested long-term memory tasks in mutant mice lacking calcineurin 

(a phosphatase critical for LTP) and showed that E-LTP correlates with short-term 

memory and L-LTP with long-term memory (Mansuy et al., 1998; Winder et al., 1998). 

Consistently, short-term memory is independent of new protein production while long-

term memory integrity relies on new protein synthesis (Flexner et al., 1963; Kandel, 

2001). In the early phase of LTP, postsynaptic depolarization of the membrane 
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activates N-methyl-D-aspartate (NMDA) receptors by reliving their Mg2+ blockage. 

Activated NMDAR channels trigger calcium influx and promote the activation of several 

protein kinases, including the Ca2+/calmodulin-dependent protein kinase II (CAMKII), 

which phosphorylates alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors (AMPARs) and initiates a signaling cascade that triggers AMPAR 

trafficking to the postsynaptic membrane (Figure 3). The increased number of 

phosphorylated AMPARs at the synapse is thought necessary and sufficient to 

increase synaptic efficacy and drive LTP. The persistence of long-lasting increases in 

synaptic connectively (L-LTP) are characterized by the activation of adenylyl cyclase 

that produces cyclic adenosine monophosphate (cAMP) and require the translocation 

of protein kinase isoform A (PKA) and mitogen-activated protein kinase (MAPK) from 

stimulated synaptic spines to the nucleus to activate the transcription factor cAMP 

response element binding protein-1 (CREB) via phosphorylation at serine 133 (Lonze 

and Ginty, 2002; Martin et al., 1997b; Mayford et al., 2012; Shaywitz and Greenberg, 

1999). CREB-mediated de novo gene expression is crucial for L-LTP and required for 

memory formation (Silva et al., 1998).  

 

Figure 3 - Diagram of early and late phase LTP                                      

(Kandel et al., 2013) 
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To gain insight into the program of gene expression underlying long-term 

memory, previous studies used microarrays, high-throughput RNA sequencing, and 

mass spectrometry to identify global changes in gene expression that occur during L-

LTP (Chang et al., 2006; Gu et al., 2015; Håvik et al., 2007; Maag et al., 2015; McNair 

et al., 2006; Ryan et al., 2012). More recently, Patrick Chen and colleagues profiled the 

temporal gene expression changes of excitatory neurons in hippocampal slices 

undergoing L-LTP and identified a comprehensive list of transcripts differentially loaded 

into ribosomes as a result of LTP induction (Chen et al., 2017b). 

 

1.2. Co-and post-transcriptional mechanisms of gene 

expression regulation in the brain 

1.2.1. RNA-binding proteins 

RNA-binding proteins (RBPs) play critical roles during neuronal development 

and plasticity by impacting several co- and post-transcriptional steps of gene 

expression (Figure 4). RBPs control the abundance and localization of transcripts to 

different sub-compartments of the cell, regulating RNA metabolism processes such as 

transcription, splicing, cleavage and polyadenylation, miRNA targeting, translation, 

trafficking, and degradation of transcripts.  The importance of RBPs at a physiological 

scale is highlighted by the discovery of several neurological diseases associated with 

mutations in RBP-coding genes (Gao and Taylor, 2014; Liu-Yesucevitz et al., 2011; 

Wang et al., 2016). For example, loss of function of the fragile-X mental retardation 

protein (FMRP), an RBP involved in mRNA localization and translation, causes fragile-

X mental retardation, which is the most common monogenic cause of autism spectrum 

disorders (Lukong et al., 2008).  

The RbFox family of proteins includes the RNA-binding protein 1 (RbFox1, also 

called A2BP1), RbFox2 (RBM9) and Rbfox3 (NeuN) and constitutes an exquisite 

example of RBPs that participate in multiple mRNA regulatory functions in the brain. 

The interest in RbFox1 was initially driven by its interaction with Ataxin-2 (an RBP 

involved in mRNA translation and linked to spinocerebellar ataxia type 2 (SCA2) and 

amyotrophic lateral sclerosis (ALS) neurodegenerative disorders) and the discovery of 

Rbfox1 mutations linked to epilepsy and autism spectrum disorders (Bhalla et al., 2004; 

Martin et al., 2007; Sebat et al., 2007). In mice, CNS-specific depletion of RbFox1 

results in spontaneous seizures indicating a role in neuronal excitability (Gehman et al., 

2011). Analysis of post-mortem autistic and normal brains validated the early clinical 

correlation studies and identified RbFox1 as a major regulation hub for autism-related 
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genes (Voineagu et al., 2011). The sequencing of mRNAs bound to RbFox proteins 

(through crosslinking and immunoprecipitation followed by high-throughput sequencing 

HITS-CLIP) uncovered RbFox targets important for brain development and autism 

(Weyn-Vanhentenryck et al., 2014). 

RBPs recognize RNA motifs located most often in the 3’-UTR or 5´-UTR of 

transcripts. In contrast with most RBPs, the RbFox family recognize a unique and 

highly conserved RNA binding sequence in the 3’-UTR – (U)GCAUG – which greatly 

simplifies molecular studies (Jin et al., 2003). Rbfox1 is alternatively spliced into a 

nuclear and a cytoplasmic isoform that exhibit different functions within the cell: the 

nuclear isoform is an alternative splicing regulator and the cytoplasmic isoform 

promotes mRNA stability (Lee et al., 2009; Ray et al., 2013). The exact mechanisms by 

which RbFox1 increases the stability of its target transcripts remains still largely 

unknown and it forms the subject of the study presented in chapter II.  

 

Figure 4 – Spatiotemporal regulation of RNA processing and local 
translation in neurons by RNA-binding proteins (Wang et al., 2016) 
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                 1.2.1.1. RBP-mediated localization of mRNAs 

RNA localization to specific subcellular compartments is an evolutionary 

conserved mechanism that enables the spatial and temporal control of protein 

expression. In neurons and other asymmetric cells, trans-acting RBPs recognize and 

bind specific cis-acting elements in mRNAs to form messenger ribonucleoproteins 

(mRNPs), which are packed into RNA transport granules for delivery to the required 

subcellular locations in a translationally repressed state via motor proteins (Kiebler and 

Bassell, 2006; Martin and Ephrussi, 2009).  

The tight regulation of translation is particularly key in highly polarized cells 

such as neurons, which possess long axons and dendrites and require rapid and 

efficient protein synthesis within distal compartments in response to extracellular stimuli 

(Arimura et al., 2007; Martin KC et al., 2009). Local translation provides a means 

whereby changes in synaptic strength can quickly occur in a synapse-specific manner, 

thereby increasing the specificity of the gene expression mechanisms underlying 

memory formation (Martin KC et al., 2000). 

The first evidence for the existence of translation in distal neuronal 

compartments came from the detection of polyribosomes in dendrites by Steward and 

Levy (Steward and Levy, 1982). Key components of the protein translational machinery 

were later identified in neuronal processes, including translation factors (Tang et al., 

2002). While most transcripts are restricted to the soma or expressed in both axonal 

and dendritic subcompartments, a few transcripts show remarkable specificity in their 

pattern of localization. In-situ hybridizations and high-throughput sequencing studies 

revealed that a large population of transcripts localizes to dendrites and/or axons 

(Cajigas et al., 2012; Eberwine et al., 2002; Poon et al., 2006; Taliaferro et al., 2016). 

The mRNA encoding Tau, a protein implicated in neurodegenerative diseases such as 

Alzheimer’s disease, is selectively delivered to axons in developing neurons while 

CAMK2A and microtubule-associated protein 2 (MAP2) are highly enriched in the 

dendrites of mature neurons (Litman et al., 1993; Mayford et al., 1996).  

An increasing number of studies quickly demonstrated that not only can local 

protein translation occur but that it also is integral to plasticity, including to the 

formation of new synapses. For example, hippocampal slices with the soma isolated 

from the dendrites and axons were still found capable of displaying a long-lasting type 

of potentiation or depression when stimulated via BDNF or metabotropic glutamate 

receptors, respectively (Huber et al., 2000; Kang and Schuman, 1996). Consistently 

with the role of local translation in plasticity, polyribosomes were found translocated to 

synapses in an activity-dependent manner and L-LTP dependent on the translation 

activation via MAPK signaling pathways (Bourne et al., 2007; Kelleher et al., 2004; 
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Ostroff et al., 2002). Additional metabolic labeling experiments, protein-synthesis 

inhibitor assays and functional studies on localized mRNAs important for L-LTP, 

unequivocally demonstrated the critical role of local protein synthesis to synaptic 

plasticity and the storage of information in the brain (Glock et al., 2017; Martin and 

Zukin, 2006; Sutton and Schuman, 2006; Tan et al., 2013; Wang et al., 2009). The 

dendritically localized Camk2A protein illustrates the importance of this mechanism to 

memory formation. Mice with a targeted mutation of the 3’UTR cis-elements 

responsible for the trafficking of Camk2a mRNA to dendrites displayed a large 

reduction of Camk2a protein levels at synapses and developed impairments in late-

phase LTP and long-term memory (Miller et al., 2002). 

 

1.2.2. Alternative cleavage and polyadenylation 

The cleavage and polyadenylation (C/P) of RNA polymerase II (RNAPII) 

products is a nearly universal 3’ end processing phenomenon in eukaryotes that is 

critical for the maturation of transcripts and triggered by RBPs (Colgan and Manley, 

1997). C/P is a two-step mechanism consisting of the endonucleolytic cleavage of pre-

mRNAs followed by the polymerization of a polyadenosine (poly(A)) tail that is involved 

in many aspects of mRNA metabolism, including nuclear export, stability and 

translation (Figure 5). The C/P reaction is coupled to transcription termination and is 

mediated by approximately 20 core trans-acting factors and auxiliary proteins in the 

nucleus. Some of the C/P machinery components form subcomplexes - including the 

Cleavage and Polyadenylation Specific Factor (CPSF), the Cleavage stimulation Factor 

(CstF), the Cleavage Factor I(CFI) and the Cleavage Factor II(CFII) – and others act as 

single proteins – including Symplekin, poly(A) polymerase (PAP), nuclear poly(A) 

binding protein (PABPN) and the RNAPII. First, CPSF catalyzes the cleavage of the 

pre-mRNA, 10–30 nucleotides downstream of its binding site, in the polyA site (PAS), 

which is defined by upstream and downstream cis regulatory elements. Upstream 

elements include the canonical polyadenylation signal A[A/U]UAAA or its close 

variants, UGA elements and U-rich sequences, while U- and GU-rich elements are 

found downstream of the cleavage site(Di Giammartino et al., 2011; Elkon et al., 2013; 

Tian and Graber, 2012). CstF and CFI add specificity to the binding of CPSF to the 

RNA. Once the cleavage is completed, PAP starts building the poly(A) tail by adding 

adenine monophosphates to the pre-mRNA 3’end, with the support of PAB2, until the 

length of the tail causes the loss of interaction between PAP and CPSF. The poly(A) 

tail has a restricted length and varies widely between species, ranging between 250 

and 500 adenines per poly(A) tail in humans. Regulating the size of the poly(A) tail 
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adds an additional layer of complexity to gene regulation whereby transcripts with very 

short tails are preferentially degraded or translationally inhibited. 

 

Figure 5 – 3’end processing of mRNAs - cleavage and polyadenylation 

 (Peter J Russel, 2009) 

 

Most mammalian genes contain several PASs and display alternative cleavage 

and polyadenylation (APA) that yields multiple mRNA isoforms with alternative terminal 

exons (ATE) and/or 3’UTRs with variable length(Tian et al., 2005). High throughput 

sequencing of the 3’ end of transcripts has revealed that ~79% of mRNAs and ~66% of 

long non-coding RNAs in mouse tissues have APA isoforms(Hoque et al., 2013). 

Although APA can increase protein diversity when ATE are coupled with coding 

sequence (CDS) changes, the majority of APA events occur within the terminal exons 

and alter 3’UTR length without affecting the CDS(Hoque et al., 2013). 

Genome-wide analyses have begun to uncover the broad set of biological 

processes modulated by extensive APA. Global trends of 3’UTR shortening were found 

in cell proliferation (Sandberg et al., 2008) and cancer cells (Mayr and Bartel, 2009), 

while 3’ UTR lengthening was been associated with cell differentiation and embryonic 

development (Ji et al., 2009; Shepard et al., 2011). Unique patterns of APA regulation 

have also been detected in several tissues (Lianoglou et al., 2013; Wang et al., 2008; 

Zhang et al., 2005b), including enhanced utilization of distal PAS that produce longer 

alternative 3’UTRs (aUTRs) in the brain (Hilgers et al., 2011; Miura et al., 2013, 2014; 

Smibert et al., 2012; Zhang et al., 2005b).  

Elements within the 3’UTR contain binding sites for RNA-binding proteins and 

miRNAs that regulate many aspects of mRNA metabolism, including mRNA 

localization, stability, translation, and protein localization (Elkon et al., 2013; Lutz and 

Moreira, 2011; Mayr, 2016; Tian and Manley, 2013). Hence, controlling the length and 
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composition of the 3’UTR serves as a critical node of post-transcriptional regulation. 

Regulation of the 3’UTR plays a particularly important role in compartmentalized gene 

expression in neurons through the above-mentioned localization and regulated 

translation of mRNAs within dendrites and at synapses (Job and Eberwine, 2001; 

Martin et al., 1997a; Martin and Ephrussi, 2009; Sutton and Schuman, 2006; Wang et 

al., 2010a). In fact, RNA sequencing of the synaptic neuropil in mouse hippocampus 

identified over 2,000 axonally and dendritically localized mRNAs (Cajigas et al., 2012), 

and the localization of these mRNAs often depends on cis-acting elements within the 

3’UTR (Martin and Ephrussi, 2009).  

The wide range of 3’UTR profiles observed in the brain raises the question of 

how and to what extent does plasticity-inducing stimuli affect the global regulation of 

APA in neurons. In one early genome-wide analysis, Flavell et al. (2008) used 

microarray analysis to identify global changes in APA induced by potassium chloride 

membrane depolarization of rat neuronal hippocampal cultures. The authors observed 

a switch in pA usage after stimulation that favored the production of truncated mRNAs, 

accompanied in some cases by the production of truncated proteins (Flavell et al., 

2008). This study began to uncover the APA changes involved in neuronal potentiation 

and motivated the project described in chapter II. 

Studies on individual transcripts provide insights into the impact of alternative 

3’UTR usage on neuronal function. For example, activity-dependent APA of brain-

derived neurotrophic factor (Bdnf) mRNA controls the subcellular localization and 

translation of Bdnf mRNA in a manner that regulates dendritic spine enlargement and 

LTP(An et al., 2008; Lau et al., 2010; Pattabiraman et al., 2005). As another example 

of 3’UTR-dependent translational regulation, miR-483-5p binds to sequences in the 

long but not the short 3’UTR isoform of the epigenetic factor methyl CpG-binding 

protein 2 (MeCP2)(Han et al., 2013) to downregulate MeCP2 protein concentrations in 

human fetal brain, and this downregulation is critical to normal brain development 

(Chahrour and Zoghbi, 2007; Han et al., 2013).  

 

1.2.3. Regulation by microRNAs 

MicroRNAs (miRNAs) are highly conserved small (18-22 nucleotides) non-

coding molecules that regulate gene expression, mainly via sequence-specific binding 

within the 3’UTR region of mRNAs. miRNAs module mRNA levels by triggering the 

destabilization or translation repression of transcripts loaded selectively into RNA-

induced silencing complexes (RISC). To achieve specificity, each miRNA contains a 

sequence in the 2-7 position from their 5’end, named seed sequence, that allows the 
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recognition and binding to specific mRNAs via complementary base-pairing 

(Huntzinger and Izaurralde, 2011). The dynamic nature of miRNAs regulation – where 

a miRNA can target several hundred transcripts and each transcript can be targeted by 

many miRNAs – is especially suitable to post-transcriptionally fine-tune gene 

expression in complex networks, such as neuronal circuitry (Bartel, 2009). Indeed, 

early studies found that 60-80% of all miRNAs are expressed in brain and identified 

populations of miRNAs with brain-specific or brain-enriched patterns of expression, 

suggesting that miRNAs play important functions in the central nervous system (Lagos-

Quintana et al., 2002; Landgraf et al., 2007; McNeill and Van Vactor, 2012; Sempere et 

al., 2004). miRNA gene expression profiling of individual brain regions revealed that 

miRNAs display heterogeneous patterns of expression between adjacent 

neuroanatomic regions, raising the need to investigate specific brain regions and 

neuronal types (He et al., 2012).  

Several studies showed the importance and mechanism of action of miRNAs in 

hippocampal development and function. In hippocampal neuronal cultures, the 

constitutive depletion of an RNase III enzyme that is central to the production of mature 

miRNAs called Dicer, led to widespread cell death highlighting the involvement of 

miRNAs in neuronal survival (Hebert et al., 2010). In vivo studies characterizing 

conditional knockout mice that lacked Dicer in excitatory neurons of the forebrain 

reported dramatic effects in the hippocampal tissue morphogenesis, including aberrant 

hippocampal patterning and neuronal organization (Davis et al., 2008). Interestingly, 

mice subject to inducible disruption of Dicer in excitatory neurons of the adult forebrain 

displayed improved performance in cognitive tests (Konopka et al., 2010). Although 

Dicer plays additional cellular roles in the brain that are unrelated to the biogenesis of 

miRNAs (Rybak-Wolf et al., 2014), this observation suggested miRNAs are involved in 

learning and memory. Deciphering the miRNA:mRNA target interactions at a genome-

wide level is a crucial step to understand miRNA regulation in the hippocampus. 

Several studies performed high-throughput sequencing of miRNAs and targeted 

mRNAs bound to structural proteins of the RISC complex (mostly Ago2) revealing the 

miRNA-mediated networks held in the human and mouse brain (Boudreau et al., 2014; 

Chi et al., 2009; Tan et al., 2013), and more specifically in hippocampal neurons 

(Malmevik et al., 2015). Consistent with the importance of miRNA regulation in neural 

circuit formation and function, miRNAs and key components of the miRNA processing 

machinery have been detected in dendrites and at synapses (Ashraf et al., 2006; 

Banerjee et al., 2009; Kye et al., 2007; Lugli et al., 2008; Siegel et al., 2009). 

Furthermore, several studies identified hippocampal miRNAs changing their 
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abundance or localization within the cell in an activity-dependent manner associated 

with important consequences for synaptic plasticity (Eacker et al., 2011). 

miR-132 expression was shown to be induced by the transcription factor CREB 

and to mediate neuronal outgrowth (Vo et al., 2005; Wayman et al., 2008). Subsequent 

in vivo studies overexpressing miR-132 in forebrain neurons resulted in mice with 

significant impairments in novel object recognition memory and showed the role of 

miR-132 in the modulation of dendritic spine density and volume (Hansen et al., 2010). 

Other brain-enriched miRNAs, such as miR-134, miR-138 and miR-125b were also 

identified as major regulators of dendritic spine morphogenesis, which importantly 

correlates with synaptic strength (Fiore et al., 2009; Holtmaat and Svoboda, 2009; 

Schratt et al., 2006; Siegel et al., 2009). In another study, the brain-specific and highly 

abundant miR-124 was found to inhibit long-term plasticity through negative regulation 

of the transcription factor CREB (Rajasethupathy et al., 2009). 

The molecular pathways that underlie the orchestrated regulation of synaptic 

plasticity by miRNAs are still only partially understood. It has been postulated that 

under basal conditions, a pool of miRNAs represses the translation of pre-existing 

localized mRNAs. Induced by neuronal activity, the ubiquitin-proteosome system re-

localizes to spines and triggers the degradation of critical components of the RNA–

induced silencing complex (RISC), which allows the release of miRNAs and protein 

synthesis to take place (Ashraf et al., 2006; Banerjee et al., 2009; Ehlers, 2003). 

Another mechanism proposed to explain the activity-dependent function of miRNAs 

proposes that dendritic P-body-like structures store miRNAs and their translationally 

repressed target mRNAs during unstimulated conditions, and, can release them 

following synaptic activity (Cougot N et al., 2008). 

 

1.3. Experimental models of hippocampal plasticity 

There are several widely accepted in vivo and in vitro models to study 

hippocampal plasticity. The most commonly used to address molecular questions are 

hippocampal primary cell cultures and hippocampal slice preparations. Neuronal cell 

cultures have the advantage of being relatively easy to prepare, surviving for several 

weeks and allowing the visualization and manipulation of individual neurons and 

neuronal connections which are critical to uncover the cellular and intracellular 

mechanisms of neurobiology. In the study described in chapter III, we used cell 

cultures to be able to specifically express different isoforms of our protein of interest, 

RbFox1. Unlike primary cell cultures, hippocampal slice preparations maintain largely 

the cytoarchitecture and synaptic circuits of the intact hippocampus and thus provide a 
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more relevant system to study neurophysiology. Acute hippocampal slice preparations 

are usually obtained from the adult rodent brain and experiments are performed within 

a day. In contrast, hippocampal slice cultures are most often derived from embryonic or 

P0 rodent brains and can be maintained in vitro for weeks to months. There are several 

validated protocols to induce long-lasting forms of LTP in hippocampal slices, both 

using electrical and chemical stimulation. In the study presented in chapter II, we chose 

to use a chemical LTP induction paradigm (cLTP) to induce L-LTP in the Shaffer 

collateral pathway of acute hippocampal slices as this model not only preserves the 

physiological connections of the rodent hippocampus but also activates a larger 

number of synapses than the localized electrical stimulation.  

cLTP induction recapitulates physiological hippocampal plasticity by requiring 

bursting of CA3 neurons and producing a long-lasting NMDAR-dependent plasticity 

that needs de novo transcription and translation (Chotiner et al., 2003; Makhinson et 

al., 1999). First forskolin activates the cAMP signaling pathway to allow a persistent 

increase in the levels of CAMKIIA required for LTP induction and maintenance. Then, 

elevated levels of potassium lead to a global depolarization where both ligand-gated 

and voltage-gated ion channels are activated to allow the influx of calcium and 

activation of calcium signaling pathways. Depolarization triggers glutamate release and 

NMDA receptors activation that is necessary for LTP induction in CA3-CA1 synapses. 

The activation of a larger number of synapses results in a higher sensitivity and higher 

signal to noise, which is particularly important for RNA-Seq and 3’READS experiments 

that rely on relatively large yields of high quality RNA.  
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 2. Chapter II - Activity-dependent regulation of 

alternative cleavage and polyadenylation during LTP
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Activity-Dependent Regulation of Alternative Cleavage and Polyadenylation During 
Hippocampal Long-Term Potentiation 
 

Keywords: Alternative cleavage and polyadenylation, hippocampus, long-term potentiation, 

memory, gene expression, synaptic plasticity 

 

2.1.1.ABSTRACT 

Long-lasting forms of synaptic plasticity that underlie learning and memory require 

new transcription and translation for their persistence. The remarkable polarity and 

compartmentalization of neurons raises questions about the spatial and temporal regulation 

of gene expression within neurons. Alternative cleavage and polyadenylation (APA) 

generates mRNA isoforms with different 3’ untranslated regions (3’UTRs) and/or coding 

sequences. Changes in the 3’UTR composition of mRNAs can alter gene expression by 

regulating transcript localization, stability and/or translation, while changes in the coding 

sequences lead to mRNAs encoding distinct proteins. Using specialized 3’ end deep 

sequencing methods, we undertook a comprehensive analysis of APA following induction of 

long-term potentiation (LTP) of mouse hippocampal CA3-CA1 synapses. We identified 

extensive LTP-induced APA changes, including a general trend of 3’UTR shortening and 

activation of intronic APA isoforms. Comparison with transcriptome profiling indicated that 

most APA regulatory events were uncoupled from changes in transcript abundance. We 

further show that specific APA regulatory events can impact expression of two molecules 

with known functions during LTP, including 3’UTR APA of Notch1 and intronic APA of Creb1.  

Together, our results reveal that activity-dependent APA provides an important layer of gene 

regulation during learning and memory.  

 

2.1.2. INTRODUCTION 

Long-term potentiation (LTP) is a form of synaptic plasticity that corresponds to a 

long-lasting increase in synaptic transmission in response to specific patterns of neuronal 

firing or activity, and underlies learning and memory (Bliss and Collingridge, 1993; Silva et 

al., 1992). The early-phase of LTP (E-LTP) is independent of new gene expression while the 

late-phase of LTP (L-LTP), which lasts several hours to days, requires new transcription and 

translation (Frey et al., 1988; Ho et al., 2011; Kandel, 2001; Nguyen et al., 1994).  

