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Abstract 

The brain is an organ where the greatest proportion of genes are expressed 

compared to any other part of the body. To add even more complexity, gene expression 

in the brain is subject to various layers of regulation through RNA processing mechanisms 

including alternative splicing (AS) and alternative cleavage and polyadenylation (APA). 

These RNA processing mechanisms contribute to increased transcriptome diversity in the 

brain. APA often induces the synthesis of mRNA isoforms that harbor the same protein-

coding sequence but different length 3′ untranslated regions (3′ UTRs) from a single gene. 

Alternative 3′ UTRs regulate gene expression post-transcriptionally by modulating 

transcript stability, translation efficiency, or subcellular localization. In Chapter 1, we 

reviewed all of the reported functions of 3′ UTRs in the nervous system.  

Despite the fact 3′ UTR is highly regarded in gene regulation, evidence of impacts 

of long 3′ UTR loss on in vivo animal is scarce. To study the physiological relevance of 

long 3′ UTR mRNA isoforms, we have driven our attention to the Calm1 gene. Calm1 is 

one of the three genes that encode Calmodulin which is required for proper neural 

development and function. In Chapter 2, we found that the expression of the long 3′ UTR 

mRNA isoform of Calm1 was necessary for mouse nervous system development and 

function. Disruption of the Calm1 long 3′ UTR isoform impaired dorsal root ganglion axon 

development in mouse embryos and neuronal activation upon novel environment 

exposure in young adult mice. Our results presented direct evidence for the physiological 

importance of the Calm1 long 3′ UTR mRNA isoform in vivo.  

To screen molecular and cellular functions of long 3′ UTRs in a fast and efficient 

manner, establishing an in vitro cell system is warranted. In Chapter 3, we presented 

mouse embryonic stem cell (mESC)-derived neurons as a suitable cell-culture system. 
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The transcriptomic profile of the mESC-derived neurons closely resembled the profile in 

the mouse cerebral cortex, showing the suitability of using this system for studying long 3′ 

UTRs. The mESC system is amenable to genetic manipulation via CRISPR-Cas9, thus 

providing as good avenue for fast generation of long 3′ UTR isoform knockout lines. As a 

proof of principle, a workflow for the generation of Myosin phosphatase Rho interacting 

protein (Mprip) long 3′ UTR isoform knockout cell lines, differentiation into glutamatergic 

neurons, and confirmation of the long 3′ UTR expression abolishment is presented. 

Taking advantage of the convenient culture cell system we have established, we 

next aimed to explore more functions of long 3′ UTRs. A recent discovery in our lab 

suggested that APA and AS are closely linked RNA processing mechanisms in which long 

3′ UTRs modulate upstream AS. In Chapter 4, we explored the coupling events between 

AS and APA in mouse neurons using Pull-a-Long-Seq (PL-Seq) pipeline, which presents 

a particular utility in quantifying the coordination of tandem 3′ UTR APA events with 

upstream cassette exon AS. PL-Seq performed on the Endonuclease V (Endov) gene 

reveals that expression of its long 3′ UTR in neurons is preferentially associated with an 

exon skipping event located far upstream of the terminal exon. 
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Chapter I: Introduction 

 

This chapter was published in International Journal of Molecular Sciences. 2020, 21(10), 

3413. Authors: Bongmin Bae and Pedro Miura.  

 

I.1. Roles of 3′ UTRs in Neuronal Gene Regulation 

The 3′ untranslated regions (3′ UTRs) of mRNAs serve as hubs