Pre-mRNA cleavage and polyadenylation (C/P) is a nearly universal 3’ end 

processing mechanism for protein-coding genes in eukaryotes, and is coupled to 

transcription termination (Colgan and Manley, 1997). C/P consists of an endonucleolytic 
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cleavage of pre-mRNAs followed by the synthesis of a polyadenosine tail, and is carried out 

by the C/P complex, which contains over 20 factors and many associated factors (Shi et al., 

2009). The site for C/P, known as polyA site (PAS), is defined by upstream and downstream 

cis regulatory elements, the most prominent of which is the A[A/U]UAAA element located 

upstream of the PAS (Di Giammartino et al., 2011; Elkon et al., 2013; Tian and Graber, 

2012).  

Most mammalian genes contain multiple PASs that yield multiple mRNA isoforms 

(Derti et al., 2012; Hoque et al., 2013; Tian et al., 2005). While the majority of alternative 

PASs are located within the 3’-most exon and lead to changes in 3’UTR lengths, a sizable 

fraction of PASs are located in introns and control the selection of alternative terminal exons, 

affecting both coding sequences (CDSs) and 3’UTRs (Hoque et al., 2013). A growing 

number of mechanisms have been found to regulate APA, including core C/P factors (Li et 

al., 2015; Shi and Manley, 2015), splicing factors (Berg et al., 2012; Li et al., 2015), and 

RNA-binding proteins that interact with sequence motifs near the PAS (Zheng and Tian, 

2014).  

Several tissues exhibit unique patterns of APA regulation (Lianoglou et al., 2013; 

Wang et al., 2008; Zhang et al., 2005b). For example, distal PASs tend to be selected in the 

brain, leading to preferential expression of mRNAs with long 3’UTRs (Hilgers et al., 2011; 

Miura et al., 2013, 2014; Smibert et al., 2012; Zhang et al., 2005a). Since the 3’UTR contains 

binding motifs for RNA-binding proteins and miRNA target sites, alteration of 3’UTR length 

offers an effective means to modulate gene expression by controlling aspects of mRNA 

metabolism, such as stability and translation (Elkon et al., 2013; Lutz and Moreira, 2011; 

Mayr, 2016; Tian and Manley, 2017). 

In keeping with the preferential expression of distal PAS isoforms in neurons, 3’UTRs 

play a particularly important role in compartmentalized gene expression by directing the 

localization and regulated translation of mRNAs within dendrites and axons and at synapses 

(Job and Eberwine, 2001; Martin et al., 1997a; Sutton and Schuman, 2006; Wang et al., 

2010b). RNA sequencing of the synaptic neuropil in mouse hippocampus identified over 

2,000 axonally and dendritically localized mRNAs (Cajigas et al., 2012). Localization of 

mRNAs in neurons often depends on specific cis-acting elements within the 3’UTR (Holt and 

Schuman, 2013; Martin and Ephrussi, 2009). Interestingly, Taliaferro et al. found that 

transcripts using distal alternative last exons tended to be localized to neurites (Taliaferro et 

al., 2016). In addition, several studies have reported APA regulation following neuronal 

activation. An early microarray analysis found that a set of genes expressed truncated 

mRNAs through APA in cultured rat neuronal hippocampal cells following chronic potassium 

chloride depolarization (Flavell et al., 2008). It was suggested that the APA events may 

couple with transcriptional regulation through MEF2 (Flavell et al., 2008). Using Rat PC12 
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and mouse MN-1 neurons, Berg et al. showed that activity-induced APA changes were 

recapitulated by functional inhibition of U1 snRNP (Berg et al., 2012), a complex that is 

involved not only in 5’ splice site recognition but also in the inhibition of premature usage of 

PAS (Berg et al., 2012; Li et al., 2015; Luo et al., 2013). The authors suggested that shortage 

of U1 snRNP during transcriptional upregulation following neuronal activation may lead to 

activation of proximal PAS.    

Here, using deep sequencing of 3’ ends of transcripts, we systematically 

characterized APA regulation following LTP induction in acute mouse hippocampal slices. 

We examined both 3’UTR APA and intronic APA events at different time points post LTP, 

and analyzed the interplay between APA and gene expression regulation. Our study reveals 

global shortening of 3’UTR and activation of intronic APA, in line with previous reports. 

However, APA events are largely uncoupled from gene expression changes, and constitute a 

distinct layer of gene regulation during LTP.  

 

2.1.3. RESULTS 

We were interested in understanding whether and how APA, a widespread pre-

mRNA processing mechanism, plays a role in LTP. To this end, we perfused acute 

hippocampal mini-slices with forskolin and high concentrations of calcium and potassium to 

induce chemical LTP (cLTP). This form of LTP depends on bursting of CA3 neurons and 

produces a long-lasting, NMDAR-dependent plasticity that requires new transcription and 

translation (Chotiner et al., 2003; Makhinson et al., 1999). We extracted RNA from 

hippocampal mini-slices 1 (1 hr) and 3 hours (3 hr) post LTP induction (Fig. 1a), collecting 

time-matched controls from the same animals (Fig. 1a, see Materials and Methods (Chotiner 

et al., 2003; Makhinson et al., 1999). Reverse transcription-quantitative PCR (RT-qPCR) 

analysis of the immediate early gene Arc as well as the short and long intronic APA homer1 

isoforms confirmed their regulation after LTP induction, as previously reported (Chen et al., 

2017b; Sala et al., 2003).  

To determine APA profiles after LTP induction, we subjected RNA samples to 

3’READS, a method we previously developed to specifically study the 3’ end of transcripts 

(Zheng et al., 2016) (see Materials and Methods). After exclusion of outlier samples (Fig. 

S1), we obtained >10 million (M) PAS-containing reads per sample and identified 24,908 

PASs in 13,445 genes, including 294 non-coding RNA genes. About 55% of identified PASs 

were associated with AAUAAA, 17% with AUUAAA, 20% with other close variants, and ~8% 

with no identifiable A[A/U]UAAA or their close variants in the -40 to -1 nt region of the PAS 

(Fig. 1b). These values were comparable at 1 hr and 3 hr, for both control and LTP samples. 

We note that a higher percentage of PASs were associated with the AAUAAA hexamer in 
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our RNA samples than the 42% previously reported in the mouse genome (Hoque et al., 

2013), presumably because APA transcripts in brain preferentially use distal PASs (Hilgers et 

al., 2011; Ho et al., 2011; Miura et al., 2013; Smibert et al., 2012; Zhang et al., 2005a), which 

are more frequently associated with AAUAAA than proximal PASs (Tian et al., 2005). 

Approximately half of all detected protein-coding genes used 2 or more PASs, with no 

significant difference in the number of PASs per gene between control and LTP samples 

(Fig. 1c). As shown in Fig. 1e, most PASs (>85%) were found in the 3’UTR of the 3’-most 

exon, with less than 15% of PASs located in introns. Notably, we observed a small but 

significant (3,432 vs. 2,911, P = 5.3x10-16, Binomial test) global increase in the number of 

detected intronic PASs 3 hr post LTP, suggesting upregulation of intronic PAS usage 

following LTP induction (see below for more analysis). By contrast, no significant difference 

was detected 1 hr post LTP. 
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Figure 1. Analysis of APA in LTP. (a) Experimental design. RNAs from chemical LTP 
(cLTP)-induced and time-matched control hippocampal slices was subjected to 3’READS+ 
analysis to examine APA, or RNA-seq for gene expression. (b) Distribution of the A[A/U]UAA 
element in identified poly(A) sites (PASs). Percentage of PASs associated with either 
AAUAAA, AUUAAA, other variants of A[A/U]UAAA, or not associated with any A[A/U]UAAA 
element are shown for each sample group. (c) Number of PASs identified per gene. Genes 
with only one PAS have the highest frequency and the majority of genes displayed APA in 
the hippocampal samples analyzed. (d) Diagram showing 3’UTR APA (top) and intronic APA 
(bottom). 3’UTR APA isoforms have alternative 3’ UTRs resulting from the choice of different 
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PASs in the 3’UTR. Two PASs are shown, i.e., proximal PAS and distal PAS. Intronic APA 
isoforms have different 3’UTRs as well as coding sequences (CDS). (e) Distribution of PASs 
in different regions of the mRNA: 3’UTR (in 3’-most exon only) vs. upstream intron. Change 
of PAS distribution during LTP is observed 3 hr post LTP induction. Number of PAS in each 
region is specified in each bar. P-values (Binomial test) indicate difference in fractions of 
3’UTR PASs and intronic PASs in LTP vs. control samples.  
 

LTP induces global shortening of 3’UTRs  

We next focused on 3’UTR APA events and asked whether there was a global 

change in 3’UTR length after LTP induction. To simplify our analysis, we focused on the two 

most abundant 3’UTR APA isoforms, named proximal and distal PASs based on their relative 

positions in the 3’UTR (Fig. 2a), and compared their relative expression changes in LTP-

induced vs. control samples. While similar numbers of genes displayed 3’UTR shortening 

and lengthening after 1 hr of LTP induction (72 vs. 88, Fig. 2b), a bias toward 3’UTR 

shortening was detected 3 hr post LTP induction (203 vs. 77, Fig. 2c). Notably, the genes 

that displayed 3’UTR changes 3 hr after LTP induction were largely distinct from those with 

3’UTR changes 1 hr after LTP induction (Fig. 2d).  

To measure the extent of 3’UTR length change elicited by LTP, we divided genes into 

groups with lengthened 3’UTRs, unchanged 3’UTRs or shortened 3’UTRs, and calculated 

their average difference in 3’UTR length. At 1 hr, both lengthened and shortened 3’UTR 

genes underwent mild changes in 3’UTR length (median = 64 nucleotides (nt) and 55 nt, 

respectively, Fig. 2e). By contrast, at 3 hr, while genes with lengthened 3’UTRs displayed a 

mild change of 3’UTR length (median = 43 nt), genes with shortened 3’UTRs showed a more 

pronounced 3’UTR length change (median = 81 nt) (Fig. 2f). 

3’UTR length changes have previously been shown to alter miRNA targeting (Mayr 

and Bartel, 2009; Sandberg et al., 2008). We next set out to globally identify miRNA target 

sites that would be affected by 3’ UTR shortening 3 hr after LTP induction. Of the 164 genes 

that displayed both 3’UTR shortening and contained miRNA target sites (based on the 

TargetScan database), 117 had their miRNA target sites (882 sites in total) removed by 

3’UTR shortening (Fig. 2g). Thus, 3’UTR shortening could potentially play an important role 

in modulating miRNA regulation following LTP induction. An example gene, Notch1, is shown 

in Fig. 2h, displayed significant 3’UTR shortening in the 3 hr samples (P= 4 X 10-4, Fig. 2e), 

but not in the 1 hr samples. The Notch1 protein has been reported to be critical for 

hippocampal synaptic plasticity and memory formation (Alberi et al., 2011; Brai et al., 2015). 

Interestingly, we found a target site for miR-384-5p between the proximal and distal PASs of 

Notch1 (Fig. 2h), a miRNA whose downregulation was shown to be required for the 

maintenance of LTP (Gu et al., 2015). Thus, shortening of Notch1 3’UTR after LTP induction 

could help de-repress Notch1 expression by miR-384-5P, contributing to LTP maintenance. 
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RT-qPCR analysis using primer sets targeting a common coding region and a region that 

exists only in the long 3’UTR isoform confirmed increased Notch1 gene expression and 

relatively higher expression of short 3’UTR isoform compared to long 3’UTR isoform (Fig. 2j). 

Previous studies in other systems have indicated that the distance between two 

3’UTR PASs, also known as alternative 3’UTR (aUTR) size (Fig. 2a), often correlates with 

the extent of 3’UTR APA (Li et al., 2015), a phenomenon likely attributable to competition 

between the two adjacent PASs for usage. We thus divided genes with 3’UTR-APA 

regulation at 1 hr or 3 hr post-LTP into five groups based on their aUTR sizes (aUTR bins 1-

5) and asked whether the difference in the relative expression of two APA isoforms between 

LTP and control samples (relative expression difference, RED) was a function of aUTR size. 

The mean RED values shown in Fig. 2i revealed that genes with longer aUTRs underwent 

significantly greater 3’UTR shortening 3 hr post-LTP as compared to 1 hr (gene bin 1 vs 

gene bin 5 comparison at 3 hr: p-value=2.2x10-11, Wilcoxon rank sum test). Together, these 

results indicate that LTP drives a general shortening of 3’UTR 3 hr post LTP induction, 

especially in transcripts with long aUTRs.  
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Figure 2. Regulation of 3’UTR APA after LTP induction. (a) Schematic of 3'UTR APA. (b) 
3’UTR APA regulation after 1 hr LTP induction. Left, Scatterplot comparing expression 
changes of proximal and distal PASs after 1 hr LTP induction. Genes that significantly 
switched to proximal PAS usage are in blue and those that switched to distal PAS usage are 
in red (P < 0.05, DEXSeq, and relative abundance change >5%). Grey dots are genes 
without significant APA regulation. Right, bar graph comparing the number of genes with 
lengthened or shortened 3’UTRs (Le and Sh, respectively). (c) As in (b), 3 hr post LTP 
induction. (d) Venn diagram comparing genes with significant 3’UTR regulation 1 hr post LTP 
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induction and 3 hr post LTP induction. (e) 3’UTR length change in 1 hr post LTP induction. 
Genes with 3’UTRs significantly shortened (blue), lengthened (red), or unchanged (grey) are 
shown. 3’UTR size was based on weighted mean of all 3’UTR isoforms. Median values are 
indicated on the top. (f) As in (e), except that data are based on 3 hr post LTP induction. (g) 
Effect of 3’UTR shortening on miRNA targeting. Number of miRNA target sites that are 
removed (882) or not removed (972) by 3’UTR shortening is indicated in the upper bar, and 
number of genes that contain removed (117) or not removed (47) miRNA target sites by 
3’UTR shortening are indicated in lower bar. (h) An example gene Notch1, which displayed 
3’UTR shortening after LTP.  USCS genome browser tracks of 3’READS data are shown. 
Gene structure and 3’UTR sequence are indicated on top. Peaks from two polyA sites 
indicate reads for corresponding APA isoforms. miR-384-5p target site is indicated. Reads 
are based on combined samples. (i) Relationship between aUTR size and 3’UTR-APA 
regulation at 1 hr or 3 hr post LTP induction. Relative expression difference (RED) was 
calculated for all genes with APA sites. The formula of RED is indicated above the graph. 
Genes were divided into five groups (aUTR bins, listed on the right) based on aUTR size, 
with approximately equal number of genes in each bin. For each bin, mean RED was 
calculated. Error bars are standard error of mean (SEM). P-value (Wilcoxon rank sum test) 
indicates the difference between bin 1 and bin 5. (j) RT-qPCR validation of Notch1 APA 
regulation. Two different primer sets were used to detect the expression of a common coding 
region (right bar) and a region in the alternative 3’UTR (left bar). Error bars are SEM of 4 
replicates. 
 

3’UTR regulation and changes in transcript abundance 

Gene ontology analysis of genes with 3’UTR shortening indicated that genes with 

diverse functions are affected by this mechanism (Table S3).  We next asked whether there 

was any correlation between LTP-induced 3’UTR changes and LTP-induced changes in 

transcript abundance. To obtain high-resolution gene expression data, we performed RNA-

seq from a separate set of acute mouse hippocampal mini-slices 1 hr or 3 hr after LTP 

induction, with time-matched controls from the same animals. To prevent 3’UTR changes 

from influencing gene expression analysis, we used only RNA-seq reads mapping to the 

coding region of genes (see Materials and Methods for details). We identified 79 and 1,029 

genes that were significantly differentially expressed at 1 hr and 3 hr time points (fold change 

> 1.2, FDR < 0.1, DEseq) (Fig. 3a and 3b). At both time points, upregulated genes 

outnumbered downregulated ones (77 vs. 2 at 1 hr; 907 vs. 122 at 3 hr, Fig. 3c), indicating 

that LTP primarily elicits activation of gene expression (Chen et al., 2017b). Notably, most 

genes regulated at 1 hr were also regulated at 3 hr (Fig. 3d), indicating continuous activation 

of expression. The top differentially expressed (DE) genes we identified are consistent with 

previous studies (Hermey et al., 2013; Leach et al., 2012; Majdan and Shatz, 2006), 

including upregulation of Gadd45g, Egr2, c-Fos, Arc and Npas4 (Table 1). Notably, gene 

expression changes based on RNA-seq were well correlated with those based on 3’READS 

(r = 0.81 and r = 0.78 for significantly regulated genes at 1 hr and 3 hr, respectively, Figure 

S2), attesting to the quality of our sequencing data.  



Activity-dependent regulation of alternative cleavage and polyadenylation during LTP 

26 
 

GO analysis of DE genes after LTP induction revealed several common terms at 1 hr 

and 3 hr, including those related to signaling (“signal transduction” and “single organism 

signaling”), metabolic process (“positive regulation of metabolic process” and “negative 

regulation of macromolecule metabolic process”, “nucleic acid metabolic process”), and 

nucleus (“nucleus”, Table 2). Additionally, DE genes at 1 hr were enriched in “tissue 

development” and “transcription factor complex” (Table 2). At 3 hr, DE genes were also 

enriched in “neuron projection development” and “excitatory synapse” (Table 2). Thus, GO 

terms do not appear to overlap with those associated with genes showing 3’UTR shortening 

(Table S3). In addition, Ingenuity Pathway Analysis (IPA) identified a set of transcription 

factors (TFs) that are predicted to regulate genes with expression changes post LTP (Fig. 

3e), including CREM, CREB1, and HDAC4, which is consistent with the notion that CREB 

proteins plays key roles in memory and synaptic plasticity, and facilitates the late phase of 

LTP (Barco et al., 2002; Benito and Barco, 2010; Silva et al., 1998). By contrast, no 

significant TFs were predicted to be associated with genes showing 3’UTR shortening (data 

not shown). Taken together, both GO and IPA analysis results indicate that transcriptional 

regulation and APA may target different sets of genes.  

To specially address the interplay between 3’UTR-APA change and gene expression 

regulation, we analyzed the mRNA expression fold change of genes with significantly 

shortened and lengthened 3’UTR isoforms (P < 0.05, DEXSeq and relative abundance 

change of APA isoform >5%). There was no discernable correlation between gene 

expression change and 3’UTR-APA regulation at 1 hr post LTP (Fig. 3f). At 3 hr post LTP, 

while genes with lengthened 3’UTRs appeared to be modestly downregulated as compared 

to genes with shortened or unchanged 3’UTRs (P = 0.03 or P= 0.08, respectively, Wilcoxon 

test, Fig. 3g), there was no discernable difference between genes without 3’UTR APA 

changes and those with shortened 3’UTRs (P = 0.12, Wilcoxon test, Fig. 3g). Therefore, 

alteration of 3’UTR length is largely uncoupled from gene expression changes.  
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Figure 3. Regulation of gene expression after LTP induction. Differentially 
expressed (DE) genes 1 hr (a) or 3 hr (b) post LTP induction, as determined by RNA-seq. X-
axis, log2(ratio) of gene expression (LTP vs Control); Y- axis, -log10P (DESeq). DE genes 
were selected based on expression change >20% and FDR < 0.1. Genes with upregulated 
expression are highlighted in red and those with downregulated expression in blue. Grey 
dots are genes without significant regulation. (c) Bar graph summarizing DE genes shown in 
(a) and (b). (d) Venn diagram comparing DE genes at 1 hr LTP and 3 hr LTP. (e) IPA 
upstream regulator analysis for significantly regulated genes. This data is generated through 
the use of Ingenuity Pathways Analysis, a web-delivered application (www.Ingenuity.com). (f) 
and (g) Gene expression regulation vs. LTP-induced 3’UTR-APA regulation. Box plots 
showing the log2(ratio) of gene expression, LTP vs. Ctrl, for genes with 3’UTR lengthened 
(Le), shortened (Sh) or no change (Nc) at 1 hr (f) or 3 hr (g) post LTP induction. Only genes 
with significant 3’UTR APA regulation (those from Fig. 2) were included. P-values (Wilcoxon 
rank sum test) indicate difference between comparing gene groups.  
 

Widespread activation of intronic APA during LTP 

About 12% of APA sites identified in our samples were located in introns (Fig. 1e), 

which can impact coding sequence usage. We next tested the significance of the LTP-

induced regulation of intronic APA usage. We combined all isoforms using PASs in RefSeq-

supported introns and compared their expression with all transcripts using PASs in the 3’-

most exon (Fig. 4a). We detected a modest difference at 1 hr between genes with activated 

intronic APA and genes with repressed intronic APA (33 vs. 28, Fig. 4b). However, at 3 hr 

post LTP, genes with activated intronic APA significantly outnumbered those with repressed 

intronic PAS by 2.8-fold (78 vs. 27, Fig. 4c). These data indicate that LTP induces not only a 

general shortening of 3’UTR but also triggers an overall transcript truncation through 

increased usage of intronic PASs. In addition, the genes with intronic APA regulation at 1 hr 

differed from those with intronic APA regulation at 3 hr (Fig. 4d).  

We then asked whether intronic APA is related to gene expression level changes. At 

the 1 hr post LTP time-point, gene expression changes appeared to be unrelated to intronic 

APA regulation (Fig. 4e). By contrast, at 3 hr post LTP, genes with repressed intronic APA 

tended to be upregulated relative to genes without APA regulation or with activated intronic 

APA (P = 0.04 or 0.02, respectively, Wilcoxon rank sum test, Fig. 4f). However, genes with 

activated intronic APA, which accounted for most of the APA events, did not show significant 

difference in expression compared to genes without intronic APA changes (P = 0.35, 

Wilcoxon rank sum test). Therefore, intronic activation of APA is not coupled with activation 

of gene expression. GO analysis did not reveal any terms highly significantly enriched for 

genes with activated intronic APA (Table S4), indicating that intronic APA regulation, unlike 

transcriptional control, is not specific for genes with certain functions.  

We next examined how intronic APA was related to 3’UTR-APA. Using the 3 hr post-

LTP data, we identified 107 genes with both shortened 3’UTRs and activated intronic APA, a 

number greater than genes with shortened 3’UTRs and repressed intronic APA (48), 
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lengthened 3’UTRs and activated intronic APA (77) or lengthened 3’UTRs and repressed 

intronic APA (45) (Fig. 4g). This result indicates that, for a group of genes, 3’UTR shortening 

is coupled with activation of intronic APA. Presumably, for those genes, proximal PASs are 

generally preferred regardless of the location, in the 3’-most exon or in an intron.  
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Figure 4. Regulation of intronic APA after LTP induction. (a) Schematic of intronic 
APA analysis. Intronic PASs were compared with 3’UTR-PASs. (b) and (c) Left, scatterplot 
comparing expression change (LTP vs. control) of intronic PASs (x-axis) and 3’UTR PASs (y-
axis). Genes with significantly activated intronic PAS usage are shown in blue (Act) and 
those with significantly repressed intronic PAS usage in red (Rep) (p < 0.05, DEXSeq and 
relative abundance change > 5%). Grey dots represent genes without significant regulation 
(Nc). Right, bar graph showing the number of genes with activated or repressed intronic 
APA. (d) Venn diagram comparing genes with CDS-APA regulation at 1 hr post LTP and 3 hr 
post LTP. Genes correspond to those in (b) and (c). (e) and (f), Box plot showing the log2ratio 
(LTP/Ctrl) of genes with intronic PAS activation or intronic PAS repression, 1 hr (e) or 3 hr (f) 
post LTP induction. Genes with significant intronic APA regulation are those from (a) or (b). 
P-values (Wilcoxon rank sum test) indicate the difference between comparing groups. (g) 
Scatterplot comparing 3’UTR APA regulation (x-axis) and intronic APA regulation (y-axis) at 
3 hr post LTP induction. Δ relative abundance for 3’UTR APA is based on the two 3’UTR 
PASs with most reads, as in Fig. 2, and Δ relative abundance for intronic APA is based on all 
intronic PAS reads vs. all 3’UTR PAS reads. Genes with intronic APA and/or 3’UTR APA 
change (>5% relative abundance) are highlighted with different colors based on the type of 
change.  

 

Previous studies have shown that intronic APA events regulated by certain factors, 

such as U1 snRNP (U1) (Berg et al., 2012) and RNA polymerase II associated factor (PAF) 

complex (Yang et al., 2016), display a 5’ to 3’ polarity, i.e., more regulation at the 5’ end than 

the 3’ end. By dividing intronic PAS isoforms into 5 groups based on the intron locations of 

their PASs, i.e., first intron (+1), second (+2), last (-1), second to last (-2), and middle 

(between +2 and -2 introns), we found that PASs located in the 5’-most intron (+1) indeed 

had the highest increase in usage as compared to those in the 3’-most intron 3 hr post LTP 

(P = 0.008, Wilcoxon rank sum test). By contrast, no such trend was discernable with the 1 hr 

APA events (Fig. 5a). This result suggests that a regulatory mechanism similar to U1 and 

PAF complex, which specifically impacts 5’ intronic PASs, takes place 3 hr post LTP (see 

Discussion).  

To further explore the consequences of intronic APA activation following LTP 

induction, we examined protein domains that could be removed or truncated through 

shortening of coding regions. Of the 147 genes that showed significant intronic PAS 

activation and contained Pfam-annotated domains, 109 could lose their protein domains (258 

domains in total) as a result of intronic APA activation (Fig. 5b). One of the most significantly 

regulated genes by intronic APA was Creb1, whose intronic PAS increased both 1 hr and 3 

hr post LTP inductions (Fig. 5c). The regulated intronic PAS is located at the 5’ end of the 

first intron (Fig. 5c), usage of which could remove much of the protein sequence of Creb1, 

including two key domains—the phosphorylated kinase-inducible-domain (pKID) and basic 

leucine zipper domain (bZIP) (Fig. 5c). Since Creb1 plays a central role in transcriptional 

activation of many genes during LTP, as previously shown (Alberini, 2009; Lonze and Ginty, 

2002) and predicted by our IPA analysis in this study (Fig. 3e), we hypothesized that 

activation of its intronic APA may function to inhibit Creb1 expression, blunting its role in 
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transcriptional activation. Indeed, using the RNA-seq data, we found that while Creb1 mRNA 

appeared unchanged 1 hr post LTP, it was slightly downregulated 3 hr post LTP (Fig. 5d). 

Importantly, downregulation of Creb1 mRNA mainly occurred to exons downstream of the 

intronic PAS but not to the first exon (Fig. 5e), suggesting that downregulation of Creb1 

mRNA level occurred through the usage of intronic PAS.  Consistent with repressed Creb1 

expression, upregulation of Creb1 target genes was decreased 3 hr post LTP as compared 

to 1 hr post LTP (P = 1.6x10-5, Fig. 5f). Notably, the intronic PAS of Creb1 is conserved in 

human and rat based on PolyA_DB {Wang R, 2018 #3001}, highlighting its functional 

importance. Taken together, intronic APA of Creb1 may play an important role in 

downregulation of its gene expression, controlling the extent and/or timing of the Creb1-

mediated gene expression program.  
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Figure 5. Characteristics of intronic APA after LTP induction. (a) Normalized 
expression changes of intronic PAS isoforms. Intronic PAS isoforms were divided into five 
groups based on the intron location where PAS resides, i.e., first (+1), second (+2), last (-1), 
second to last (-2), and middle (between +2 and -2 introns). Expression changes are 
expressed as log2(ratio), LTP vs. Ctrl. Only genes with ≥4 introns and only PAS isoforms 
with ≥2 reads were used for analysis. Values for five intron groups were normalized by 
mean-centering. Error bars are standard error of mean. P-value (Wilcoxon rank sum test) 
indicating difference between first and last intron values is shown. (b) Protein domains that 
can potentially be removed or truncated by intronic PAS activation. Number of pfam domains 
that can be removed or not removed by intronic APA is indicated in the upper bar, and 
number of genes that contain domains removed or not removed by intronic PAS activation is 
indicated in the lower bar. (c) An example gene Creb1, which displayed significant intronic 
PAS activation. Gene structure is shown on top and peaks for PASs are shown in USCS 
genome browser tracks. P-values based on comparison of intronic PAS and 3’UTR PAS 
(DEXSeq) are indicated. Pfam domains are indicated. Reads are acquired by combined 
samples. (d) Gene expression change of Creb1 after LTP. (e) Expression changes based on 
RNA-seq reads mapped to different regions of Creb1. Schematic of Creb1 is shown on the 
top, and log2(ratio) from indicated region is shown in a bar plot. Two regions were analyzed, 
including the region from transcription start site to the intronic PAS, and the region from the 
second to the last exons. (f) Log2(ratio), Gene expression changes (LTP vs. Ctrl) of CREB1 
target genes obtained from the IPA database. The blue curve corresponds to 81 target genes 
in the 3 hr post LTP samples, whereas the red corresponds to 37 target genes in the 1 hr 
post LTP samples. 
 

2.1.4. DISCUSSION 

Regulation of transcription and protein synthesis is critical during L-LTP (Chang et al., 

2006; Gu et al., 2015; Håvik et al., 2007; Maag et al., 2015; McNair et al., 2006; Ryan et al., 

2012), and post-transcriptional gene regulation is key to the development and function of 

neural circuits (Buxbaum et al., 2015; Holt and Schuman, 2013; Raj and Blencowe, 2015). 

mRNA isoform changes through APA represent a widespread, although poorly understood, 

mechanism in eukaryotes. APA may play a special regulatory role in the neural system, 

because neuronal transcripts generally have long 3’UTRs (Miura et al., 2013; Zhang et al., 

2005b) and sequence motifs in 3’UTRs contribute to both spatial and temporal control of 

gene expression during neuronal plasticity (Martin and Ephrussi, 2009). Inspired by studies 

indicating activity-dependent regulation of APA in neurons (Berg et al., 2012; Flavell et al., 

2008), we undertook a genome-wide approach to systematically examine activity-dependent 

APA regulation following LTP induction in mouse hippocampal slices. With a specialized 3’ 

end-based sequencing method, 3’READS, we uncovered a global trend of 3’UTR shortening 

and activation of intronic APA 3 hr post LTP, a time point that also involves substantial 

transcriptional changes. By contrast, the global APA regulation was not discernable 1hr post 

LTP, when only a small number of genes have expression changes. Thus, it is possible that 

regulation of PAS usage, a co-transcriptional process, is globally coupled with  transcriptional 

regulation. On the other hand, for individual genes, we did not observe coupling between 

3’UTR shortening or activation of intronic PASs with regulation of gene expression.  
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Comparison with previous studies. The APA regulation following LTP induction 

detected in our study is consistent with a previous microarray study done in cultured rat 

hippocampal neurons that reported significant transcript truncation following KCl 

depolarization (Flavell et al., 2008). Of note, our stimulation protocol induced Hebbian 

synaptic plasticity (Chotiner et al., 2003), while the 1 hr or 6 hr of continuous KCl 

depolarization in cultured neurons likely produced homeostatic plasticity (O’Leary et al., 

2010). Despite this difference, 10 of the 29 genes undergoing APA regulation (34.5%, 30 

predicted-only genes from Flavell et al., 2008 were excluded) following KCl depolarization 

also underwent APA regulation after LTP induction in hippocampal slices, suggesting a 

common mechanism of APA regulation during homeostatic and Hebbian plasticity. Our high-

resolution genome-wide approach provides additional insights into APA regulation during 

plasticity by expanding the catalog of genes with activity-dependent APA changes from a 

total of 59 in Flavell et al. (2008) to over 1,100 genes (Fig. 1f). Our study further provides a 

comprehensive characterization of the two different types of APA regulation, 3’UTR APA and 

intronic APA, which could not be dissected using microarrays or traditional RNA-seq. 

Notably, we also performed the same experiments using PAS-Seq, another 3’ end-based 

sequencing method (Shepard et al., 2011). However, due to high variance of read counts 

across samples and within genes, we could not identify significantly regulated APA isoforms 

following LTP induction (data not shown), attesting to the technical advantage of using 

3’READS in analysis of APA.  

 

Potential mechanisms. The molecular mechanism(s) underlying activity-dependent 

APA regulation during LTP remain largely unclear. Global shortening of 3’UTRs and 

activation of intronic APA sites have been observed in proliferating cells compared to 

quiescent ones (Sandberg et al., 2008). Cancer cells, undifferentiated cells and cells at early 

developmental stages display similar patterns (Ji et al., 2009; Mayr and Bartel, 2009; 

Shepard et al., 2011). The mechanisms underlying proliferation-based APA are largely 

unknown, although higher expression levels of C/P factors and thus increased general C/P 

activity have been suggested to be responsible for more efficient 3’ end processing at 

proximal PASs (Ji et al., 2009; Ji and Tian, 2009). While we did not observe increased 

expression of C/P factors at the RNA level post LTP (Fig. S3a), the C/P factor gene Wdr33, 

did appear to be regulated by APA (Fig. S3b), raising the possibility that regulation of certain 

C/P factors may lead to the global APA changes observed in this study. In addition, we 

cannot rule out the possibility that some of the C/P factors might be regulated post-

translationally and have altered activities post LTP.  



Activity-dependent regulation of alternative cleavage and polyadenylation during LTP 

36 
 

The Dreyfuss lab reported that a shortage of U1 snRNP (U1) relative to the pre-

mRNA abundance caused subdued inhibition of cleavage/polyadenylation by U1(Berg et al., 

2012) and, consequently, activation of proximal PASs in introns and 3’UTRs. Indeed, using 

our previous 3’READS data from mouse C2C12 myoblast cells (Li et al., 2015), we found 

that the expression of intronic APA isoform of Creb1 increased by 3.7-fold when U1 was 

functionally inhibited by an antisense oligo to U1 snRNA (Fig. S5a). Global activation of 

proximal PASs in 3’UTRs and introns has also been reported in cells with reduced 

expression of the PAF complex (Yang et al., 2016), which plays a role in promoter-proximal 

pausing and transcriptional elongation(Chen et al., 2017a),(Fischl et al., 2017). We also re-

analyzed our previous data of knockdown of Paf1, one of the subunits of PAF complex, in 

C2C12 cells. Interestingly, intronic APA of Creb1 increased by 7.8-fold when Paf1 was 

knocked down (Fig. S5b). Although we did not detect a global correlation in intronic APA 

regulation between U1 inhibition or Paf1 knockdown and LTP activation, there were modest 

correlations between these conditions for PAS regulation in the first intron (r = 0.21 and 0.31 

for Paf1 knockdown vs. LTP and for U1 inhibition vs. LTP, respectively, Pearson correlation, 

Fig. S5d and Fig. S5e). This result  suggests that PASs in the first intron, as in the case of 

Creb1, might be regulated by U1 and/or PAF mechanisms in cells activated for LTP. Future 

studies need to determine mechanistic details concerning these potential connections.  

Intriguingly, we also found from our previous data that knockdown of PABPN1 in 

C2C12 cells substantially upregulated the expression of the intronic APA isoform of Creb1 by 

16-fold in C2C12 cells15. Because of PABPN1’s role in nuclear RNA surveillance 15,(Bresson 

and Conrad, 2013), it is possible that the intronic PAS isoform of Creb1 is rapidly degraded 

after usage. This further supports the model that intronic polyadenylation of Creb1 serves to 

inhibit the expression of full-length isoform. Moreover, similar to U1 inhibition and Paf1 

knockdown, regulation of PASs in the first introns of genes by LTP was modestly correlated 

with those by siPABN1 (r = 0.34, Pearson correlation, Fig. S5f), suggesting a general pattern 

similar to that of the intronic PAS of Creb1.  

 

Functional implications. APA generates mRNA isoforms with different 3’UTR 

lengths and/or coding sequences. mRNA isoforms resulting from LTP induction may localize 

to distinct subcellular compartments, and produce different protein levels (Cohen et al., 2014; 

Mayr, 2016; Miura et al., 2014). The functional consequences of 3’UTR-APA events emerge 

from differences in cis-regulatory elements contained within the alternative 3’UTRs, including 

motifs recognized by miRNAs and RBPs. Shorter 3’UTR isoforms can escape miRNA-

mediated destabilization and translation repression through the loss of miRNA binding sites, 

a strategy that is used to achieve both cell type specificity and correct developmental timing 

(Boutet et al., 2012; Han et al., 2013; Nam et al., 2014). Indeed, we found that genes with 
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lengthened 3’UTRs tended to be downregulated, implying a role for 3’UTR in gene regulation 

during hippocampal plasticity. A case in point is the Notch1 gene, which plays important roles 

in LTP and whose 3’UTR shortening removes a target site of miR-384-5-p, an important 

miRNA for LTP maintenance (Alberi et al., 2011; Brai et al., 2015; Gu et al., 2015) . Future 

studies are needed to examine the detailed mechanisms and consequences behind APA of 

Notch1 and explore other similar cases.  

Intronic APA events can impact protein functions by generating alternative C-termini. 

For example, intronic APA was previously shown to affect the molecular functions of 

Homer1, a gene that undergoes differential APA 3 hr post LTP induction. Our data is 

consistent with this finding (Fig. S5). The shorter Homer1 CDS isoform that is inducible by 

neuronal activity acts in dominant negative fashion to inhibit the function of the full-length 

Homer1 isoform (Sala et al., 2003) by preventing dimerization. Here we revealed significant 

regulation of intronic APA in Creb1, which plays a key role in LTP (Frank and Greenberg, 

1994). Activation of intronic PAS of Creb1 leads to a significantly truncated transcript that is 

likely to be rapidly degraded (see above). This mechanism may function to limit Creb1’s 

function in gene activation during LTP. Notably, activation of PAS in the first intron, as in the 

case of Creb1, is a widespread phenomenon during LTP. Further proteomic studies will 

provide insights into whether there is a surge of short peptides during LTP induction as a 

result of intronic APA activation, and, if so, whether they play functional roles in learning and 

memory.  

 

2.1.5. METHODS 

Preparation of hippocampal acute slices. Hippocampal slices were prepared from 

isoflurane-anesthetized 2-3 month old male C57BL/6 mice (Charles River, Wilmington, MA, 

USA). Hippocampi were quickly isolated on ice, and 400-micron thick transverse slices were 

cut using a manual tissue chopper. The dentate gyrus was trimmed with a single incision, 

and the slices were placed in interface chambers at 30oC to recover for 2 hr with continuous 

ACSF perfusion. From a single animal we collected ~10 hippocampal slices. Half of the mini-

slices were used for cLTP induction and the remaining treated with a DMSO vehicle solution 

as time-matched controls. cLTP was induced by perfusing ACSF containing 50 uM forskolin 

for 5 min followed by 5 min of 50 uM forskolin, 30 mM KCl and 10 mM Ca2+ ACSF. Control 

slices were treated in parallel with ACSF containing 0.2% DMSO for 10 min. Slices were 

collected 1 hr or 3 hr post stimulation by freezing in dry ice. Use of mice in this study followed 

the recommendations of and protocol approved by the UCLA Institutional Animal Care and 

Use Committee. To validate successful LTP induction, we monitored expression of candidate 

transcripts by qPCR, and prepared sequencing libraries from samples that exhibited LTP-
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induced upregulation of Arc mRNA and increases in Homer1 short isoform and unaltered 

concentrations of Homer1 long isoform and Hprt. We obtained triplicates for all controls and 

cLTP samples for 3’READS+, RNA-seq and PAS-seq experiments. 

 

RNA extraction and RT-qPCR. To extract RNA, frozen slices were homogenized 

using a pestle in Trizol for 5 min. 200 uL of chloroform per 1mL of TRIZOL were added to the 

homogenate and after centrifugation the top aqueous phase was collected. To precipitate 

and elute total RNA containing both mRNA and small RNAs we then used the Qiagen 

microRNeasy kit. We obtained ~2.5 ug of total RNA from 5 hippocampal slices. For RT-

qPCRs we used 200 ng of total RNA and performed reverse transcription with random 

hexamers and SuperScript III in a total volume of 20 uL. The cDNA was then quantified by 

qPCR using SYBR green (primer sequences available upon request). The mRNA levels of 

Hprt were used as internal controls since its expression is activity-independent (Santos and 

Duarte, 2008).  

 

RNA-seq and Differential Expression Analysis. Three biological replicates of each 

condition (control and LTP-induced) at two different time-points (1 hr and 3 hr) after LTP 

were collected. For each replicate, hippocampal slices from the same animal were used to 

generate both LTP-induced samples and matched controls. The minimum RIN of all samples 

was 7.5, as determined by the 4200 Tapestation Instrument (Agilent).  All RNA-seq libraries 

were prepared using the TruSeq Stranded Total RNA sample prep kit with Ribo-Zero 

according to manufacturer's specified protocol (Illumina). Samples were multiplexed and 

sequenced across multiple HiSeq 2500 high-output lanes using 100 bp paired-end reads to 

achieve a minimum depth of ~75 M reads per sample. Transcriptome alignment was 

performed using STAR v. 2.4.1c (Dobin et al., 2013) with default settings, and 

GRCm38/mm10 (Data statistics, Table S2). Raw counts were quantified using R 

GenomicFeatures and GenomicAlignments and RSamtools packages (Lawrence et al., 

2013). Differential expression analysis was performed for each time-point separately in 

DESeq (Anders and Huber, 2010). We excluded outlier samples, as determined by sample 

clustering (Fig. S1b). We applied an FDR cutoff of <0.1 and fold change >1.2 as the 

threshold for significance. GO analysis was carried out based on Fisher’s exact test.   

 

3’READS+ and analysis. The 3’ region extraction and deep sequencing (3’READS+) 

method was previously described in (Zheng et al., 2016). Briefly, 1 μg of input RNA was used 

for each sample, and poly(A)+ RNA was selected using oligo d(T)25 magnetic beads (NEB), 

followed by on-bead fragmentation using RNase III (NEB). Poly(A)+ RNA fragments were 

then selected using a chimeric oligo containing 15 regular dTs and five locked nucleic acid 



Activity-dependent regulation of alternative cleavage and polyadenylation during LTP 

39 
 

dTs conjugated on streptavidin beads, followed by RNase H (NEB) digestion. Eluted RNA 

fragments were ligated with 5’ and 3’ adapters, followed by RT and PCR (15x) to obtain 

cDNA libraries for sequencing on the Illumina platform. Processing of 3’READS+ data was 

carried out as previously described (Hoque et al., 2013). Briefly, reads were mapped to the 

mouse genome using bowtie 2 (Langmead and Salzberg, 2012). Reads with ≥ 2 unaligned 

Ts at the 5’ end were used to identify PASs. PASs located within 24 nt from each other were 

clustered together (Table S1).  

 

APA analysis. Differential expression of APA isoforms are carried out with DEXSeq 

(Anders et al., 2012). Significant events were those with p< 0.05 and relative abundance 

difference >5%. Outlier samples were excluded as determined by sample clustering (Fig. 

S1a). Relative expression (RE) of two most abundant 3’UTR APA isoforms, e.g., proximal 

and distal PASs, was calculated by log2 (idstal PAS/proximal PAS). Relative Expression 

Difference (RED) of two isoforms in two samples was based on difference in RE between the 

two isoforms in the two samples. For intronic APA analysis, RE was based on comparison of 

all intronic APA isoforms combined (intronic PAS set) with all 3’UTR PAS isoforms combined 

(3’UTR PAS set), and RED was also based on the two sets. The weighted mean of 3’UTR 

size for each gene was based on 3’UTR sizes of all APA isoforms, weighted by the 

expression level of each isoform based on the number of PASS reads.  

 

Analysis of introns. The intron location was based on the RefSeq database, 

considering all RefSeq-supported splicing isoforms. Introns were divided into five groups; 

first, second, last, second last and middle (contains all the introns between +2 and -2). Only 

genes with at least four introns were analyzed. Relative expression was calculated by 

intronic PAS read number divided by that of 3’UTR PASs of the same gene. 

 

Data access. The sequencing data from this study has been submitted to the NCBI 

Gene Expression Omnibus under SuperSeries accession number GSE84644 (RNA-seq, 

GSE84503; 3’READS+, GSE84643). RNA-seq and 3’ READS data can also be accessed 

through a web based expression browser at 

https://coppolalab.ucla.edu/gclabapps/3readsbrowser/home. Reviewerlink: 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=efmjesqabfetlef&acc=GSE84644 
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TABLES  

Table 1. Top 25 differentially expressed (DE) genes at 1 hr and 3 hr post LTP 

induction.  

 

Log2(ratio) and FDR (DESeq). FDR was based on multiple testing adjustment using the 

Benjamini-Hochberg method.  

 

 

 

DE genes 3 hr post LTP 

Gene Log2(ratio) FDR 

Rasl11a 2.0 2.7E-86 

Fos 1.5 2.4E-64 

Tinf2 1.6 1.1E-51 

Arc 1.2 2.1E-42 

Cyr61 1.8 1.4E-41 

Txndc11 1.1 2.9E-32 

Sik1 1.3 7.7E-32 

Thbs1 1.8 2.3E-31 

Gem 1.1 4.9E-26 

Btg2 1.2 3.7E-25 

Pax6 1.1 1.3E-22 

Gadd45g 1.0 1.3E-21 

Il6 1.2 8.1E-20 

Kmt2d 0.8 2.0E-19 

Trh 2.1 3.4E-19 

Rtl1 0.8 1.6E-17 

Ppp1r3g 1.4 7.7E-16 

Grin2b 0.7 1.3E-15 

Rnf217 0.9 6.2E-14 

Ccnl1 0.7 7.1E-13 

Nfkb1 0.7 1.1E-12 

Nfil3 0.8 1.1E-12 

Sipa1l3 0.9 2.2E-12 

Nr4a2 1.0 8.0E-12 

Iqsec2 0.7 8.0E-12 

 

DE genes 1 hr post LTP 

Gene Log2(ratio) FDR 

Btg2 2.4 2.5E-99 

Egr2 2.3 2.1E-80 

Fos 1.9 3.5E-70 

Nr4a1 1.6 8.8E-66 

Arc 1.8 1.3E-47 

Dusp6 1.0 3.9E-27 

Gadd45g 1.3 1.4E-26 

Npas4 2.6 2.7E-22 

Dusp1 1.3 3.3E-19 

Trib1 1.3 2.2E-18 

Ppp1r15a 1.0 1.0E-17 

Errfi1 0.8 2.6E-17 

Egr1 1.3 7.7E-16 

Nr4a2 0.9 1.0E-15 

Arl4d 1.1 4.3E-15 

Sik1 1.0 3.9E-14 

Fosb 1.4 1.0E-13 

Rgs4 0.7 1.8E-13 

Egr4 2.1 7.8E-13 

Ciart 0.9 3.4E-12 

Cyr61 0.8 4.3E-10 

Csrnp1 0.7 4.3E-10 

Thbs1 0.9 7.7E-10 

Junb 1.7 9.0E-10 

Ptgs2 0.9 1.7E-09 
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Table 2. GO terms enriched for upregulated and downregulated genes 1 hr or 3 

hr post LTP induction. 

GO term Category -Log
10 

P 

Enriched for DE genes, 1 hr post LTP 

positive regulation of metabolic process BP 16.3 

negative regulation of macromolecule metabolic process BP 12.1 

tissue development BP 10.6 

signal transduction BP 8.8 

nucleic acid metabolic process BP 8.6 

nucleus CC 8.4 

transcription factor complex CC 4.0 

protein phosphatase type 1 complex CC 3.0 

Enriched for DE genes, 3 hr post LTP 

neuron projection development BP 7.5 

single organism signaling BP 7.3 

regulation of nucleic acid-templated transcription BP 5.9 

negative regulation of macromolecule metabolic process BP 5.5 

positive regulation of metabolic process BP 5.5 

neuron part CC 8.6 

excitatory synapse CC 4.6 

nucleus CC 3.9 

 

BP, biological process; CC, cellular component. P is based on the Fisher’s exact test. 
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2.1.6. SUPPLEMENTAL FIGURES

 

Figure S1 

A
6_

R
P

M

B
3_

R
P

M

A
1_

R
P

M

B
1_

R
P

M

B
2_

R
P

M

A
2_

R
P

M

A
3_

R
P

M

B
6_

R
P

M

A
5_

R
P

M

B
5_

R
P

M

A
4_

R
P

M

B
4_

R
P

M

60
10

0
14

0
18

0

Cluster Dendrogram

hclust (*, "average")

dist(t(data_scale))

H
ei

gh
t

a b 

R
P

M
 

R
P

M
 

Figure S1. Clustering analysis of LTP and control samples. (a) RPM values (log2) of top 

10,000 PASs were used.  Control 3 hr sample #3 was identified as an outlier. (b) RPM 

values (log2) of top 2,000 genes were used. Control 1 hr sample #2 was identified as 

outliers.  
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Figure S2. Correlation of gene expression between RNA-Seq and 3’READS in 1 hr (a) and 3 hr 

(b) samples. Number of genes analyzed is 9,746 or 9,998 for 1 hr or 3 hr sample, respectively. Each 

dot is a gene and red dots are genes that are commonly regulated in both datasets, black dots are 

genes that are significantly regulated in one of the datasets, and gray dots are genes not regulated in 

either dataset.   
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Figure S3. Regulation of C/P factors genes.  (a) Log2(ratio)(LTP vs. Ctrl) of C/P factor genes and other 

genes, red curve is 89 C/P factor genes in 3 hr post LTP sample and black curve is other genes in 3 hr 

post LTP. (b) Intronic APA regulation of Wdr33. P-values were based on DEXSeq, and read numbers are 

indicated. See Figure 2h for details about the figure format.   

Figure S4 

Ctrl 1 hr 

LTP 1 hr 

Ctrl 3 hr 

LTP 3 hr 

Homer1 

Ctrl 1 hr 

LTP 1 hr 

Ctrl 3 hr 

LTP 3 hr 

P = n.s 

P = 5X10-4 

84- 

82- 

102- 

241- 

13- 

15- 

9- 

12- 

Figure S4. UCSC genome browser view of Homer1. Homer1 is a gene with activated intronic 

PAS. Gene structure is on top and PAS peaks are shown in tracks. The top four tracks are 

3’READS data and the bottom four are RNA-Seq data. P-values by DEXSeq are indicated for 

intronic PAS. Reads are based on combined samples. 
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Figure S5. Regulation of Creb1 and other intronic 

polyadenylation (IPA) events in C2C12 cells. (a-c) 

Data from Li et al.15 and Yang et al.56 for U1 inhibition 

by an antisense oligo (ASO) (a), siPABPN1 (b) and 

siPaf1 (c) were re-analyzed for Creb1 IPA. Log2(ratio) 

of IPA expression vs. 3’UTR PAS expression are 

shown. P-values from the Fisher’s exact test are 

indicated. Ratio of IPA increase is indicated. (d-f) 

Global comparison of RED values between LTP 3 hr 

and U1 inhibition (d), Paf1 knockdown (e) and 

PABPN1 knockdown (f) are shown in scatter plots. 

IPAs located in the first intron are highlighted in red. 

Pearson correlation values of all or first intron PAS are 

indicated on upper left corner of each plot in 

corresponding colors. 	



Activity-dependent regulation of alternative cleavage and polyadenylation during LTP 

46 
 

2.1.7. SUPPLEMENTAL TABLES 

Table S1. Statistics of 3’READS data.  

Treatment Time Replicate 

Total 

Reads 

Mapped 

Reads PASS 

PASS 

% 

Genic Reads 

read #>2, 

relative 

abundance>=

5% 

Genic # 

of PAS 

# of 

mRNA 

Genes 

# of 

lncRN

A 

Genes 

Ctrl 1 hr  1 

34,848,57

4 

27,725,78

5 

16,160,99

9 58.29 13,296,101 26,172 13,825 312 

Ctrl 1 hr  2 

37,893,33

2 

28,830,34

4 

15,754,34

4 54.65 12,954,097 25,885 13,731 313 

Ctrl 1 hr  3 

35,724,38

3 

27,301,90

6 

14,910,31

1 54.61 12,127,640 25,585 13,660 316 

Ctrl 3 hr  1 

34,336,95

1 

27,021,00

0 

14,533,10

7 53.78 11,978,476 25,760 13,705 300 

Ctrl 3 hr  2 

30,955,47

9 

24,040,41

7 

13,025,96

3 54.18 10,777,384 24,984 13,481 294 

Ctrl 3 hr  3 

24,257,20

4 

20,137,22

7 

13,329,37

4 66.19 10,713,874 26,684 13,863 330 

LTP 1 hr  1 

34,415,12

0 

26,444,08

8 

15,056,29

5 56.94 12,431,953 26,083 13,737 304 

LTP 1 hr  2 

35,384,15

9 

27,504,48

7 

15,041,93

5 54.69 12,353,179 25,844 13,727 314 

LTP 1 hr  3 33,241470 

23,641,51

7 

12,027,62

3 50.88 9,792,437 24,908 13,445 306 

LTP 3 hr  1 

35,690,87

8 

28,110,28

0 

15,491,95

4 55.11 12,627,502 26,508 13,886 299 

LTP 3 hr  2 

32,684,20

2 

25,946,63

6 

14,309,01

0 55.15 11,822,957 25,807 13,656 304 

LTP 3 hr  3 

34,750,31

0 

27,646,27

3 

16,144,64

9 58.40 13,103,896 26,916 13,886 308 

Poly(A) site-supporting (PASS) reads are those containing at least 2 non-genomic As 

at the 3’end. 
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Table S2. Statistics of RNA-seq data. 

Treatment Time Replicate Total Reads 

Uniquely 

mapped 

Reads 

Mapped 

reads % 

Ctrl 1 hr  1 74,798,155 62,727,464 83.8 

Ctrl 1 hr  2 102,624,047 84,770,513 82.6 

Ctrl 1 hr  3 79,008,105 66,650,143 84.3 

Ctrl 3 hr  1 88,073,394 74,098,617 84.1 

Ctrl 3 hr  2 90,060,999 75,888,083 84.2 

Ctrl 3 hr  3 102,083,620 83,818,708 82.1 

LTP 1 hr  1 83,145,392 69,797,724 83.9 

LTP 1 hr  2 77,250,609 64,010,343 82.8 

LTP 1 hr  3 81,487,345 68,440,528 83.9 

LTP 3 hr  1 89,125,216 75,920,310 85.1 

LTP 3 hr  2 86,950,262 72,304,399 83.1 

LTP 3 hr  3 94,701,352 77,544,850 81.8 
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Table S3. GO terms enriched for genes with shortened or lengthened 3’UTRs 3 hr 

post LTP. 

GO Term Category -log
10 

P 

Enriched for 3’UTR shortened Genes, 3 hr post LTP 

ossification BP 5.4 

negative regulation of photoreceptor cell differentiation BP 4.7 

regulation of gliogenesis BP 4.4 

positive regulation of smooth muscle cell proliferation BP 4.4 

hair follicle maturation BP 4.3 

nuclear lumen CC 5.6 

nuclear body CC 3.3 

Enriched for 3’UTR lengthened Genes, 3 hr post LTP 

negative regulation of lipid catabolic process BP 2.4 

cellular response to extracellular stimulus BP 2.4 

establishment of mitotic spindle localization BP 2.3 

response to activity BP 2.3 

energy homeostasis BP 2.1 

membrane-bounded organelle CC 2.2 

nuclear periphery CC 2.0 

BP, biological process; CC, cellular component. P is based on the Fisher’s exact test. 
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Table S4. GO terms enriched for genes with activated or repressed intronic PAS 

3 hr post LTP.  

GO term Category -log10 P 

Enriched for genes with activated intronic PAS, 3 hr post LTP 

chaperone cofactor-dependent protein refolding BP 3.6 

neurotrophin signaling pathway BP 3.2 

lung saccule development BP 3.0 

cellular response to hepatocyte growth factor stimulus BP 2.7 

transcription initiation from RNA polymerase II promoter BP 2.7 

intracellular non-membrane-bounded organelle CC 3.4 

nucleoplasm CC 2.8 

Enriched for genes with repressed intronic PAS, 3 hr post LTP 

negative regulation of inflammatory response to antigenic 

stimulus BP 3.6 

ephrin receptor signaling pathway BP 2.8 

myeloid leukocyte differentiation BP 2.7 

cell-substrate junction assembly BP 2.3 

protein targeting BP 2.1 

signal recognition particle receptor complex CC 2.5 

laminin-3 complex CC 2.3 

BP, biological process; CC, cellular component. P is based on the Fisher’s exact test. 
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2.2. Additional insights 

2.2.1. Gene expression changes post-LTP induction 

To obtain high resolution gene expression data, we performed RNA-

sequencing from of acute mouse hippocampal slices 1 hr and 3 hrs after LTP 

induction, with time-matched controls from the same animals. We performed 

differential expression (DE) analysis between controls and LTP-induced samples for 

each time-point separately, using a paired study design in DESeq2(Love et al., 

2014). At 1 hr post-stimulation, we considered the expression of approximately 

15,205 genes (mean count > 24.5), and found 63 genes that showed significant DE, 

with all but one transcript upregulated (FDR <0.05, 0.4<log2FC<-0.4 corresponding 

to ~30% change, Fig. 1a, 1c). At 3 hrs, 337 genes were significantly upregulated and 

31 downregulated out of a total of 14,102 tested transcripts (mean count > 46.2, FDR 

< 0.05, 0.4<log2FC<-0.4, Fig. 1b, 1c), suggesting that L-LTP drives global changes 

in the transcriptome as early as 1 hr post-induction, primarily through increases in the 

concentration of transcripts, with an increase in DE genes between 1 and 3 hrs after 

stimulation.  

Importantly, the top DE genes we identified are consistent with previous 

studies of DE following neuronal activity(Hermey et al., 2013; Leach et al., 2012; 

Majdan and Shatz, 2006), including upregulation of Gadd45g and Egr2, and of 

immediate early genes c-Fos, Arc and Npas4. GO analysis of DE genes revealed 

that the top functional category at both time points the top functional category 

included genes that regulate transcription, with the number of genes in that group 

increasing from 26 at 1 hr to 77 at 3 hrs (Webgestalt, adjusted p-value<0.05, 

minimum 4 genes per category, using brain genes as reference, Fig. 1d, 1e). 

Additionally, DE genes at 1hr encoded proteins involved in cell communication, 
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response to stimulus and protein kinase activity, all of which are involved in synaptic 

responses to stimulation (Fig. 1d). At 3 hrs, DE genes were also enriched in voltage-

gated channels activity and in the category of behavior (Fig. 1e).  

The activity-induced temporal patterns of gene expression in Fig. 1f show that 

the number of DE genes was 5.8 times higher at 3 hrs than at 1 hr, and that the 

magnitude of change in expression of individual transcripts increased over time after 

cLTP induction (more intense red and blue signal at 3 hrs than 1 hr). We then asked 

whether the same DE genes were regulated at both 1 hr and 3 hr time-points and 

found that half of all DE genes at 1 hr (71 genes) were also DE at 3 hrs (no fold 

change cut-off applied, Fig. 1g). Our data is consistent with a model in which there is 

a progressive accumulation of DE genes to sustain the long-lasting effects of LTP 

rather than a spike of upregulation of unique transcripts at 3 hrs. 
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Figure 1 - Regulation of gene expression after LTP induction. 

a, b - Gene expression analysis of hippocampal slices 1 hour (a) and 3 hours after 

LTP treatment (b). X-axis: normalized read counts; Y- axis: log2(fold change) in cLTP 

vs control; Genes that are upregulated during LTP are highlighted in red and genes 

with lower expression upon LTP are shown in blue (FDR<0.05). Grey denotes genes 

that do not have significant regulation. 
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c - Number of genes upregulated or downregulated 1 hour or 3 hours post-LTP 

(FDR<0.05, -0.4>log2FC>0.4). 

d, e - Enrichment analysis of genes differentially expressed 1 hour (d) or 3 hours (e) 

post-LTP induction. Bar graphs display the top gene ontology enriched categories 

obtained using Webgestalt. X axis shows the statistical significance of the enrichment 

relative to 14,000 hippocampal-expressed genes (FDR<0.1, Benjamini–Hochberg 

correction, 4 genes minimum per category). Number of genes in each category is 

shown in parentheses. 

f, g - Comparison of genes differentially expressed 1 hour and 3 hours post-LTP 

induction (-0.4>log2FC>0.4; FDR<0.05). Heatmap shows upregulated genes in red 

and downregulated genes in blue (f). Venn diagram shows the number of genes 

changed in each and both time-points (g). 

 

2.2.2. Specialized methods to study 3’-UTR regulation 

Our study looking at APA during LTP highlights the importance of using 

specialized 3’end sequencing methods to comprehensively address APA regulation, 

and further sheds light on the relative merits of two of these methods, 3’READS and 

PAS-seq. While RNA-sequencing accurately detects gene expression changes and 

alternative splicing events, it often leads to low sequencing coverage of the 5’ and 3’ 

ends of transcripts, compromising the data quality for APA analysis (Fig. 2).  
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Figure 2 – Relationship between coverage of RNA-seq reads and reads 

position within the transcripts.  

Diagram of reads coverage for all 12 samples (1 hr and 3 hrs triplicates of controls 

and cLTP induced samples), highlighting a drop in sequencing coverage in the 5’ and 

3’ end of transcripts.  

 

Several sequencing methods that enrich the coverage of the 3’end of 

transcripts have been developed, including 3’READS and Poly(A) Site Sequencing 

(PAS-Seq,(Hoque et al., 2013; Shepard et al., 2011)). We analyzed APA using both 

3’READS and PAS-Seq. We performed PAS-Seq on triplicates of control and cLTP-

induced slices collected 1 and 3 hrs post-stimulation to obtain a total of ~10M reads 

per sample. Of these, 51%-59% uniquely mapped to the mouse genome and ~18% 

aligned to 3’UTRs. We removed 5% of the 3’UTR reads due to internal priming and 

identified ~20,000 clusters of pAs. In contrast with 3’READS, PAS-Seq revealed a 

high data dispersion (2.2 for low abundant genes and 2.8 for middle to high abundant 

genes), with low consistency in mapped reads for a given gene across samples, and 

high frequency of false priming in transcript regions other than pAs (Fig. 3a-d). Due 

to the high variance of read counts across samples and within genes, we found no 
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statistically significant DE APA isoforms following LTP (FDR cutoff <0.1). In addition, 

we identified a smaller number of genes with proximal and distal pAs using PAS-Seq 

than with 3’READS (~700 vs. ~3,000 genes), and found a low cluster correlation 

value for 3’UTR-APA clusters (proximal and distal pAs) across the two methods (Fig. 

3e). Therefore, we focused our analysis uniquely on the 3’READS data that showed 

data consistency across samples (Pearson correlation coefficients above 0.93 for all 

samples as shown in the pair-wise scatterplots in Fig. 4) and clear separation 

between control and experimental groups. 
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Figure 3- Comparison of 3’READS and PAS-Seq data.  

a, b - Graphics show in red the mean variance trend for 3’READS (a) and PAS-seq 

data (b). The data dispersion is based on reads per million; X-axis is square root of 

standard deviation; Y-axis shows the genes abundance based on log2(reads count 

size + 0.5). PAS-Seq data showing a high variance between samples and a 5-6 

times larger dispersion than in the 3’READS data. In PAS-Seq low abundance genes 
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had an average ~2.8 dispersion, while middle to high abundance transcripts had a 

~2.2 dispersion. 

c - Mapped reads alignment for transcript Tmem248 across samples in 3’READS 

(upper panel) and PAS-Seq (lower panel). Data reveals a high consistency in the 

reads coverage for 3’READS, in contrast with a high variance in PAS-Seq.  

d - Reads alignment for Gpm6a, a highly abundant gene (with lower sequencing 

variance), using 3’READS (upper panel) and PAS-Seq (lower panel) in all 12 

samples. Data shown in these panels is after internal priming removal (defined as 

10nt out immediate 14nt downstream are As). Although there is some consistency 

between 3’READS and PAS-Seq in the central region of the panels, we observed a 

high frequency of false priming products in PAS-Seq. 

e - Correlation between 3’UTR-APA clusters (proximal and distal pAs) in 3’READS 

and PAS-Seq. Panels show the correlation for the 3hrs time-point, including controls 

(left panels) and cLTP induced samples (right panels). Spearman correlation values 

are based on RPM values for proximal pAs (upper panels) and distal pAs (lower 

panels) clusters between 3’READS (y-axis) and PAS-Seq (x-axis). R2 values range 

between 0.33 and 0.44. 

 

 

 

 

 

Figure 4 - Pairwise correlation of 3’READS samples. RPM values of PASs were 

used. Left, control samples; right, LTP samples. Pearson correlation coefficient (r) is 

shown for each comparison.  
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3. Chapter III – Cytoplasmic RbFox1 regulates the 

expression of synaptic and autism-related genes 
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The “Chapter III – Cytoplasmic RbFox1 regulates the expression of synaptic 

and autism-related genes” consists of a co-authorship publication as 4th author. Here 

is clarified the contribution of each of the authors: 

 

3.1. Publication 

Ji-Ann Lee1, Andrey Damianov2, Chia-Ho Lin2, Mariana Fontes1, Neelroop N. 

Parikshak3, Erik S. Anderson2, Daniel H. Geschwind3, Douglas L. Black2,4, and 

Kelsey C. Martin1. Cytoplasmic Rbfox1 regulates the expression of synaptic and 

autism-related genes, Neuron, 2016 Jan 6;89(1):113-28, DOI: 

10.1016/j.neuron.2015.11.025 

 

1Department of Biological Chemistry,  

2Department of Microbiology, Immunology, and Molecular Genetics,  

3Program in Neurobehavioral Genetics, Semel Institute, David Geffen School 

of Medicine,  

4Howard Hughes Medical Institute,  

1,2,3,4 - University of California, Los Angeles, Los Angeles, CA90095, USA 

 

Mariana Fontes, the candidate for the PhD degree at the University of Porto, 

contributed to the paper by creating AAV constructs to knockdown and rescue 

specific RbFox1 isoforms in RNA-seq experiments, performed luciferase assays to 

measure the expression of RbFox1 targets, studied by immunocytochemistry 

whether the loss of cytoplasmic RbFox1 affected neuronal morphology,  and tested 

the hypothesis that RbFox1 increases the stability of transcripts by competing with 

miRNAs using luciferase assays in the context of specific miRNAs overexpression.   

The contribution of each author to the publication is clarified in the section 

“Authors contribution” with the following text: 

“J.A.L. and K.C.M. designed the experiments with input from D.L.B.. J.A.L. 

performed co-culture, RNAi, and rescue experiments for microarray and RNA 

sequencing experiments, and all biochemical experiments. E.S.A. prepared cDNA for 

microarray experiments. A.D. and J.A.L. performed iCLIP experiments. J.A.L. and 

M.F. performed luciferase assays. C.H.L. and J.A.L performed bioinformatic 

analyses. N.N.P performed gene set enrichment analyses. Figures were prepared by 
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Cytoplasmic Rbfox1 regulates the expression of synaptic and autism-related 

genes 

 

Keywords: Rbfox1, alternative splicing, autism, RNA-binding protein, miRNA 

 

HIGHLIGHTS 

1. Nuclear and cytoplasmic Rbfox1 isoforms regulate distinct neuronal mRNAs. 

2. Cytoplasmic Rbfox1 regulates the stability and translation of its target mRNAs. 

3. Rbfox1 and miRNA binding sites overlap significantly in target mRNA 3’UTRs. 

4. Cytoplasmic Rbfox1 targets are enriched in cortical development and autism  

genes. 

 

IN BRIEF 

Rbfox1 regulates the splicing of many exons in the nucleus of neurons. Lee at 

al. demonstrate that Rbfox1 also binds to the 3’ UTR of target mRNAs in the 

cytoplasm to upregulate the expression of synaptic and autism-related genes. 

 

3.1.1. 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 mRNAs 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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3.1.2.  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). 
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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 mRNAs. 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). 

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. 
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 3.1.3. RESULTS 

Rbfox1_C is 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 P0 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 P0 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 P0 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 
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splice isoforms are present in the cytoplasm. However, the ratio of Rbfox1_C to 

Rbfox1_N was higher in the cytosolic 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. 
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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 
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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. 

(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. 

 

Rbfox1 regulation of mRNA expression 

Only a few changes in mRNA 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-qPCR analysis (20/23 = 87%, Figure S1C). The majority (676 

genes, or 91%) were down-regulated in the double KD, indicating that their 
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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 mRNA 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 < 10-15, hypergeometric test, Figure 2E). 

Considering only conservation between human and mouse genomes, this enrichment 

increased to 41% (p < 10-15, 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 mRNA 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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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 ≥1 UGCAUG motif conserved in 

the 3’ UTR in human, mouse, rat, dog, and chicken genomes (UGCAUG_5G), ≥1 

UGCAUG motif conserved in human and mouse genomes (UGCAUG_2G), or ≥1 
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GCAUG motif conserved in human and mouse genomes (GCAUG_2G). *** p < 10-15 

by hypergeometric test. 

For additional data, see Figures S1 and S2. 

 

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 I 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 S4E 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 S4C). 

Strikingly, we found that changes in splicing were induced predominantly by 

Rbfox1_N while the large majority of changes in mRNA 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 
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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 mRNA 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 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 
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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-qPCR (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 < 10-15 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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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. 

 

(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 Log2 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 < 10-5, ** p < 10-10, and *** p < 10-15 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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Rbfox1 proteins bind to the 3’ UTR of target mRNAs 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 mRNA transcripts associated with the 

ER copurified with the nuclei (Bhatt et al., 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 
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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). 

 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 in 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 

p < 2.2 X 10-16, 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.  
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Figure 4. Characterization of Rbfox1 iCLIP tags in the 3’ UTR 

(A) Illustration 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, coding 

sequence (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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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 in 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 Camta1 3' UTR (Figure 5A). Camta1 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 mRNA abundance 

correlated with Rbfox1 binding to the 3’ UTR. We found that Rbfox1-increased genes 

were significantly enriched for genes containing 3’ UTR clusters compared to non-

regulated genes (23%, p < 10-15, 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 
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results indicate that Rbfox1 binding to 3’ UTR GCAUG motifs increases the level of 

the target mRNAs 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. 

 

 

Figure 5. Identification of Rbfox1 iCLIP 3’ UTR target genes 

(A) Screenshot of UCSC genome browser showing iCLIP tags and clusters (black 

box) in Camta1 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. 
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(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: mRNA increased by Rbfox1; De: mRNA decreased by Rbfox1. * p < 

10-5, ** p < 10-10, and *** p value < 10-15 by hypergeometric test. 

For additional data, see Figure S6. 

 

Binding of Rbfox to 3’ UTR GCAUG motifs in the cytoplasm increases target 

mRNA 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)GCAUG motifs within this fragment (Figure 6A). When the 

wildtype Camk2a reporter was coexpressed with Rbfox1_C or Rbfox1_N in HEKT 

cells, a two-fold increase of luciferase activity was observed with Rbfox1_C but not 

with Rbfox1_N (Figure 6C). RT-qPCR 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 Camta1 3’ UTR (containing iCLIP 

GCAUG clusters) revealed that the mutant, cytoplasmically localized Rbfox1_NdNLS 
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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 Camta1 3’UTR luciferase 

reporter (Figure 6F). Together, these results indicate that multiple isoforms of Rbfox1 

or 3 can increase mRNA concentration and promote translation as long as they 

localize to the cytoplasm.  

 

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. (U)GCAUG 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-qPCR) 

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. 
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(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 

 

(F) Histogram of normalized luciferase activity of Camta1 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. 

 

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 (Ppp3r1) (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 mRNAs play an important role in controlling synaptic activity, in 

particular via the calcium-signaling pathway. 

Cytoplasmic RbFox1 regulates the expression of synaptic and autism-related genes 



Activity-dependent regulation of alternative cleavage and polyadenylation during LTP 

104 
 

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.  
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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. P values calculated by hypergeometric test. 
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(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 (Voineagu et al., 2011), FMRP targets (Darnell 

et al., 2011), Rbox1 3’ UTR 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. 

 

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 mRNAs (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 
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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 mRNAs 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.  

 

3.1.4. 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 cytoplasmic arm of Rbfox1 regulation in 

linking Rbfox1 to synaptic function and to neurodevelopmental disorders such as 

ASD. 
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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 3’UTRs. 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. 
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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 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 

mRNA 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 mRNAs 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 

Camta1 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 XGld2 in the cytoplasmic polyadenylation complex to promote 

translation (Papin et al., 2008). Identification of the cytoplasmic interacting partners of 
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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 

SCAMP5 and KLC2, were ranked highest in this module (Voineagu 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 CHRM1, 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). 

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 Camk2a, Camk2b, and Camk4 is regulated by 
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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.  

 

3.1.5. 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 

-D-arabinofuranoside (AraC) (Sigma Aldrich, 

c1768) from postnatal day 3 to day 6. On day 13, the cultures were incubated with 15 

-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 
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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. 

 

Microarray  

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 hSynI promoter between AgeI and 

EcoRI 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-PV1696). 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 

1.5 X 103 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). 
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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 q < 0.3 was set to detect significant expression changes. Gene 

expression changes were validated by RT-qPCR 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 set to 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. 

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, 
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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. 
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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 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 IDs 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; (Voineagu 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). 

 

ACCESSION NUMBERS 

The microarray, RNAseq, and iCLIP data from cytoplasmic fraction were 

deposited to the NCBI Gene Expression Omnibus under accession number 

GSE71917. 
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 3.1.7. SUPPLEMENTAL FIGURES 
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3.1.8. SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Immunoblotting and RT-PCR 

Protein was purified from tissues using RIPA buffer (Sigma R0278) and 

were used for SDS-PAGE. The following primary antibodies were used for 

Immunoblotting: Rbfox1 (clone 1D10), Rbfox2 (Bethyl, A300-864A), Rbfox3 

(Millipore, MAB377), Rbfox RRM (Damianov and Black, 2010), GAPDH (Fitzgerald, 

10R-G109a), U1-70K (Sharma et al., 2005), CaMK2A (Millipore #05-532), CaMK2B 

(LifeSpan #LS-C21191), CaMK4 (LifeSpan #LS- -Tubulin (Millipore 

#AB15708), and Flag (Sigma-Aldrich #F1804). The secondary antibodies were 

IRDye 800CW Goat anti-Mouse IgG (H + L) (LI-COR #926-32210) and IRDye 680LT 

Goat anti-Rabbit IgG (H + L) (LI-COR # 926-68021). Immunoblots were scanned 

using an Odyssey scanner (LI-COR) and the images were analyzed using Image 

Studio Software (LI-COR). RNAs were purified from the tissues using RNeasy Mini 

 of RNA was reversed transcribed with random hexamers using 

Superscript III (Invitrogen). One tenth of the reaction was then amplified in 24 PCR 

cycles with Rbfox1 specific primers (Table S1), one of which was 32P-labeled. PCR 

products were resolved on 8% polyacrylamide, 7.5 M urea denaturing gels. Gels 

were dried, exposed and scanned using a Typhoon 9400 PhosphorImager scanner 

(GE Healthcare). Images were analyzed with ImageQuant TL Software (GE 

Healthcare). 

Primers for Detecting Alternative Splicing Changes of Rbfox1 Exon 19 

Primer name Primer sequence 
Length of exon 
included 
amplicon (bp) 

Length of exon 
excluded 
amplicon (bp) 

A2bp1_E19_F GTGGTTATGCTGCGTACCG 269 216 

A2bp1_E19_R 
GCAATGAAGAAAGAACGAG
ACC 

269 216 

 

Immunocytochemistry 

Neurons and HEKT cells grown on coverslips were fixed in 4% 

paraformaldehyde for 10 min, permeabilized in 0.1% Triton-X for 5 min, blocked in 

10% goat serum for 30 min, and incubated with primary antibody for 16–24 hr at 4 
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°C. Primary antibodies were GluA1 (Millipore #MAB2263), GFAP (Millipore 

#MAB360), Rbfox1 (clone 1D10), Rbfox3/NeuN (Millipore #MAB377), Flag (Sigma-

Aldrich #F1804), and MAP2 (PhosphoSolutions #1100-MAP2). The cells were 

incubated with secondary Alexa Fluor conjugated antibodies (Invitrogen #11008, 

#A21422, and #A21103) and Hoechst (Invitrogen #H3570) for 1 hr in the dark at 

room temperature. Coverslips were mounted on microscope slides using Aqua-

Poly/Mount (Polysciences #18606) and allowed to dry overnight before imaging. 

Images were acquired on a Zeiss LSM700 microscope and processed using the ZEN 

2009 software (Carl Zeiss). 

 

Microarray Hybridization, Data Analyses, and RT-qPCR 

Total RNA was extracted by RNeasy Mini Kit (Qiagen) and assayed for 

integrity by Bioanalyzer (Agilent). Samples were prepared from 100 ng total RNA 

using the WT Expression Kit (Ambion) and GeneChip Terminal Labeling Kit 

(Affymetrix). The samples were hybridized to the MJAY arrays (Affymetrix) and 

scanned in the UCLA Microarray Core. Microarray analysis was performed using the 

OmniViewer method (http://metarray.ucsc.edu/omniviewer/) (Sugnet et al., 2006). For 

splicing, the OmniViewer method generates a sepscore for changes in specific 

alternative exons that is a composite representation of probes that detect specific 

splice isoforms and those that detect general expression level of the transcript. 

Alternative cassette exons with p = 0 and absolute sepscore value >= 0.3 were set to 

detect significant splicing changes. For expression, genes with q < 5, intensity 

>=100, and absolute log2 fold change >= 0.2 were set to detect significant 

expression changes. Gene expression changes were validated by RT-qPCR. cRNA 

generated from the WT Expression Kit was primed with random hexamers and 

reverse transcribed with SuperScript III (Invitrogen). The resulting cDNA was then 
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used for qPCR with gene specific primers and the expression levels of each gene 

were normalized to Tuj1 (Tubb3) expression for comparison. The means of 

normalized expression were calculated and statistical significance was determined 

using a paired, one-tailed student's t test with significance set to p < 0.05. N = 3. 

Primer Sequences for qPCR 

Primer name Primer sequence Length of amplicon (bp) 

Rbfox1_QF2 CCAGACCTCCGACAAATGTT 233 

Rbfox1_QR2 CCATTGGTGTAGGGGTTGAC 233 

Rbfox2_QF1 CAGAAGGTGGAGCACAGACA 243 

Rbfox2_QR1 CCCTGTCTGCATCAGCACTA 243 

Rbfox3_QF1 AGCAGCCCAAACGACTACAT 239 

Rbfox3_QR1 GGCTGTGGCATTATTGACCT 239 

Camk2A_F1 GCTTTCAGCCAGAGATCACC 234 

Camk2A_R1 CAGTGTAGCACAGCCTCCAA 234 

Camk2b_F1 GGGACACCGTTACTCCTGAA 238 

Camk2b_R1 CCCACTGAGAAATTCCGTGT 238 

Camk2g_F1 GGTCCGGAGGTGTGTAAAGA 207 

Camk2g_R1 CCTCCGGTAACAAGGTCAAA 207 

Camk4_F1 AGCTGGTCACAGGAGGAGAA 174 

Camk4_R1 GGGCTGGAGTTGCATAAAGA 174 

Camkk1_F1 ATTTGGTGTTCGACCTCCTG 246 

Camkk1_R1 TGGACAGCTGAGCATCATTC 246 

Camta1_F1 GAACCAATGAGCGTCCTGAT 178 

Camta1_R1 TCTCCTGCTTGATTCGGTCT 178 

Camta2_F1 CCTCTCTGCCTCTGTGCTCT 202 

Camta2_R1 CTGAATTGGAGGAGCCTCTG 202 

Kcna2_F1 AGAAGATGTGACGGGGACTG 178 

Kcna2_R1 CCCAGGAAACACAGAAGCAT 178 

Pcdh10_F1 ACGGAAGCATTTTGTCCAAC 239 
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Pcdh10_F1 GTGGCCCAGTGCTTTACATT 239 

Prrt2_F2 ACATTGTGGCCTTCGCTTAT 142 

Prrt2_R2 GAGGCGATGATGATGAGGAC 142 

Raver2_F1 CCCCAGTGACTACAGCGATT 181 

Raver2_R1 CTTGATGGTGATGCCATCTG 181 

Shank3_F1 CAACATGGGTGCTCAGAATG 172 

Shank3_R1 AAGCTCAAAGTTCCCTGCAA 172 

Shroom2_F1 TCCTTGGCCACCAATTCTAC 162 

Shroom2_R1 CTTGCGGCTGATACTGTCAA 162 

Stc1_F1 ACAGCTGCCCAATCACTTCT 198 

Stc1_R1 CGCCTCCTATTGAAGTCAGC 198 

Trim37_F1 GACTACCTGTGGACCCGAAA 151 

Trim37_R1 TGACAGACTGCCTGCTATGG 151 

Clptm1_F1 GGTCATCAAAGGCGTTCTGT 200 

Clptm1_R1 TGGCGTTGAAGTCTGTGAAG 200 

Negr1_F1 ACCCTCGAGTTTCCATTTCC 224 

Negr1_R1 GGCCAAACAAGTAAGGGTGA 224 

Necab2_F1 AGCAAGACCCTCTCGTTTGA 238 

Necab2_R1 CCTCTGTCTCCCAGAACTCG 238 

Camkv_F1 GCTCAAGATTGTGCACAGGA 204 

Camkv_R1 ATGGCCCAACAGTCTACAGG 204 

Slc9a6_F1 CTGGAGCACCTTTCTTCTGG 187 

Slc9a6_R1 CAGCCCCATGTAGGAAAAGA 187 

Pds5b_F1 TCCAAGAGCACCACGTACAG 203 

Pds5b_R1 GACTGTTTGCCTGCTGATGA 203 

Camkk2_F1 TGTCAAGCTGGCCTACAATG 205 

Camkk2_R1 GGGATGATCCAGCTTTTTGA 205 

Camk1d_F1 GGGCAAAGGAGATGTGATGT 246 

Camk1d_R1 TCTTTGGCAGAGTCGGAGAT 246 
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Camk2d_F1 GGGACCATCAGAAACTGGAA 187 

Camk2d_R1 TGACTGGCATCAGCTTCACT 187 

Vamp1_F1 TTAGAGTTCCGGGTGTTTCG 218 

Vamp1_R1 ACTGGTCATGTTGGGAGGAG 218 

Nptx1_F1 TGCAGAGCAAGATCGATGAC 245 

Nptx1_R1 CAGGCTCTTCTTCACCTTGG 245 

Vsnl1_F1 GTGGTACAAGGGCTTCCTCA 225 

Vsnl1_R1 GCCCAGTTCAGTTTCTGCTC 225 

Gde1_F1 CATTCTTGCCGGAAGTCATC 248 

Gde1_R1 CAAATAGTCCGGGGAGACAA 248 

Mat2b_F1 TTCCCCACACATGTGAAAGA 235 

Mat2b_R1 AGCAATCGAGCTGAGCATTT 235 

Kcnj3_F1 GTCATCCTGGAAGGCATTGT 197 

Kcnj3_R1 TCCTGCTCTTTCACGCTGTA 197 

Nrp2_F1 ACCCACCGTGAAGAGTGAAG 160 

Nrp2_R1 CACCCAACCACAGGTCTCTT 160 

Atp2b4_F1 TCCGAAATGAGAAGGGTGAG 216 

Atp2b4_R1 CCATAGCAAACCCGACATCT 216 

Nrgn_F1 AGAGAGGCTGGTTCTGCAAG 184 

Nrgn_R1 AATATCGTCGTCTGGCTTGG 184 

Ppp1r14c_F1 GTGCTGGAAGAATGGATCGT 217 

Ppp1r14c_R1 TCAGCTTCCTCATGCCTCTT 217 

Tubb3_F1 TGAGGCCTCCTCTCACAAGT 207 

Tubb3_R1 CGCACGACATCTAGGACTGA 207 

 

Determination the Cutoff Q Value for the RNA Sequencing Data 

In the KD_Microarray experiments, 748 genes were found to have gene 

expression changes upon Rbfox1 and Rbfox3 knockdown. These changes were 

validated by RT-qPCR at validation rate of 86.9% (Figure S1C). However, in the 
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KD_RNAseq experiments, only 365 genes were found to have gene expression 

changes when we used q value of 0.05 as the cutoff. This was a smaller number than 

expected and therefore we looked for a bigger q value as the new cutoff. The new 

cutoff value was first evaluated by examining the percent of genes that show 

opposite expression changes in KD and Rbfox1_C rescue experiments using 

different q values. When the q value was set at 0.05, 418 genes were found to have 

significant expression changes under KD, Rbfox1_C rescue, or both conditions. 

Among these genes, 340 genes (81.3%) showed opposite changes in opposite 

conditions. When the q value was increased to 0.3, the percentage of genes with 

opposite changes remain similar at 79% while this percentage was lower (64.8%) for 

genes with q values between 0.3 and 0.99. Thus a q value of 0.3 was used as cutoff 

for analysis. The expression changes in these genes were further validated by RT-

qPCR at validation rate of 86.7% (Figure S3). 

 

Comparison of Rbfox1_N Regulated Exons to Rbfox Regulated Exon 

Identified in Rbfox1 KO Mice and by Bayesian Network Analysis 

The alternative cassette exons identified in Rbfox1 KO mice (Lovci et al., 

2013) and by Bayesian network analysis (Weyn-Vanhentenryck et al., 2014) were 

compared to the Rbfox1_N regulated exons in the splicing set in this study. The 

coordinates of the Bayesian network exons were converted from mm10 to mm9 

using UCSC LiftOver (https://genome.ucsc.edu/cgi-bin/hgLiftOver). The common 

exons were identified using BEDTools (Quinlan and Hall, 2010) and indicated in 

Table S2. Statistical significance was assessed by hypergeometric test. 

 

iCLIP, Cellular Fractionation, and RNA Sequencing,  

iCLIP was performed according to the original protocol (Konig et al., 2010), 

with some modifications. In brief, mouse forebrain cultures (DIV14) were irradiated 

with UV (254 nm) at 500 mJ/cm2 on ice in Stratalinker 1800 (Statagene) and then 

partially lysed in lysis buffer (20 mM HEPES [pH 7.0], 150 mM NaCl, and 0.1% Triton 

X-100) for 1 minute on ice. The eluate was collected as the cytoplasmic fraction and 

the purity was assessed by immunoblotting. The Rbfox1 target RNA was then 

immunoprecipitated with Rbfox1 antibodies (clone 1D10) or anti-Flag antibodies 

(Sigma Aldrich #F3165). The crosslinked RNA was partially fragmented by 
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Micrococcal Nuclease (NEB # M0247S), dephosphorylated by Fast Alkaline 

Phosphatase (Thermo Scientific # EF0651), ligated to L3 linker by T4 RNA Ligase1 

(NEB # M0204S), and labeled with 32P at the 5’ end by T4 Polynucleotide Kinase 

(NEB # M0201S). Protein-RNA complexes were then resolved by electrophoresis on 

10% NuPAGE Bis-Tris Gel (Life Technologies # NP0307), electrotransferred to 

Protran BA-85 Nitrocellulose Membrane (0.45 μM pore size, Whatman #10104594), 

and bands that corresponded to Rbfox1 crosslinked to RNA fragments were excised. 

RNA fragments were eluted by Proteinase K digestion and reverse transcribed with 

RT primer by Superscript III (Life Technologies). The resulting cDNAs were 

separated on 5.5% polyacrylamide, 50% urea denaturing gels and the bands 

corresponding to size of 70 to 120 nt were excised. Purified cDNAs were circularized 

by CircLigase II ssDNA Ligase (Epicentre #CL9021K), hybridized to Cut_oligo, and 

linearized by FastDigest BamHI (Thermo Scientific # FD0054). Linearized cDNAs 

were amplified by PCR with P5 solexa and P3 solexa primers and the PCR products 

of sizes 150 to 210 bp were purified and sequenced in HiSeq 2000 (Illumina) (single 

end, 100 nt) by the UCLA Broad Stem Cell Center High Throughput Sequencing 

Facility.  

 

Distribution of Clusters within the 3’ UTR 

The distance of the middle position of a cluster to either the start position or 

end position of a 3’ UTR was calculated. The fraction of clusters in a 100 nt segment 

was plotted on the Y-axis and the distance to the start or the end of the 3’ UTR was 

plotted on the X-axis (Figure 5B). The distributions of all of the clusters (All clusters) 

and GCAUG clusters were calculated. 

Gene Ontology Analysis 

The Gene Ontology (GO) analyses were performed using GOMiner (Zeeberg 

et al., 2003). Enriched GO terms in biological process with FDR < 0.05 were used for 

comparison between gene sets of Rbfox1 regulated genes and 3’ UTR target genes. 

  

KEGG Pathway Analysis and Mammalian Phenotype Ontology Analysis 

The enrichment analyses for KEGG pathways (Kanehisa et al., 2014) and 

Mammalian Phenotype Ontology (Smith and Eppig, 2012) were performed using 
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WebGestalt (Wang et al., 2013). Enriched terms with FDR < 0.05 were used for 

comparison between gene sets of Rbfox1 regulated genes and 3’ UTR target genes. 

 

Luciferase Assays 

The Camk2a luciferase reporter containing full length 3’ UTR was purchased 

from GeneCopoeia (MmiT028785-MT01, NM_009792.3). In this construct, the 

Camk2a 3’ UTR was cloned downstream of a firefly luciferase coding region and a 

Renilla luciferase gene was also present on the same plasmid for normalization 

purposes. A mixture 

pcDNA3.1-Flag-

transfected into HEKT cells using Lipofectamine 2000 (Invitrogen). 24 hr later, 

luciferase expression was assayed with Luc-Pair miR Luciferase Assay Kit 

(GeneCopoeia # LPFR-M010). Part of the 3’ UTR of Camk2a (mm9, 

chr18:61,145,404-61,146,404 (+)) or Camta1 (mm9, chr4:150,433,733-150,434,095 

(-)) were cloned downstream of a Renillia luciferase coding region in plasmid pRL-TK 

(Promega). To facilitate directional cloning in pRL-TK, four restriction sites of NdeI, 

KpnI, EcoRV, and XhoI from the multiple cloning site in pcDNA3.1(+) (Invitrogen) 

were cloned into the XbaI site in the 3’ UTR of Renillia luciferase gene before cloning 

of the Camta1 and Camk2a 3’ UTRs. Deletion of Rbfox1 binding sites, the 

(U)GCAUG sequence, was performed by PCR-

-

pGL3C firefly luciferase reporter (Prome -Flag-

-Flag-Rbfox3 expression 

well of 24-well format using Lipofectamine 2000 (Invitrogen). At 24 hr after 

transfection, luciferase expression was assayed with Dual-Glo Luciferase Reporter 

Assay System (Promega) according to manufacturer’s instruction and measured on a 

Molecular Devices Analyst AD microplate reader (Analyst AD 96-384). Renilla 

luciferase signals were first normalized to firefly luciferase signals, and then 

normalized to the control samples of each construct. The assays were performed 

three times in duplicate.  
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MicroRNA Analysis 

Mouse brain Ago CLIP data was downloaded from http://ago.rockefeller.edu/ 

(Chi et al., 2009). MiRNA target sites located within 50 nt of a GCAUG motif that has 

Rbfox1 iCLIP tags in the cytoplasm were identified using BEDTools (Quinlan and 

Hall, 2010).  

To evaluate significance, 100 random sets of miRNA target sites were 

generated by randomizing the positions of miRNA sites in the 3’ UTR. The number of 

miRNA sites in each 3’ UTR was not changed. The distribution of the numbers of 

overlapping pairs of miRNA site and Rbfox1 binding sites was used to calculate the 

z-scores of the actual sets. 

 

 

Sequences of Accell siRNAs ordered from Dharmacon, Inc 

 

Description Catalog number RNA sequence 

Final 

concentrati

on 

Target 

region 

Name 

used 

in the 

paper 

Accell Non-targeting 

siRNA #1 
D001910-01 N/A 0.6 mM N/A   

Accell Non-targeting 

siRNA #2 
D001910-02 N/A 0.6 mM N/A   

Accell Rbfox1 siRNA #1 A-41929-13 
TGCTCCATAT

TAAATGATA 
0.3 mM  

ORF-3' 

UTR 

siRF1

_E10 

Accell Rbfox1 siRNA #2 A-41929-14 
GTAAAATATTA

GATGTTGA 
0.3 mM ORF   

Accell Rbfox1 siRNA #3 Custom order 
GCAACAGAUG

AAAUUUCUU 
1.2 mM ORF 

siRF1

_E19 

Accell Rbfox3 siRNA #1 A-065754-09 
GTGTGACCAT

TCAAATTAA 
0.3 mM 3' UTR   

Accell Rbfox3 siRNA #2 A-065754-10 
GCATCAGCCA

CAGAAGCTA 
0.3 mM 3' UTR   
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4. Chapter IV – General discussion 
 

4.1.  Main findings 

The complexity of neuronal morphologies and neural circuits that enable 

complex behaviors requires a tight regulation of gene expression at the post-

transcriptional level. Importantly, abnormalities in RNA processing and translation 

within neurons contribute to autism spectrum disorders (ASD). Our studies aimed to 

advance the understanding of the post-transcriptional mechanisms regulating brain 

development and plasticity by addressing two fundamental questions.  

We asked whether and how changes in the patterns of alternative cleavage and 

polyadenylation (APA) are associated with long-lasting forms of long-term potentiation 

(LTP) that underlie learning and memory. We found that the induction of chemical LTP 

in the Schaffer collateral pathway of the hippocampus triggers global changes in APA 

that lead to an increased use of proximal 3’UTR polyadenylation sites (PASs) and 

intronic PASs. The resulting differentially regulated APA isoforms have an overall 

shorter size and display shorter 3’UTRs. We postulate that transcripts with truncated 

3’UTRs can be functionally impacted by lacking key regulatory elements such as 

miRNA and RNA-binding protein (RBP) binding sites commonly contained within 

3’UTRs. 

RBPs are known to play critical roles in neuronal post-transcriptional regulation 

controlling the localization of mRNAs to synapses and their translation in an activity-

dependent manner. This allows gene expression to be regulated at the level of 

individual synapses within a single neuron. The RBP RbFox1 was previously identified 

as a candidate ASD gene and its alternatively spliced nuclear isoform was well 

characterized as a splicing regulator. In this study we decided to investigate the 

function of Rbfox1 in cytoplasmic RNA regulation in mouse hippocampal neurons. We 

found that the cytoplasmic isoform of RbFox1 binds to the 3’UTR of its target mRNAs 

increasing transcripts stability and translation. Moreover, RbFox1 targets in the 

cytoplasm are enriched for genes involved in cortical development and associated with 

autism spectrum disorders. 

 

4.2. Future directions 

The results from the 3’READS studies presented in Chapter 2 uncovered a 

dynamic and highly regulated 3’end processing landscape during LTP and opened 

avenues for future research.  
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We identified dozens of activity-dependent changes in APA and validated a few 

by qPCR. Further functional studies on individual differentially expressed APA isoforms 

should improve our understanding of the role of these changes in long-term memory. 

Relevant follow-up experiments include studying the differential localization of altered 

mRNA isoforms, measuring the impact of activity-dependent APA on protein 

production, and the effect of these changes on protein-protein interaction and function. 

Moreover, changing the balance of 3’UTR and intronic APA isoforms through 

overexpression and knockdown experiments could provide insights into the functional 

role of APA regulation to neuronal plasticity. 

In our study we examined APA in hippocampal mini-slices composed of many 

neuronal (e.g. excitatory, inhibitory, interneurons) and non-neuronal cell types (e.g. glial 

cells). Previous studies have shown that different hippocampal cell types display 

unique patterns of gene expression (Zeisel et al., 2015), and that cell-type diversity is 

critical for synaptic plasticity at the individual and intercellular interaction level (e.g. 

interaction between neurons and astrocytes, (Allen and Eroglu, 2017). Comparable to a 

recent profiling study of LTP-induced changes in ribosome-associated transcripts in 

excitatory neurons (Chen et al., 2017b), cell type specificity could be achieved by 

crossing a ribotag mouse line (with floxed HA-tagged ribosomal protein L22 in cells 

expressing Cre recombinase) with transgenic mouse lines expressing cre under cell-

type specific promoters (e.g. camk2a, gad1, gfap). Immunoprecipitation followed by 

3’READS of the ribosome-associated population of RNAs purified from specific cell 

types of cLTP stimulated hippocampal mini-slices would allow us to further understand 

APA regulation in the hippocampus (Sanz et al., 2009). Recently, the activity-

dependent response of 30 different cell-types of the visual cortex was characterized 

using single-cell sequencing (Hrvatin et al., 2018). Similar cell-type specific approaches 

would help uncover individual contributions of the different cell types to APA during 

synaptic plasticity.  

Local translation is a widely used mechanism in neurons to control gene 

expression in a time- and synapse-specific manner. Our study lacks intracellular 

resolution to profile the population of APA isoforms localized to synapses during LTP. 

APA profiling of cLTP-stimulated hippocampal synaptosome preparations - containing 

presynaptic terminals attached to post-synaptic dendritic spines - or cellular 

fractionation of neurons grown on porous membranes followed by sequencing of 

isolated neuronal processes would start to uncover the distribution of APA isoforms at 

synapses (Prieto et al., 2015; Taliaferro et al., 2016). Alternatively, dissection of the 

stratum radiatum region of the hippocampus - mainly composed of CA1 dendrites and 
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CA3 axons - following cLTP stimulation would enrich the detection of dendritically- 

localized APA isoforms (Zhong et al., 2006). 

The analysis from chapters II and III suggest that miRNA regulation might 

contribute to APA regulation during hippocampal plasticity and the control of neuronal 

gene expression modulated by the cytoplasmic form of RbFox1. Profiling the 

population of miRNAs following LTP induction in acute mouse hippocampal slices 

would provide an accurate baseline for comparative studies. An overlap between 

miRNA expression changes and previously identified changes in the number of 

complimentary miRNA-binding sites in activity-dependent APA isoforms would suggest 

a miRNA-dependent process of APA in plasticity. To examine the  population of 

functionally active miRNAs and obtain cell-type specificity, high-throughput sequencing 

of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) could be used to 

identify miRNAs and their targets in cLTP-stimulated hippocampal slices of a knock-in 

mouse line expressing GFP-cmyc-Ago2 specifically in excitatory neurons (He et al., 

2012). Using this strategy, only miRNAs loaded into the RISC complex (of which Ago2 

is the main catalytic component) would be purified and sequenced. The results of these 

studies will elucidate networks of alternative 3’UTR isoforms and miRNA-regulatory 

mechanisms implicated in long-term memory formation and thereby contribute to a 

deeper understanding of the function of post-transcriptional regulation in the CNS.  

New tools developed to analyze post-transcriptional gene regulation at genome-

wide and cell type-specific manner promise to uncover new ways in which activity can 

change the structure and function of individual synapses to store memories in the 

brain. Elucidation of these regulatory mechanisms, in turn, are likely to reveal important 

new therapeutic targets for the many diseases in which synaptic plasticity is altered to 

produced cognitive disorders.  
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Activity-Dependent Regulation 
of Alternative Cleavage and 
Polyadenylation During 
Hippocampal Long-Term 
Potentiation
Mariana M. Fontes1,2, Aysegul Guvenek3, Riki Kawaguchi4, Dinghai Zheng  3, Alden Huang4, 
Victoria M. Ho1,5, Patrick B. Chen1,5, Xiaochuan Liu3, Thomas J. O’Dell6, Giovanni Coppola  4, 
Bin Tian  3 & Kelsey C. Martin1,4

Long-lasting forms of synaptic plasticity that underlie learning and memory require new transcription 
and translation for their persistence. The remarkable polarity and compartmentalization of neurons 
raises questions about the spatial and temporal regulation of gene expression within neurons. 
Alternative cleavage and polyadenylation (APA) generates mRNA isoforms with different 3′ 
untranslated regions (3′UTRs) and/or coding sequences. Changes in the 3′UTR composition of mRNAs 
can alter gene expression by regulating transcript localization, stability and/or translation, while 
changes in the coding sequences lead to mRNAs encoding distinct proteins. Using specialized 3′ end 
deep sequencing methods, we undertook a comprehensive analysis of APA following induction of long-
term potentiation (LTP) of mouse hippocampal CA3-CA1 synapses. We identified extensive LTP-induced 
APA changes, including a general trend of 3′UTR shortening and activation of intronic APA isoforms. 
Comparison with transcriptome profiling indicated that most APA regulatory events were uncoupled 
from changes in transcript abundance. We further show that specific APA regulatory events can impact 
expression of two molecules with known functions during LTP, including 3′UTR APA of Notch1 and 
intronic APA of Creb1. Together, our results reveal that activity-dependent APA provides an important 
layer of gene regulation during learning and memory.

Long-term potentiation (LTP) is a form of synaptic plasticity that corresponds to a long-lasting increase in 
synaptic transmission in response to specific patterns of neuronal firing or activity, and underlies learning and 
memory1,2. The early-phase of LTP (E-LTP) is independent of new gene expression while the late-phase of LTP 
(L-LTP), which lasts several hours to days, requires new transcription and translation3–6.

Pre-mRNA cleavage and polyadenylation (C/P) is a nearly universal 3′ end processing mechanism for 
protein-coding genes in eukaryotes, and is coupled to transcription termination7. C/P consists of an endonucleo-
lytic cleavage of pre-mRNAs followed by the synthesis of a polyadenosine tail, and is carried out by the C/P com-
plex, which contains over 20 factors and many associated factors8. The site for C/P, known as polyA site (PAS), is 
defined by upstream and downstream cis regulatory elements, the most prominent of which is the A[A/U]UAAA 
element located upstream of the PAS9–11.
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Most mammalian genes contain multiple PASs that yield multiple mRNA isoforms12–14. While the majority 
of alternative PASs are located within the 3′-most exon and lead to changes in 3′UTR lengths, a sizable frac-
tion of PASs are located in introns and control the selection of alternative terminal exons, affecting both coding 
sequences (CDSs) and 3′UTRs12. A growing number of mechanisms have been found to regulate APA, including 
core C/P factors15,16, splicing factors15,17, and RNA-binding proteins that interact with sequence motifs near the 
PAS18.

Several tissues exhibit unique patterns of APA regulation19–21. For example, distal PASs tend to be selected in 
the brain, leading to preferential expression of mRNAs with long 3′UTRs22–26. Since the 3′UTR contains binding 
motifs for RNA-binding proteins and miRNA target sites, alteration of 3′UTR length offers an effective means to 
modulate gene expression by controlling aspects of mRNA metabolism, such as stability and translation10,27–29.

In keeping with the preferential expression of distal PAS isoforms in neurons, 3′UTRs play a particularly 
important role in compartmentalized gene expression by directing the localization and regulated translation 
of mRNAs within dendrites and axons and at synapses30–33. RNA sequencing of the synaptic neuropil in mouse 
hippocampus identified over 2,000 axonally and dendritically localized mRNAs34. Localization of mRNAs in 
neurons often depends on specific cis-acting elements within the 3′UTR35,36. Interestingly, Taliaferro et al. found 
that transcripts using distal alternative last exons tended to be localized to neurites37. In addition, several studies 
have reported APA regulation following neuronal activation. An early microarray analysis found that a set of 
genes expressed truncated mRNAs through APA in cultured rat neuronal hippocampal cells following chronic 
potassium chloride depolarization38. It was suggested that the APA events may couple with transcriptional reg-
ulation through MEF238. Using Rat PC12 and mouse MN-1 neurons, Berg et al. showed that activity-induced 
APA changes were recapitulated by functional inhibition of U1 snRNP17, a complex that is involved not only in 
5′ splice site recognition but also in the inhibition of premature usage of PAS15,17,39. The authors suggested that 
shortage of U1 snRNP during transcriptional upregulation following neuronal activation may lead to activation 
of proximal PAS.

Here, using deep sequencing of 3′ ends of transcripts, we systematically characterized APA regulation follow-
ing LTP induction in acute mouse hippocampal slices. We examined both 3′UTR APA and intronic APA events 
at different time points post LTP, and analyzed the interplay between APA and gene expression regulation. Our 
study reveals global shortening of 3′UTR and activation of intronic APA, in line with previous reports. However, 
APA events are largely uncoupled from gene expression changes, and constitute a distinct layer of gene regulation 
during LTP.

Results
We were interested in understanding whether and how APA, a widespread pre-mRNA processing mechanism, 
plays a role in LTP. To this end, we perfused acute hippocampal mini-slices with forskolin and high concen-
trations of calcium and potassium to induce chemical LTP (cLTP). This form of LTP depends on bursting of 
CA3 neurons and produces a long-lasting, NMDAR-dependent plasticity that requires new transcription and 
translation40,41. We extracted RNA from hippocampal mini-slices 1 (1 hr) and 3 hours (3 hr) post LTP induc-
tion (Fig. 1a), collecting time-matched controls from the same animals (Fig. 1a, see Materials and Methods40,41. 
Reverse transcription-quantitative PCR (RT-qPCR) analysis of the immediate early gene Arc as well as the 
short and long intronic APA Homer1 isoforms confirmed their regulation after LTP induction, as previously 
reported42,43.

To determine APA profiles after LTP induction, we subjected RNA samples to 3′READS, a method we previ-
ously developed to specifically study the 3′ end of transcripts44 (see Materials and Methods). After exclusion of 
outlier samples (Fig. S1), we obtained >10 million (M) PAS-containing reads per sample and identified 24,908 
PASs in 13,445 genes, including 294 non-coding RNA genes. About 55% of identified PASs were associated with 
AAUAAA, 17% with AUUAAA, 20% with other close variants, and ~8% with no identifiable A[A/U]UAAA or 
their close variants in the −40 to −1 nt region of the PAS (Fig. 1b). These values were comparable at 1 hr and 3 hr, 
for both control and LTP samples. We note that a higher percentage of PASs were associated with the AAUAAA 
hexamer in our RNA samples than the 42% previously reported in the mouse genome12, presumably because APA 
transcripts in brain preferentially use distal PASs4,22,24–26, which are more frequently associated with AAUAAA 
than proximal PASs13.

Approximately half of all detected protein-coding genes used 2 or more PASs, with no significant difference in 
the number of PASs per gene between control and LTP samples (Fig. 1c). As shown in Fig. 1e, most PASs (>85%) 
were found in the 3′UTR of the 3′-most exon, with less than 15% of PASs located in introns. Notably, we observed 
a small but significant (3,432 vs. 2,911, P = 5.3 × 10−16, Binomial test) global increase in the number of detected 
intronic PASs 3 hr post LTP, suggesting upregulation of intronic PAS usage following LTP induction (see below 
for more analysis). By contrast, no significant difference was detected 1 hr post LTP.

LTP induces global shortening of 3′UTRs. We next focused on 3′UTR APA events and asked whether 
there was a global change in 3′UTR length after LTP induction. To simplify our analysis, we focused on the two 
most abundant 3′UTR APA isoforms, named proximal and distal PASs based on their relative positions in the 
3′UTR (Fig. 2a), and compared their relative expression changes in LTP-induced vs. control samples. While simi-
lar numbers of genes displayed 3′UTR shortening and lengthening after 1 hr of LTP induction (72 vs. 88, Fig. 2b), 
a bias toward 3′UTR shortening was detected 3 hr post LTP induction (203 vs. 77, Fig. 2c). Notably, the genes that 
displayed 3′UTR changes 3 hr after LTP induction were largely distinct from those with 3′UTR changes 1 hr after 
LTP induction (Fig. 2d).

To measure the extent of 3′UTR length change elicited by LTP, we divided genes into groups with length-
ened 3′UTRs, unchanged 3′UTRs or shortened 3′UTRs, and calculated their average difference in 3′UTR length. 
At 1 hr, both lengthened and shortened 3′UTR genes underwent mild changes in 3′UTR length (median = 64 
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nucleotides (nt) and 55 nt, respectively, Fig. 2e). By contrast, at 3 hr, while genes with lengthened 3′UTRs dis-
played a mild change of 3′UTR length (median = 43 nt), genes with shortened 3′UTRs showed a more pro-
nounced 3′UTR length change (median = 81 nt) (Fig. 2f).

3′UTR length changes have previously been shown to alter miRNA targeting45,46. We next set out to globally 
identify miRNA target sites that would be affected by 3′ UTR shortening 3 hr after LTP induction. Of the 164 genes 
that displayed both 3′UTR shortening and contained miRNA target sites (based on the TargetScan database), 117 
had their miRNA target sites (882 sites in total) removed by 3′UTR shortening (Fig. 2g). Thus, 3′UTR shortening 
could potentially play an important role in modulating miRNA regulation following LTP induction. An exam-
ple gene, Notch1, is shown in Fig. 2h, displayed significant 3′UTR shortening in the 3 hr samples (P = 4 × 10−4, 
Fig. 2e), but not in the 1 hr samples. The Notch1 protein has been reported to be critical for hippocampal synaptic 
plasticity and memory formation47,48. Interestingly, we found a target site for miR-384-5p between the proximal 
and distal PASs of Notch1 (Fig. 2h), a miRNA whose downregulation was shown to be required for the mainte-
nance of LTP49. Thus, shortening of Notch1 3′UTR after LTP induction could help de-repress Notch1 expression 
by miR-384-5p, contributing to LTP maintenance. RT-qPCR analysis using primer sets targeting a common cod-
ing region and a region that exists only in the long 3′UTR isoform confirmed increased Notch1 gene expression 
and relatively higher expression of short 3′UTR isoform compared to long 3′UTR isoform (Fig. 2j).

Previous studies in other systems have indicated that the distance between two 3′UTR PASs, also known as 
alternative 3′UTR (aUTR) size (Fig. 2a), often correlates with the extent of 3′UTR APA15, a phenomenon likely 
attributable to competition between the two adjacent PASs for usage. We thus divided genes with 3′UTR-APA 
regulation at 1 hr or 3 hr post-LTP into five groups based on their aUTR sizes (aUTR bins 1–5) and asked whether 
the difference in the relative expression of two APA isoforms between LTP and control samples (relative expres-
sion difference, RED) was a function of aUTR size. The mean RED values shown in Fig. 2i revealed that genes 
with longer aUTRs underwent significantly greater 3′UTR shortening 3 hr post-LTP as compared to 1 hr (gene 
bin 1 vs gene bin 5 comparison at 3 hr: p-value = 2.2 × 10−11, Wilcoxon rank sum test). Together, these results 
indicate that LTP drives a general shortening of 3′UTR 3 hr post LTP induction, especially in transcripts with 
long aUTRs.

Figure 1. Analysis of APA in LTP. (a) Experimental design. RNAs from chemical LTP (cLTP)-induced and 
time-matched control hippocampal slices were subjected to 3′READS+ analysis to examine APA, or RNA-seq 
for gene expression. (b) Distribution of the A[A/U]UAA element in identified poly(A) sites (PASs). Percentage 
of PASs associated with either AAUAAA, AUUAAA, other variants of A[A/U]UAAA, or not associated with 
any A[A/U]UAAA element are shown for each sample group. (c) Number of PASs identified per gene. Genes 
with only one PAS have the highest frequency and the majority of genes displayed APA in the hippocampal 
samples analyzed. (d) Diagram showing 3′UTR APA (top) and intronic APA (bottom). 3′UTR APA isoforms 
have alternative 3′ UTRs resulting from the choice of different PASs in the 3′UTR. Two PASs are shown, i.e., 
proximal PAS and distal PAS. Intronic APA isoforms have different 3′UTRs as well as coding sequences (CDS). 
(e) Distribution of PASs in different regions of the mRNA: 3′UTR (in 3′-most exon only) vs. upstream intron. 
Change of PAS distribution during LTP is observed 3 hr post LTP induction. Number of PAS in each region is 
specified in each bar. P-values (Binomial test) indicate difference in fractions of 3′UTR PASs and intronic PASs 
in LTP vs. control samples.
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3′UTR regulation and changes in transcript abundance. Gene ontology analysis of genes with 3′UTR 
shortening indicated that genes with diverse functions are affected by this mechanism (Table S3). We next asked 
whether there was any correlation between LTP-induced 3′UTR changes and LTP-induced changes in transcript 
abundance. To obtain high resolution gene expression data, we performed RNA-seq from a separate set of acute 
mouse hippocampal mini-slices 1 hr or 3 hr after LTP induction, with time-matched controls from the same 
animals. To prevent 3′UTR changes from influencing gene expression analysis, we used only RNA-seq reads 
mapping to the coding region of genes (see Materials and Methods for details). We identified 79 and 1,029 genes 
that were significantly differentially expressed at 1 hr and 3 hr time points (fold change >1.2, FDR <0.1, DEseq) 
(Fig. 3a and b). At both time points, upregulated genes outnumbered downregulated ones (77 vs. 2 at 1 hr; 907 
vs. 122 at 3 hr, Fig. 3c), indicating that LTP primarily elicits activation of gene expression42. Notably, most genes 
regulated at 1 hr were also regulated at 3 hr (Fig. 3d), indicating continuous activation of expression. The top 

Figure 2. Regulation of 3′UTR APA after LTP induction. (a) Schematic of 3′UTR APA. (b) 3′UTR APA 
regulation after 1 hr LTP induction. Left, Scatterplot comparing expression changes of proximal and distal PASs 
after 1 hr LTP induction. Genes that significantly switched to proximal PAS usage are in blue and those that 
switched to distal PAS usage are in red (P < 0.05, DEXSeq, and relative abundance change >5%). Grey dots are 
genes without significant APA regulation. Right, bar graph comparing the number of genes with lengthened 
or shortened 3′UTRs (Le and Sh, respectively). (c) As in (b), 3 hr post LTP induction. (d) Venn diagram 
comparing genes with significant 3′UTR regulation 1 hr post LTP induction and 3 hr post LTP induction. (e) 
3′UTR length change in 1 hr post LTP induction. Genes with 3′UTRs significantly shortened (blue), lengthened 
(red), or unchanged (grey) are shown. 3′UTR size was based on weighted mean of all 3′UTR isoforms. Median 
values are indicated on the top. (f) As in (e), except that data are based on 3 hr post LTP induction. (g) Effect of 
3′UTR shortening on miRNA targeting. Number of miRNA target sites that are removed (882) or not removed 
(972) by 3′UTR shortening is indicated in the upper bar, and number of genes that contain removed (117) or 
not removed (47) miRNA target sites by 3′UTR shortening are indicated in lower bar. (h) An example gene 
Notch1, which displayed 3′UTR shortening after LTP. UCSC genome browser tracks of 3′READS data are 
shown. Gene structure and 3′UTR sequence are indicated on top. Peaks from two polyA sites indicate reads 
for corresponding APA isoforms. miR-384-5p target site is indicated. Reads are based on combined samples. 
(i) Relationship between aUTR size and 3′UTR-APA regulation at 1 hr or 3 hr post LTP induction. Relative 
expression difference (RED) was calculated for all genes with APA sites. The formula of RED is indicated 
above the graph. Genes were divided into five groups (aUTR bins, listed on the right) based on aUTR size, 
with approximately equal number of genes in each bin. For each bin, mean RED was calculated. Error bars 
are standard error of mean (SEM). P-value (Wilcoxon rank sum test) indicates the difference between bin 1 
and bin 5. (j) RT-qPCR validation of Notch1 APA regulation. Two different primer sets were used to detect the 
expression of a common coding region (left bar) and a region in the alternative 3′UTR (right bar). Error bars are 
SEM of 4 replicates.
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differentially expressed (DE) genes we identified are consistent with previous studies50–52, including upregulation 
of Gadd45g, Egr2, c-Fos, Arc and Npas4 (Table 1). Notably, gene expression changes based on RNA-seq were well 
correlated with those based on 3′READS (r = 0.81 and r = 0.78 for significantly regulated genes at 1 hr and 3 hr, 
respectively, Figure S2), attesting to the quality of our sequencing data.

GO analysis of DE genes after LTP induction revealed several shared terms at 1 hr and 3 hr, including those 
related to signaling (“signal transduction” and “single organism signaling”), metabolic process (“positive regula-
tion of metabolic process” and “negative regulation of macromolecule metabolic process”, “nucleic acid metabolic 
process”), and nucleus (“nucleus”, Table 2). Additionally, DE genes at 1 hr were enriched in “tissue development” 
and “transcription factor complex” (Table 2). At 3 hr, DE genes were also enriched in “neuron projection devel-
opment” and “excitatory synapse” (Table 2). Thus, GO terms do not appear to overlap with those associated 
with genes showing 3′UTR shortening (Table S3). In addition, Ingenuity Pathway Analysis (IPA) identified a 
set of transcription factors (TFs) that are predicted to regulate genes with expression changes post LTP (Fig. 3e), 
including CREM, CREB1, and HDAC4, which is consistent with the notion that CREB proteins play key roles 
in memory and synaptic plasticity, and facilitate the late phase of LTP53–55. By contrast, no significant TFs were 
predicted to be associated with genes showing 3′UTR shortening (data not shown). Taken together, both GO and 
IPA analysis results indicate that transcriptional regulation and APA may target different sets of genes.

To specifically address the interplay between 3′UTR-APA change and gene expression regulation, we ana-
lyzed the mRNA expression fold change of genes with significantly shortened and lengthened 3′UTR isoforms 
(P < 0.05, DEXSeq and relative abundance change of APA isoform >5%). There was no discernable correlation 
between gene expression change and 3′UTR-APA regulation at 1 hr post LTP (Fig. 3f). At 3 hr post LTP, while 
genes with lengthened 3′UTRs appeared to be modestly downregulated as compared to genes with shortened or 
unchanged 3′UTRs (P = 0.03 or P = 0.08, respectively, Wilcoxon test, Fig. 3g), there was no discernable difference 
between genes without 3′UTR APA changes and those with shortened 3′UTRs (P = 0.12, Wilcoxon test, Fig. 3g). 
Therefore, alteration of 3′UTR length is largely uncoupled from gene expression changes.

Figure 3. Regulation of gene expression after LTP induction. Differentially expressed (DE) genes 1 hr (a) or 3 
hr (b) post LTP induction, as determined by RNA-seq. X-axis, log2(ratio) of gene expression (LTP vs Control); 
Y- axis, −log10P (DESeq). DE genes were selected based on expression change >20% and FDR <0.1. Genes 
with upregulated expression are highlighted in red and those with downregulated expression in blue. Black 
dots represent genes without significant regulation. (c) Bar graph summarizing DE genes shown in (a) and 
(b). (d) Venn diagram comparing DE genes at 1 hr LTP and 3 hr LTP. (e) IPA upstream regulator analysis for 
significantly regulated genes. This data is generated through the use of Ingenuity Pathways Analysis, a web-
delivered application (www.Ingenuity.com). (f) and (g) Gene expression regulation vs. LTP-induced 3′UTR-
APA regulation. Box plots showing the log2(ratio) of gene expression, LTP vs. Ctrl, for genes with 3′UTR 
lengthened (Le), shortened (Sh) or no change (Nc) at 1 hr (f) or 3 hr (g) post LTP induction. Only genes with 
significant 3′UTR APA regulation (those from Fig. 2) were included. P-values (Wilcoxon rank sum test) indicate 
difference between gene groups.
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Widespread activation of intronic APA during LTP. About 12% of APA sites identified in our samples 
were located in introns (Fig. 1e), which can impact coding sequence usage. We next tested the significance of the 
LTP-induced regulation of intronic APA usage. We combined all isoforms using PASs in RefSeq-supported introns 
and compared their expression with all transcripts using PASs in the 3′-most exon (Fig. 4a). We detected a modest 

DE genes 1 hr post LTP DE genes 3 hr post LTP
Gene Log2(ratio) FDR Gene Log2(ratio) FDR
Btg2 2.4 2.5E-99 Rasl11a 2 2.7E-86
Egr2 2.3 2.1E-80 Fos 1.5 2.4E-64
Fos 1.9 3.5E-70 Tinf2 1.6 1.1E-51
Nr4a1 1.6 8.8E-66 Arc 1.2 2.1E-42
Arc 1.8 1.3E-47 Cyr61 1.8 1.4E-41
Dusp6 1.0 3.9E-27 Txndc11 1.1 2.9E-32
Gadd45g 1.3 1.4E-26 Sik1 1.3 7.7E-32
Npas4 2.6 2.7E-22 Thbs1 1.8 2.3E-31
Dusp1 1.3 3.3E-19 Gem 1.1 4.9E-26
Trib1 1.3 2.2E-18 Btg2 1.2 3.7E-25
Ppp1r15a 1.0 1.0E-17 Pax6 1.1 1.3E-22
Errfi1 0.8 2.6E-17 Gadd45g 1.0 1.3E-21
Egr1 1.3 7.7E-16 Il6 1.2 8.1E-20
Nr4a2 0.9 1.0E-15 Kmt2d 0.8 2.0E-19
Arl4d 1.1 4.3E-15 Trh 2.1 3.4E-19
Sik1 1.0 3.9E-14 Rtl1 0.8 1.6E-17
Fosb 1.4 1.0E-13 Ppp1r3g 1.4 7.7E-16
Rgs4 0.7 1.8E-13 Grin2b 0.7 1.3E-15
Egr4 2.1 7.8E-13 Rnf217 0.9 6.2E-14
Ciart 0.9 3.4E-12 Ccnl1 0.7 7.1E-13
Cyr61 0.8 4.3E-10 Nfkb1 0.7 1.1E-12
Csrnp1 0.7 4.3E-10 Nfil3 0.8 1.1E-12
Thbs1 0.9 7.7E-10 Sipa1l3 0.9 2.2E-12
Junb 1.7 9.0E-10 Nr4a2 1.0 8.0E-12
Ptgs2 0.9 1.7E-09 Iqsec2 0.7 8.0E-12

Table 1. Top 25 differentially expressed (DE) genes at 1 hr and 3 hr post LTP induction. Log2(ratio) and FDR 
(DESeq). FDR was based on multiple testing adjustment using the Benjamini-Hochberg method.

GO term Category −Log10P
Enriched for DE genes, 1 hr post LTP
positive regulation of metabolic process BP 16.3
negative regulation of macromolecule metabolic process BP 12.1
tissue development BP 10.6
signal transduction BP 8.8
nucleic acid metabolic process BP 8.6
nucleus CC 8.4
transcription factor complex CC 4.0
protein phosphatase type 1 complex CC 3.0
Enriched for DE genes, 3 hr post LTP
neuron projection development BP 7.5
single organism signaling BP 7.3
regulation of nucleic acid-templated transcription BP 5.9
negative regulation of macromolecule metabolic process BP 5.5
positive regulation of metabolic process BP 5.5
neuron part CC 8.6
excitatory synapse CC 4.6
nucleus CC 3.9

Table 2. GO terms enriched for upregulated and downregulated genes 1 hr or 3 hr post LTP induction. BP, 
biological process; CC, cellular component. P is based on the Fisher’s exact test.
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difference at 1 hr between genes with activated intronic APA and genes with repressed intronic APA (33 vs. 28, Fig. 4b). 
However, at 3 hr post LTP, genes with activated intronic APA significantly outnumbered those with repressed intronic 
PAS by 2.8-fold (78 vs. 27, Fig. 4c). These data indicate that LTP induces not only a general shortening of 3′UTR but also 
triggers an overall transcript truncation through increased usage of intronic PASs. In addition, the genes with intronic 
APA regulation at 1 hr differed from those with intronic APA regulation at 3 hr (Fig. 4d).

We then asked whether intronic APA is related to gene expression level changes. At the 1 hr post LTP 
time-point, gene expression changes appeared to be unrelated to intronic APA regulation (Fig. 4e). By contrast, 
at 3 hr post LTP, genes with repressed intronic APA tended to be upregulated relative to genes without APA reg-
ulation or with activated intronic APA (P = 0.04 or 0.02, respectively, Wilcoxon rank sum test, Fig. 4f). However, 
genes with activated intronic APA, which accounted for most of the APA events, did not show significant dif-
ference in expression compared to genes without intronic APA changes (P = 0.35, Wilcoxon rank sum test). 
Therefore, intronic activation of APA is not coupled with activation of gene expression. GO analysis did not reveal 
any terms highly significantly enriched for genes with activated intronic APA (Table S4), indicating that intronic 
APA regulation, unlike transcriptional control, is not specific for genes with certain functions.

We next examined how intronic APA was related to 3′UTR-APA. Using the 3 hr post-LTP data, we identified 
107 genes with both shortened 3′UTRs and activated intronic APA, a number greater than genes with shortened 
3′UTRs and repressed intronic APA (48), lengthened 3′UTRs and activated intronic APA (77) or lengthened 
3′UTRs and repressed intronic APA (45) (Fig. 4g). This result indicates that, for a group of genes, 3′UTR shorten-
ing is coupled with activation of intronic APA. Presumably, for those genes, proximal PASs are generally preferred 
regardless of the location, in the 3′-most exon or in an intron.

Previous studies have shown that intronic APA events regulated by certain factors, such as U1 snRNP (U1)17 
and RNA polymerase II associated factor (PAF) complex56, display a 5′ to 3′ polarity, i.e., more regulation at the 5′ 
end than the 3′ end. By dividing intronic PAS isoforms into 5 groups based on the intron locations of their PASs, 
i.e., first intron (+1), second (+2), last (−1), second to last (−2), and middle (between +2 and −2 introns), we 
found that PASs located in the 5′-most intron (+1) indeed had the highest increase in usage as compared to those 

Figure 4. Regulation of intronic APA after LTP induction. (a) Schematic of intronic APA analysis. Intronic 
PASs were compared with 3′UTR-PASs. (b) and (c) Left, scatterplot comparing expression change (LTP vs. 
control) of intronic PASs (x-axis) and 3′UTR PASs (y-axis). Genes with significantly activated intronic PAS 
usage are shown in blue (Act) and those with significantly repressed intronic PAS usage in red (Rep) (p < 0.05, 
DEXSeq and relative abundance change >5%). Grey dots represent genes without significant regulation (Nc). 
Right, bar graph showing the number of genes with activated or repressed intronic APA. (d) Venn diagram 
comparing genes with CDS-APA regulation at 1 hr post LTP and 3 hr post LTP. Genes correspond to those 
in (b) and (c). (e) and (f), Box plot showing the log2ratio (LTP/Ctrl) of genes with intronic PAS activation or 
intronic PAS repression, 1 hr (e) or 3 hr (f) post LTP induction. Genes with significant intronic APA regulation 
are those from (b) or (c). P-values (Wilcoxon rank sum test) indicate the difference between groups. (g) 
Scatterplot comparing 3′UTR APA regulation (x-axis) and intronic APA regulation (y-axis) at 3 hr post LTP 
induction. ∆ relative abundance for 3′UTR APA is based on the two 3′UTR PASs with most reads, as in Fig. 2, 
and ∆ relative abundance for intronic APA is based on all intronic PAS reads vs. all 3′UTR PAS reads. Genes 
with intronic APA and/or 3′UTR APA change (>5% relative abundance) are highlighted with different colors 
based on the type of change.
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in the 3′-most intron 3 hr post LTP (P = 0.008, Wilcoxon rank sum test). By contrast, no such trend was discern-
able with the 1 hr APA events (Fig. 5a). This result suggests that a regulatory mechanism similar to U1 and PAF 
complex, which specifically impacts 5′ intronic PASs, takes place 3 hr post LTP (see Discussion).

To further explore the consequences of intronic APA activation following LTP induction, we examined protein 
domains that could be removed or truncated through shortening of coding regions. Of the 147 genes that showed 
significant intronic PAS activation and contained Pfam-annotated domains, 109 could lose their protein domains 
(258 domains in total) as a result of intronic APA activation (Fig. 5b). One of the most significantly regulated 
genes by intronic APA was Creb1, whose intronic PAS increased both 1 hr and 3 hr post LTP inductions (Fig. 5c). 
The regulated intronic PAS is located at the 5′ end of the first intron (Fig. 5c), usage of which could remove much 
of the protein sequence of Creb1, including two key domains—the phosphorylated kinase-inducible-domain 
(pKID) and basic leucine zipper domain (bZIP) (Fig. 5c). Since Creb1 plays a central role in transcriptional 
activation of many genes during LTP, as previously shown57,58 and predicted by our IPA analysis in this study 
(Fig. 3e), we hypothesized that activation of its intronic APA may function to inhibit Creb1 expression, blunting 
its role in transcriptional activation. Indeed, using the RNA-seq data, we found that while Creb1 mRNA appeared 
unchanged 1 hr post LTP, it was slightly downregulated 3 hr post LTP (Fig. 5d). Importantly, downregulation of 
Creb1 mRNA mainly occurred to exons downstream of the intronic PAS but not to the first exon (Fig. 5e), sug-
gesting that downregulation of Creb1 mRNA level occurred through the usage of intronic PAS. Consistent with 
repressed Creb1 expression, upregulation of Creb1 target genes was decreased 3 hr post LTP as compared to 1 
hr post LTP (P = 1.6 × 10−5, Fig. 5f). Notably, the intronic PAS of Creb1 is conserved in human and rat based on 
PolyA_DB59, highlighting its functional importance. Taken together, intronic APA of Creb1 may play an impor-
tant role in downregulation of its gene expression, controlling the extent and/or timing of the Creb1-mediated 
gene expression program.

Figure 5. Characteristics of intronic APA after LTP induction. (a) Normalized expression changes of intronic PAS 
isoforms. Intronic PAS isoforms were divided into five groups based on the intron location where PAS resides, 
i.e., first (+1), second (+2), last (−1), second to last (−2), and middle (between +2 and −2 introns). Expression 
changes are expressed as log2(ratio), LTP vs. Ctrl. Only genes with ≥4 introns and only PAS isoforms with ≥2 
reads were used for analysis. Values for five intron groups were normalized by mean-centering. Error bars are 
standard error of mean. P-value (Wilcoxon rank sum test) indicating difference between first and last intron values 
is shown. (b) Protein domains that can potentially be removed or truncated by intronic PAS activation. Number 
of pfam domains that can be removed or not removed by intronic APA is indicated in the upper bar, and number 
of genes that contain domains removed or not removed by intronic PAS activation is indicated in the lower bar. (c) 
An example gene Creb1, which displayed significant intronic PAS activation. Gene structure is shown on top and 
peaks for PASs are shown in UCSC genome browser tracks. P-values based on comparison of intronic PAS and 
3′UTR PAS (DEXSeq) are indicated. Pfam domains are indicated. Reads are acquired by combining samples. (d) 
Gene expression change of Creb1 after LTP. (e) Expression changes based on RNA-seq reads mapped to different 
regions of Creb1. Schematic of Creb1 is shown on the top, and log2(ratio) from indicated region is shown in a 
bar plot. Two regions were analyzed, including the region from transcription start site to the intronic PAS, and 
the region from the second to the last exons. (f) Gene expression changes (LTP vs. Ctrl) of CREB1 target genes 
obtained from the IPA database. The blue curve corresponds to 81 target genes in the 3 hr post LTP samples, 
whereas the red corresponds to 37 target genes in the 1 hr post LTP samples.
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Discussion
Regulation of transcription and protein synthesis is critical during L-LTP49,60–64, and post-transcriptional gene 
regulation is key to the development and function of neural circuits35,65,66. mRNA isoform changes through APA 
represent a widespread, although poorly understood, mechanism in eukaryotes. APA may play a special regu-
latory role in the nervous system, because neuronal transcripts generally have long 3′UTRs21,24 and sequence 
motifs in 3′UTRs contribute to both spatial and temporal control of gene expression during neuronal plasticity36. 
Inspired by studies indicating activity-dependent regulation of APA in neurons17,38, we undertook a genome-wide 
approach to systematically examine activity-dependent APA regulation following LTP induction in mouse hip-
pocampal slices. With a specialized 3′ end-based sequencing method, 3′READS, we uncovered a global trend of 
3′UTR shortening and activation of intronic APA 3 hr post LTP, a time point that also involves substantial tran-
scriptional changes. By contrast, the global APA regulation was not discernable 1hr post LTP, when only a small 
number of genes have expression changes. Thus, it is possible that regulation of PAS usage, a co-transcriptional 
process, is globally coupled with transcriptional regulation. On the other hand, for individual genes, we did not 
observe coupling between 3′UTR shortening or activation of intronic PASs with regulation of gene expression.

Comparison with previous studies. The APA regulation following LTP induction detected in our study is 
consistent with a previous microarray study done in cultured rat hippocampal neurons that reported significant 
transcript truncation following KCl depolarization38. Of note, our stimulation protocol induced Hebbian synaptic 
plasticity41, while the 1 hr or 6 hr of continuous KCl depolarization in cultured neurons likely produced homeo-
static plasticity67. Despite this difference, 10 of the 29 genes undergoing APA regulation (34.5%, 30 predicted-only 
genes from Flavell et al., 2008 were excluded) following KCl depolarization also underwent APA regulation after 
LTP induction in hippocampal slices, suggesting a common mechanism of APA regulation during homeostatic 
and Hebbian plasticity. Our high-resolution genome-wide approach provides additional insights into APA regu-
lation during plasticity by expanding the catalog of genes with activity-dependent APA changes from a total of 59 
in Flavell et al. (2008) to over 1,100 genes (Fig. 1f). Our study further provides a comprehensive characterization 
of the two different types of APA regulation, 3′UTR APA and intronic APA, which could not be dissected using 
microarrays or traditional RNA-seq. Notably, we also performed the same experiments using PAS-Seq, another 3′ 
end-based sequencing method68. However, due to high variance of read counts across samples and within genes, 
we could not identify significantly regulated APA isoforms following LTP induction (data not shown), attesting 
to the technical advantage of using 3′READS in analysis of APA.

Potential mechanisms. The molecular mechanism(s) underlying activity-dependent APA regulation dur-
ing LTP remain largely unclear. Global shortening of 3′UTRs and activation of intronic APA sites have been 
observed in proliferating cells compared to quiescent ones45. Cancer cells, undifferentiated cells and cells at early 
developmental stages display similar patterns46,68,69. The mechanisms underlying proliferation-based APA are 
largely unknown, although higher expression levels of C/P factors and thus increased general C/P activity have 
been suggested to be responsible for more efficient 3′ end processing at proximal PASs69,70. While we did not 
observe increased expression of C/P factors at the RNA level post LTP (Fig. S3a), the C/P factor gene Wdr33 did 
appear to be regulated by APA (Fig. S3b), raising the possibility that regulation of certain C/P factors may lead to 
the global APA changes observed in this study. In addition, we cannot rule out the possibility that some of the C/P 
factors might be regulated post-translationally and have altered activities post LTP.

The Dreyfuss lab reported that a shortage of U1 snRNP (U1) relative to the pre-mRNA abundance caused 
subdued inhibition of cleavage/polyadenylation by U117 and, consequently, activation of proximal PASs in introns 
and 3′UTRs. Indeed, using our previous 3′READS data from mouse C2C12 myoblast cells15, we found that the 
expression of intronic APA isoform of Creb1 increased by 3.7-fold when U1 was functionally inhibited by an 
antisense oligo to U1 snRNA (Fig. S5a). Global activation of proximal PASs in 3′UTRs and introns has also been 
reported in cells with reduced expression of the PAF complex56, which plays a role in promoter-proximal pausing 
and transcriptional elongation71,72. We also re-analyzed our previous data of knockdown of Paf1, one of the sub-
units of PAF complex, in C2C12 cells. Interestingly, intronic APA of Creb1 increased by 7.8-fold when Paf1 was 
knocked down (Fig. S5b). Although we did not detect a global correlation in intronic APA regulation between 
U1 inhibition or Paf1 knockdown and LTP activation, there were modest correlations between these conditions 
for PAS regulation in the first intron (r = 0.21 and 0.31 for Paf1 knockdown vs. LTP and for U1 inhibition vs. LTP, 
respectively, Pearson correlation, Fig. S5d and Fig. S5e). This result suggests that PASs in the first intron, as in the 
case of Creb1, might be regulated by U1 and/or PAF mechanisms in cells activated for LTP. Future studies need to 
determine mechanistic details concerning these potential connections.

Intriguingly, we also found from our previous data that knockdown of PABPN1 expression by siRNA 
(siPABPN1) in C2C12 cells substantially upregulated the expression of the intronic APA isoform of Creb1 by 
16-fold in C2C12 cells15. Because of PABPN1′s role in nuclear RNA surveillance15,73, it is possible that the intronic 
PAS isoform of Creb1 is rapidly degraded after usage. This further supports the model that intronic polyadeny-
lation of Creb1 serves to inhibit the expression of full-length isoform. Moreover, similar to U1 inhibition and 
Paf1 knockdown, regulation of PASs in the first introns of genes by LTP was modestly correlated with those by 
siPABPN1 (r = 0.34, Pearson correlation, Fig. S5f), suggesting a general pattern similar to that of the intronic PAS 
of Creb1.

Functional implications. APA generates mRNA isoforms with different 3′UTR lengths and/or coding 
sequences. mRNA isoforms resulting from LTP induction may localize to distinct subcellular compartments, 
and produce different protein levels23,28,74. The functional consequences of 3′UTR-APA events emerge from dif-
ferences in cis-regulatory elements contained within the alternative 3′UTRs, including motifs recognized by 



www.nature.com/scientificreports/

1 0SCIENTIFIC REPORTS | 7: 17377  | DOI:10.1038/s41598-017-17407-w

miRNAs and RBPs. Shorter 3′UTR isoforms can escape miRNA-mediated destabilization and translation repres-
sion through the loss of miRNA binding sites, a strategy that is used to achieve both cell type specificity and 
correct developmental timing75–77. Indeed, we found that genes with lengthened 3′UTRs tended to be downreg-
ulated, implying a role for 3′UTR in gene regulation during hippocampal plasticity. A case in point is the Notch1 
gene, which plays important roles in LTP and whose 3′UTR shortening removes a target site of miR-384–5p, an 
important miRNA for LTP maintenance47–49. Future studies are needed to examine the detailed mechanisms and 
consequences behind APA of Notch1 and explore other similar cases.

Intronic APA events can impact protein functions by generating alternative C-termini. For example, intronic APA 
was previously shown to affect the molecular functions of Homer1, a gene that undergoes differential APA 3 hr post 
LTP induction. Our data is consistent with this finding (Fig. S5). The shorter Homer1 CDS isoform that is inducible by 
neuronal activity acts in dominant negative fashion to inhibit the function of the full-length Homer1 isoform43 by pre-
venting dimerization. Here we revealed significant regulation of intronic APA in Creb1, which plays a key role in LTP78. 
Activation of intronic PAS of Creb1 leads to a significantly truncated transcript that is likely to be rapidly degraded (see 
above). This mechanism may function to limit Creb1’s function in gene activation during LTP. Notably, activation of 
PAS in the first intron, as in the case of Creb1, is a widespread phenomenon during LTP. Further proteomic studies will 
provide insights into whether there is a surge of short peptides during LTP induction as a result of intronic APA activa-
tion, and, if so, whether they play functional roles in learning and memory.

Methods
Preparation of hippocampal acute slices. Hippocampal slices were prepared from isoflurane-anesthe-
tized 2–3 month old male C57BL/6 mice (Charles River, Wilmington, MA, USA). Hippocampi were quickly 
isolated on ice, and 400-micron thick transverse slices were cut using a manual tissue chopper. The dentate gyrus 
was trimmed with a single incision, and the slices were placed in interface chambers at 30 °C to recover for 2 hr 
with continuous ACSF perfusion. From a single animal we collected ~10 hippocampal slices. Half of the mini-
slices were used for cLTP induction and the remaining treated with a DMSO vehicle solution as time-matched 
controls. cLTP was induced by perfusing ACSF containing 50 uM forskolin for 5 min followed by 5 min of 50 uM 
forskolin, 30 mM KCl and 10 mM Ca2+ ACSF. Control slices were treated in parallel with ACSF containing 0.2% 
DMSO for 10 min. Slices were collected 1 hr or 3 hr post stimulation by freezing in dry ice. Use of mice in this 
study followed the recommendations of and protocol approved by the UCLA Institutional Animal Care and Use 
Committee. To validate successful LTP induction, we monitored expression of candidate transcripts by qPCR, 
and prepared sequencing libraries from samples that exhibited LTP-induced upregulation of Arc mRNA and 
increases in Homer1 short isoform and unaltered concentrations of Homer1 long isoform and Hprt. We obtained 
triplicates for all controls and cLTP samples for 3′READS+, RNA-seq and PAS-seq experiments.

RNA extraction and RT-qPCR. To extract RNA, frozen slices were homogenized using a pestle in TRIzol 
for 5 min. 200 uL of chloroform per 1 mL of TRIzol were added to the homogenate and after centrifugation the top 
aqueous phase was collected. To precipitate and elute total RNA containing both mRNA and small RNAs we then 
used the Qiagen microRNeasy kit. We obtained ~2.5 ug of total RNA from 5 hippocampal slices. For RT-qPCRs 
we used 200 ng of total RNA and performed reverse transcription with random hexamers and SuperScript III in a 
total volume of 20 uL. The cDNA was then quantified by qPCR using SYBR green (primer sequences available upon 
request). The mRNA levels of Hprt were used as internal controls since its expression is activity-independent79.

RNA-seq and Differential Expression Analysis. Three biological replicates of each condition (con-
trol and LTP-induced) at two different time-points (1 hr and 3 hr) after LTP were collected. For each replicate, 
hippocampal slices from the same animal were used to generate both LTP-induced samples and matched con-
trols. The minimum RIN of all samples was 7.5, as determined by the 4200 Tapestation Instrument (Agilent). All 
RNA-seq libraries were prepared using the TruSeq Stranded Total RNA sample prep kit with Ribo-Zero according 
to manufacturer’s specified protocol (Illumina). Samples were multiplexed and sequenced across multiple HiSeq 
2500 high-output lanes using 100 bp paired-end reads to achieve a minimum depth of ~75 M reads per sam-
ple. Transcriptome alignment was performed using STAR v. 2.4.1c80 with default settings, and GRCm38/mm10 
(Data statistics, Table S2). Raw counts were quantified using R GenomicFeatures and GenomicAlignments and 
RSamtools packages81. Differential expression analysis was performed for each time-point separately in DESeq82. 
We excluded outlier samples, as determined by sample clustering (Fig. S1b). We applied an FDR cutoff of <0.1 
and fold change >1.2 as the threshold for significance. GO analysis was carried out based on Fisher’s exact test.

3′READS+ and its analysis. The 3′ region extraction and deep sequencing (3′READS+) method was pre-
viously described in44. Briefly, 1 µg of input RNA was used for each sample, and poly(A) + RNA was selected using 
oligo d(T)25 magnetic beads (NEB), followed by on-bead fragmentation using RNase III (NEB). Poly(A) + RNA 
fragments were then selected using a chimeric oligo containing 15 regular dTs and five locked nucleic acid dTs 
conjugated on streptavidin beads, followed by RNase H (NEB) digestion. Eluted RNA fragments were ligated 
with 5′ and 3′ adapters, followed by RT and PCR (15x) to obtain cDNA libraries for sequencing on the Illumina 
platform. Processing of 3′READS+ data was carried out as previously described12. Briefly, reads were mapped to 
the mouse genome using bowtie 283. Reads with ≥2 unaligned Ts at the 5′ end were used to identify PASs. PASs 
located within 24 nt from each other were clustered together (Table S1).

APA analysis. Differential expression of APA isoforms are carried out with DEXSeq.84. Significant events 
were those with p < 0.05 and relative abundance difference >5%. Outlier samples were excluded as determined by 
sample clustering (Fig. S1a). Relative expression (RE) of two most abundant 3′UTR APA isoforms, e.g., proximal 
and distal PASs, was calculated by log2 (distal PAS/proximal PAS). Relative Expression Difference (RED) of two 
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isoforms in two samples was based on difference in RE between the two isoforms in the two samples. For intronic 
APA analysis, RE was based on comparison of all intronic APA isoforms combined (intronic PAS set) with all 
3′UTR PAS isoforms combined (3′UTR PAS set), and RED was also based on the two sets.

The weighted mean of 3′UTR size for each gene was based on 3′UTR sizes of all APA isoforms, weighted by the 
expression level of each isoform based on the number of PAS-containing reads.

Analysis of introns. The intron location was based on the RefSeq database, considering all RefSeq-supported 
splicing isoforms. Introns were divided into five groups; first, second, last, second last and middle (contains all 
the introns between +2 and −2). Only genes with at least four introns were analyzed. Relative expression was 
calculated by intronic PAS read number divided by that of 3′UTR PASs of the same gene.

Data access. The sequencing data from this study has been submitted to the NCBI Gene Expression Omnibus 
under SuperSeries accession number GSE84644 (RNA-seq, GSE84503; 3′READS+, GSE84643). RNA-seq and 
3′READS data can also be accessed through a web based expression browser at https://coppolalab.ucla.edu/
gclabapps/3readsbrowser/home.

Reviewer link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=efmjesqabfetlef&acc=GSE84644.
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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 func-
tions as a splicing regulator in the nucleus, it is also
alternatively spliced to produce cytoplasmic iso-
forms. 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 cyto-
plasmic 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 ʹ UTRs.
Cytoplasmic Rbfox1 binding increased target
mRNA stability and translation, and Rbfox1 and
miRNA binding sites overlapped significantly. Cyto-
plasmic Rbfox1 target mRNAs were enriched in
genes involved in cortical development and autism.
Our results uncover a newRbfox1 regulatory network
and highlight the importance of cytoplasmic RNA
metabolism to cortical development and disease.

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. Muta-
tions 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 homo-
log 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 iden-
tified RBFOX1 as a hub gene in a module of co-expressed tran-
scripts involved in neuronal function and downregulated in ASD
(Voineagu et al., 2011). Other studies found RBFOX1 mutations
associated with human epilepsy syndromes (Bhalla et al.,
2004; Lal et al., 2013a, 2013b; Martin et al., 2007), which is often
co-morbid with ASD.
Mammals express three Rbfox paralogs: Rbfox1 expressed in

neurons, heart, andmuscle; Rbfox2 expressed in these three tis-
sues aswell 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 regu-
lated 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 neurodeve-
lopmental disorders and in controlling neuronal excitability (Geh-
man et al., 2011). A subsequent study identified several hundred
additional Rbfox1-dependent splicing changes during neuronal
differentiation of human fetal primary neural progenitor cells (Fo-
gel et al., 2012). Crosslinking-immunoprecipitation and RNA-seq
(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 3ʹUTRs ofmany 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 3ʹ UTRs and proposed
that Rbfox1 stabilizes target mRNAs. 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
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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).

To dissect the functions of Rbfox1 in the cytoplasm and nu-
cleus, 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 tran-
scripts 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
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Figure 1. Expression and localization of
Rbfox1 isoforms in neurons
(A) Immunoblot of Rbfox1 isoforms during devel-

opment in mouse hippocampus and cortex at

postnatal day 0 (P0), and 3 weeks (3W). Cyto-

plasmic 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 indi-

cate SD. n = 3. Statistical significance was deter-

mined by Student’s t test. *p value < 0.05.

(B) Immunoblot of Rbfox1 using an Rbfox1 pan

siRNA (siRF1_E10) and anRbfox1_Cspecific siRNA

(siRF1_E19) in hippocampal neurons (DIV17).

(C) Semiquantitative 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 frommouse 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.

splicing. Our results indicate that the
cytoplasmic portion of the Rbfox1 regula-
tory network controls many essential
neuronal functions and further show
that these cytoplasmic targets overlap
extensively with regulatory modules
involved in cortical development and
ASD.

RESULTS

Rbfox1_C Is Expressed at
Significant Levels in Mouse Brain
The Rbfox1 gene contains several pro-
moters 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. Immu-
noblotting of lysates from hippocampus and cortex from P0
and P21 mice with an anti-Rbfox1 antibody revealed six bands
ranging from 45 to 55 kDa (Figure 1A). All of the bands were
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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 P0 mouse hippocampus and cortex, Rbfox1_C
constituted 46% and 49% of Rbfox1 protein (Figure 1A), respec-
tively, and subsequently declined to the 30% from 3 weeks to
6 months of age in adult brain (data not shown). We also exam-
ined the splicing of exon 19 by semiquantitative RT-PCR and
found that 47% and 48% of Rbfox1 mRNA included exon 19 in
P0 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 cyto-

plasm, we performed immunoblotting on subcellular fractions
(Figure 1D). We prepared cytosolic fractions by permeabilizing
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For additional data, see Figures S1 and S2.

the plasma membrane but not the nu-
cleus of dissociated hippocampal cul-
tures 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 digi-
tonin-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 pro-
teins. Rbfox1 immunoblots of the cyto-
solic 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 fraction, with Rbfox1_C representing the dominant iso-
form 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 mRNA Expression
Only a few changes in mRNA 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 iso-
lated 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 per-
formed double siRNA-mediated knockdown (KD) of Rbfox1 and
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Rbfox3 (Figure 2B). After acute KD, we used microarray analysis
to detect changes in the transcriptome (n = 3 biological repli-
cates). Analyzing for splicing changes, we identified 338 upregu-
lated and 208 downregulated 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 ex-
hibiting changes in abundance (expression) in the double KD
(Figure 2D and Table S1) and validated a subset of genes by
RT-qPCR analysis (20/23 = 87%, Figure S1C). The majority
(676 genes, or 91%) were downregulated 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 ki-
nase (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 Rbfox3 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 mRNA expression were
caused directly or indirectly by the loss of Rbfox1 and Rbfox3,
we searched for conserved (U)GCAUG sequence motifs in the
3ʹUTRs of transcripts as an indicator of direct Rbfox1 regulation.
The downregulated gene set was significantly enriched for genes
containing a 3ʹ UTR UGCAUG motif that was conserved across
human, mouse, rat, dog, and chicken genomes (12%, p < 10–
15, hypergeometric test, Figure 2E). Considering only conserva-
tion between human and mouse genomes, this enrichment
increased to 41% (p < 10–15, hypergeometric test, Figure 2E).
In contrast, we detected no enrichment of (U)GCAUG motifs in
upregulated genes. Together, these findings indicate that in
addition to regulating alternative splicing, Rbfox1 and 3 regulate
mRNA and protein abundance and suggest that this regulation
occurs by direct RNA binding to (U)GCAUG sites in the 3ʹ UTR.

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 I
promoter driving the expression of Flag-Rbfox1_C_siMt and
Flag-Rbfox1_N_siMt in neurons (Figures S4A and S4B). The con-
centrations of virus were adjusted to match the expression of
endogenous Rbfox1 and Rbfox3 (Figure S4C). Immunocyto-
chemistry with Flag antibodies revealed that virally expressed

Rbfox1_C localized predominantly to the cytoplasm and pro-
cesses, with low but detectable expression in the nucleus (Fig-
ures S4D and S4F), while virally expressed Rbfox1_N localized
predominantly in the nucleus, with low levels of detection in
the somatic cytoplasm (Figures S4E and S4G). We performed
RNA-seq 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 S4C).
Strikingly, we found that changes in splicing were induced pre-

dominantly by Rbfox1_N, while the large majority of changes in
mRNA abundance (expression) were regulated by Rbfox1_C.
Comparing Rbfox1_N rescue to double KD,we identified 146 up-
regulated and 172 downregulated alternative cassette exons
(Figure 3A). Fewer exons were affected by the Rbfox1_C rescue
of the double KD: 89 upregulated and 61 downregulated alterna-
tive cassette exons. Of the exons affected by either Rbox1 iso-
form, 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 concentra-
tions 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 mRNA 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 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 3ʹ UTR se-
quences 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, geneswhose
expression was downregulated by double KD of Rbfox1 and 3
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were significantly enriched for conserved (U)GCAUG motifs in
their 3ʹ UTRs. Correspondingly, genes whose expression was
upregulated by Rbfox1_C rescue were also enriched for
conserved (U)GCAUG motifs in the 3ʹ UTR. This enrichment
was not observed in genes whose expression was downregu-
lated by Rbfox1_C rescue (Figure 3E). We also compared the
transcriptome data obtained by microarray and RNA-seq
methods. We found that the sets of genes downregulated by
double KD measured by these two methods overlapped signifi-
cantly (odds-ratio (OR) = 2.97, p = 1.9e-9). There was also signif-
icant overlap between the set of downregulated genes in the KD
measured by microarray and the set of genes upregulated by
Rbfox1_C rescue measured by RNA-seq (OR = 8.4, p = 1.1e-
16). In contrast, we did not observe significant overlap between
the upregulated gene sets in the KD experiments measured by
microarray and RNA-seq (Figures 2E and 3E). Thus, gene
expression changes that positively correlate with Rbfox1_C

expression levels are reproducible between assays. These ob-
servations support a role for Rbfox1_C in increasing the stability
and thus the abundance of transcripts containing the (U)GCAUG
motifs in their 3ʹ 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
RNA-seq 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 downregulated by Rbfox KD but upregulated
upon Rbfox1_C rescue and 403 genes whose abundance was
upregulated by Rbfox KD but downregulated by Rbfox1_C
rescue (Table S1). We termed the former ‘‘Rbfox1-increased

A

B

C E

D F

Figure 3. Knockdown and Rescue Experiments Identify Distinct Functions for Rbfox1_C and Rbfox1_N
(A) Histogram of upregulated (Up) and downregulated (Dn) exons rescued by Rbfox1_N or Rbfox1_C compared to KD. p = 7.74e-15 by Pearson’s chi-square test

with Yates’ continuity correction.

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

(C) Histogram of upregulated (Up) and downregulated (Dn) genes rescued by Rbfox1_N or Rbfox1_C compared to KD. p = 3.125e-36 by Pearson’s chi-square

test with Yates’ continuity correction.

(D) Heatmap of the Log2 fold change (Log2FC) in expression for the genes in (D).

(E) Histogram of the percentage of genes that contain conserved UGCAUG motifs in the 3ʹ UTR. Up, upregulated; Dn, downregulated; Non, not changed; In,

mRNA concentration increased by Rbfox1; De, mRNA concentration decreased by Rbfox1. *p < 10–5, **p < 10–10, and ***p < 10–15 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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genes’’ and the latter ‘‘Rbfox1-decreased genes’’ in the set of
‘‘expression’’ targets. A subset of each group was validated
by RT-qPCR (Figure S3). We found that Rbfox1-increased tran-
scripts, but not Rbfox1-decreased genes, were significantly
enriched for conserved 3ʹ UTR (U)GCAUG motifs (Figure 3E
and Table S1, 40% of the Rbfox1-increased genes, p < 10–15

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.

Rbfox1 Proteins Bind to the 3ʹ UTR of Target mRNAs 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 (König 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 datasets of Rbfox1, 2, and 3 in the high mo-
lecular weight (HMW) nuclear fraction containing chromatin, un-
spliced 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 (14 days in vitro [DIV14]). The analyses in this pa-
per 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

A

B C

D

E

Figure 4. Characterization of Rbfox1 iCLIP Tags in the 3ʹ UTR
(A) Illustration of iCLIP experimental workflow. HMW, high molecular weight nuclear fraction that contains chromatin and unspliced RNA.

(B and 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 5ʹ UTR, coding sequence (CDS), intron, and 3ʹ UTR in different iCLIP experiments.

(E) Scatter plots of the Z scores of pentamers around the Rbfox1 crosslink sites in the 3ʹ UTR in the cytoplasm and nucleoplasm.
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and Np fractions. The ER marker protein calnexin was also de-
tected in the soluble Np fraction, suggesting that ribosome-
loaded mRNA transcripts associated with the ER copurified
with the nuclei (Bhatt et al., 2012). To obtain sufficient material
for the Cy fraction, we used forebrain neurons rather than hippo-
campal neurons. Immunoblot analysis showed that the Cy frac-
tionwas enriched for the cytoplasmic protein GAPDH and lacked
the nuclear marker U1-70K (Figure 4C).
Following UV crosslinking and cellular fractionation, we immu-

noprecipitated Rbfox1 with the Rbfox1-specific monoclonal
antibody 1D10 and used anti-Flag antibodies as a negative con-
trol. We sequenced the RNA fragments crosslinked to immuno-
precipitated 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 1
nucleotide (nt) upstream of the 5ʹ end of the aligned iCLIP tag.
To define reproducible and clustered crosslink sites, we calcu-
lated the probability of each site 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 nt of one another were clustered. Clus-
ters 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 3ʹ UTR and 17%mapped to introns (Figure 4D). The distri-
bution 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 3ʹ UTR (Lovci et al., 2013; Weyn-Van-
hentenryck et al., 2014).
To evaluate the specificity of the iCLIP data, we examined the

enrichment of pentamer motifs in the sequences surrounding
Rbfox1 crosslinking sites in 3ʹ UTRs. In the Cy fraction, GCAUG
was the most enriched pentamer within the sequence extending
40 nt on either side of the crosslink site. The 50 most-enriched
pentamers also included six that differed by 1 nt from GCAUG,
suggesting that Rbfox1 can bind to sub-optimal GCAUG motifs
in vivo, as has been seen by others (Lambert et al., 2014).
As in the Cy fraction, GCAUGwas also themost enriched pen-

tamer for Rbfox1 in the Np fraction, and the rankings of pentam-
ers were highly correlated between the Cy and the Np fractions
(Figure 4E; r = 0.83, p < 2.2 3 10–16, 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 ex-
pected from their similar RNA binding properties (data not
shown). The extensive overlap of 3ʹ UTR iCLIP clusters from
the soluble Np and Cy fractions indicates that Rbfox probably
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 in vivo if they contained at least one GCAUG motif
within 10 nt upstream or downstream of the cluster. Binding of
Rbfox1 within a GCAUG cluster is illustrated by the mapped
clusters in the Camta1 3ʹUTR (Figure 5A).Camta1was identified
as an Rbfox1-increased gene in the KD and rescue experiments.
Ten cytoplasmic Rbfox1 iCLIP clusters were identified in its 3ʹ
UTR and five of themoverlappedwith conservedGCAUGmotifs,
indicating direct binding of Rbfox1 to these sites (Figure 5A). The
first Rbfox1 cluster in the Camta1 3ʹ 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 nt of GCAUGmotifs, suggesting that crosslink-
ing 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 5ʹ and 3ʹ ends of the 3ʹ UTRs (Figure 5B). Similar
5ʹ and 3ʹ enrichment has been observed for proteins andmiRNAs
controlling mRNA stability and translation (Bartel, 2009; Bou-
dreau 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 3ʹ UTR
target genes as containing at least one significant iCLIP cluster
and a total of 11 tags in their 3ʹUTRs. Of these 1,490 genes iden-
tified 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 3ʹ UTR target genes in brain tissue. Of these
genes, 400 (44%) contained GCAUG clusters in 3ʹUTR (Table S4
and Figures S6A and S6B).
We next asked whether Rbfox1-mediated changes in mRNA

abundance correlated with Rbfox1 binding to the 3ʹ UTR. We
found that Rbfox1-increased genes were significantly enriched
for genes containing 3ʹ UTR clusters compared to non-regulated
genes (23%, p < 10–15, 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 3ʹ UTR, we found that those
with GCAUG clusters were enriched in Rbfox1-increased genes.
These results indicate that Rbfox1 binding to 3ʹ UTR GCAUG
motifs increases the level of the target mRNAs in the cytoplasm.
While binding of Rbfox1 tomRNAs lacking 3ʹUTRGCAUGmotifs
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 con-
fidence Rbfox1 binding targets for downstream analyses.

Binding of Rbfox to 3ʹ UTR GCAUG Motifs in the
Cytoplasm Increases Target mRNA Concentration
and Translation
We next tested whether binding of Rbfox1 to the 3ʹ 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

Neuron 89, 113–128, January 6, 2016 ª2016 Elsevier Inc. 119



and protein were decreased by approximately 40%uponRbfox1
and 3 KD (Figure S2). The Camk2a 3ʹ UTR is 3,372 nt long and
contains five GCAUG motifs. Two of the five motifs overlapped
with Rbfox1 iCLIP clusters (Figure S6C).We coexpressed a lucif-
erase reporter gene containing the full-length Camk2a 3ʹ 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 gener-
ated a reporter containing a shorter 1.1 kb fragment of the
Camk2a 3ʹ UTR and deleted the four (U)GCAUG motifs within
this fragment (Figure 6A). When the wild-type Camk2a reporter
was coexpressed with Rbfox1_C or Rbfox1_N in HEKT cells, a
2-fold increase of luciferase activity was observed with

Rbfox1_C but not with Rbfox1_N (Figure 6C). RT-qPCR 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 Camta1 3ʹ
UTR (containing iCLIP GCAUG clusters) revealed that the
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mutant, cytoplasmically localized Rbfox1_NdNLS significantly
increased luciferase activity of the reporter (Figure 6F). Alterna-
tive splicing of exon 15 of Rbfox3 also generates a cytoplasmi-
cally localized Rbfox3_SC isoform (short cytoplasmic Rbfox3)
(Kim et al., 2009b). We found that Rbfox3_SC also increased
luciferase activity when expressed with the Camta1 3ʹ UTR lucif-
erase reporter (Figure 6F). Together, these results indicate that
multiple isoforms of Rbfox1 or 3 can increase mRNA concentra-
tion and promote translation as long as they localize to the
cytoplasm.

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 3ʹ UTRs. The overlap between
Rbfox1-increased genes and iCLIP target genes was highly sig-
nificant, whereas the overlap between Rbfox1-decreased genes
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(B) Histogram of normalized luciferase activity of the reporter containing full-length (FL) Camk2a 3ʹ 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.
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(D) Immunoblot showing of Rbfox1 and Rbfox3 splice isoforms and a mutant expressed in HEKT cells. dNLS, delete nuclear localization signal; SC, short
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(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 mm.

(F) Histogram of normalized luciferase activity of Camta1 3ʹ 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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and iCLIP targets was not significant (Figure 7A). These analyses
identified a set of 109 directly bound Rbfox1-increased tran-
scripts for downstream functional analyses (Table S5).
Gene ontology (GO) analysis of the Rbfox1-regulated genes

shown in Figures 3F and 7A revealed that the Rbfox1-increased
genes and iCLIP 3ʹUTR targets were enriched for terms of trans-
mission 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 cal-
cium signaling pathways, including 4 CaM kinases (Camk2a,
Camk2b, Camk2g, and Camk4) and one calcineurin B (Ppp3r1)
(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 mRNAs play an important role in controlling
synaptic activity, in particular via the calcium signaling pathway.
We next compared Rbfox1-regulated genes tomodules within

a gene co-expression network derived from human cortical gene
expression data from fetal brain to 3 years of postnatal develop-
ment. Three of these coexpression modules, devM13, devM16,
and devM17, were enriched for the GO term of synaptic trans-
mission, 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 coexpres-
sion module (asdM12) that is downregulated in post mortem ce-
rebral 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 in-
crease 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 mod-
ule with cytoplasmic Rbfox1 regulation than with its nuclear
splicing targets underscores the need to understand this portion
of the Rbfox1 program.

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 3ʹ UTRs of target mRNAs (Ciafrè and
Galardi, 2013; Srikantan et al., 2012; Xue et al., 2013). Since
Rbfox1 showed an opposite activity to that of miRNAs, but ex-
hibited similar enriched binding at the 5ʹ and 3ʹ ends of 3ʹ 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 nt of the
Rbfox1-bound GCAUG motifs (Table 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 andmiRNA sites were identified. This number was signif-
icantly higher than the number of pairs identified after randomi-
zation of miRNA sites within the same 3ʹ UTR where the miRNA
sites were identified, indicating that the proximity of Rbfox1
binding sites to miRNA sites within the 3ʹUTRwas 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 3ʹ 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 overlap-
ping 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 GCAUGmotif in at least one 3ʹ UTR (Fig-
ure S7C). For example, the Camk2a 3ʹUTR was found to contain
11 miRNA binding sites, three of which, miR-26, miR-124, and
miR-30 binding sites, were located within 50 nt of the most up-
stream 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
mRNAs and promotes translation (Figure 6), this finding sug-
gests that Rbfox1 blocks Ago binding to these three miRNA
sites. Within the 50 nt surrounding the GCAUGmotif, 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

(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 (Voineagu et al., 2011), FMRP targets (Darnell et al., 2011), Rbox1 3ʹ UTR 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 3ʹ 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 3ʹ UTR.
For additional data, see Figure S7.
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were concentrated in regions in which Rbfox1 would be ex-
pected to interfere with miRNA binding.

DISCUSSION

A Cytoplasmic Function for Rbfox Proteins
The goal of this study was to delineate the function of cyto-
plasmic 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 tran-
scripts by binding to their 3ʹ 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 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 iso-
form, 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
KOmouse (data not shown). Two of these bandswere eliminated
by an siRNA targeting the exon of the cytoplasmic isoforms (Fig-
ure 1B). We previously found that the two of the middle bands
probably represent N-terminally cleaved Rbfox1 isoforms (Lee
et al., 2009). Additional bands of Rbfox1 may represent differen-
tially phosphorylated proteins. The diverse species of Rbfox1
imply many levels of regulation and/or function. It will be inter-
esting to examine whether and how neuronal activity regulates
Rbfox1 splicing, proteolysis, and/or post-translational modifica-
tions, as such modifications could alter Rbfox1 regulation of
gene expression.

Over 90% of the changes in mRNA level detected by microar-
ray 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 RNA-seq experiments
identifiedmore similar numbers of up- and downregulated genes
(Figure 3C), although significantly more downregulated genes
contained (U)GCAUG sequences in their 3ʹUTRs. 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 RNA-seq analyses
were performed on mixed neuronal-glial cultures. Thus, the cell
environment and culture conditions may be reflected in the tran-
scriptome 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 posi-
tively 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 multifunc-

tionality 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 de-
tected in introns in the HMW fraction, the binding of Rbfox1
shifted to 3ʹ 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 5ʹ or 3ʹ
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 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 3ʹ 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 3ʹ UTR and stabilize target
mRNAs (Rossbach et al., 2014; Xue et al., 2013). HuR can stim-
ulate or inhibit miRNA binding and thus regulate mRNA decay
(Kim et al., 2009a; Young et al., 2012). Our results show that
Rbfox1 proteins can increase mRNA concentration in the cyto-
plasm and suggest that one mechanism for this is to stabilize
mRNAs by competing with miRNA binding. However, this mech-
anism is likely only active on a subset of Rbfox1 target tran-
scripts. For example, we find that Rbfox1 increased expression
of the luciferase Camta1 3ʹ 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 XGld2 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 candi-
date ASD susceptibility gene (Fogel et al., 2012; Martin et al.,
2007; Sebat et al., 2007; Voineagu et al., 2011; Weyn-Vanhen-
tenryck et al., 2014). While these studies focused on Rbfox1’s
role as a splicing factor, we show that the mRNAs that are
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regulated by Rbfox1_C are significantly enriched for genes
involved in cortical development and autism (Figure 7C) (Parik-
shak et al., 2013; Voineagu et al., 2011). In a coexpression
analysis of the brain transcriptome from patients with autism,
RBFOX1, CNTNAP1, CHRM1, and APBA2 were identified as
four hub genes, genes that are defined as being highly con-
nected in the ASD-associated co-expression module, asdM12.
These four genes, along with SCAMP5 and KLC2, were ranked
highest in this module (Voineagu et al., 2011). Here, we show
that Rbfox1 binds the 3ʹ UTRs of CNTNAP1, CHRM1, SCAMP5,
andKLC2 transcripts and thatCNTNAP1 andKLC2mRNA levels
are both increased by Rbfox1_C (Table S1). These results sug-
gest that RBFOX1 is upstream of the two hub genes, CNTNAP1
and CHRM1, 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 3ʹ UTR
target genes overlap significantly with FMRP target genes (Dar-
nell 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 recogni-
tion that post-transcriptional RNA metabolism plays a critical
role in cortical development and neurodevelopmental disorders
(Darnell and Richter, 2012).
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 trans-
mission, 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 Camk2a, 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 con-
sequences of alternative splicing for this RNA binding protein.
The existence of multiple additional Rbfox1, Rbfox2, and Rbfox3
isoforms and variants indicates that our analysis probably un-
covers 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 RNAmeta-
bolism, 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 mM Cytosine beta-D-arabinofuranoside (AraC)

(Sigma Aldrich, c1768) from postnatal day 3 to day 6. On day 13, the cultures

were incubated with 15 mM of digitonin (Sigma Aldrich, D141-100MG) and

complete protease inhibitor (Roche #05892791001) in 13 PBS buffer for

3 min 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 post-

natal 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 mm (Corning Life Sciences, 353181). On day 3, hippocampal

cultures were incubated with 2 mM 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 Experimental Procedures) were

added to the co-culture on day 10 at a total concentration of 1.2 mM and incu-

bated for 4 days prior to RNA and protein extraction.

Microarray
RNA from three biological replicates for each condition was probed for gene

expression and alternative splicing changes using Affymetrix MJAY microar-

rays (Affymetrix). Array analysis was performed using the OmniViewer method

(http://metarray.ucsc.edu/omniviewer/) (Sugnet et al., 2006).

Adeno-Associated Virus 2/9 Transduction, RNAi, cDNA Library
Preparation, and RNA Sequencing
The siRNA target site in the Rbfox1 coding sequence wasmutated 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 hSynI promoter

between AgeI and EcoRI 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-PV1696). Hippocampal

neurons (DIV9) were transduced with AAV2/9 vectors expressing EGFP,

Flag-Rbfox1_C_siMt, or Flag-Rbfox1_N_siMt at a concentration of 1.5 3 103

genomic copies (GC)/cell for 12 hr and then removed. The neurons (DIV10)

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). Ribo-

somal RNA was removed using Ribo-Zero rRNA Removal Kits (Epicenter), 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 South-

ern California Genotyping Consortium (SCGC) Gene Expression Core Facility

(Los Angeles, California). Alternative splicing changes were analyzed by Spli-

ceTrap (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 q < 0.3 was set to detect

significant expression changes. Gene expression changes were validated

by RT-qPCR 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 set

to 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.

For the expression set, two sets of genes were selected and combined. The

first set of geneswas 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
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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 highmolecular weight (HMW) nuclear fraction and soluble nucleoplasm frac-

tion were purified from the brains of 6-week-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 frommouse forebrain cultures at DIV14. iCLIP was performed ac-

cording to the original protocol (König et al., 2010), with some modifications

described in Supplemental Experimental Procedures. iCLIP sequencing re-

sults were analyzed as described in König et al. (König 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 5ʹ UTR, CDS,
intron, and 3ʹUTR for downstream analyses. The first nucleotide in the genome

upstream of the iCLIP tags was defined as UV-crosslink site and the signifi-

cance of crosslinking at each crosslink site was evaluated by the false discov-

ery rate (FDR) calculated as described in König et al. (König et al., 2010).

Crosslink sites with FDR % 0.01 were used for clustering. Any two crosslink

sites located within 20 nt 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 down-

stream analyses. A cluster was defined as a GCAUG cluster if it overlapped

with a GCAUG motif with at least 1 nt 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 nt upstream and 40 nt 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 3ʹ UTR) to control for the differ-

ences in expression of different genes.

Identification of Rbfox 3ʹ UTR Target Genes
To identify 3ʹ UTR target genes for Rbfox1, 2, and 3 in different experiments,

we first ranked the genes by the number of clustered tags in 3ʹ UTR. Next,
to account for the differences in the number of clustered tags generated in

different experiments, were selected genes that contained the top 95% of

clustered tags as 3ʹ UTR target genes. By this criterion, the top 55% of genes

that contained clustered tags in 3ʹUTRwere selected. This set the cutoff as 11

tags/3ʹUTR for the identification of Rbfox1, 2, and 3 3ʹ 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/3ʹ UTR and 16 tags/3ʹ UTR,
respectively, due to the greater numbers of clustered tags generated in these

experiments.

Gene Set Enrichment Analysis
Gene set enrichment analysis was performedwith candidate gene lists and co-

expression networks using a two-tailed Fisher’s exact test followed by Benja-

mini-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 IDs 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; [Voineagu

et al., 2011]), FMRP binding targets in mouse brain (Darnell et al., 2011), pre-

dicted Rbfox1 3ʹ 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 prolifer-

ation (devM8 and devM11), transcriptional/chromatin regulation (devM2 and

devM3), and synaptic development (devM13, devM16, and devM17).
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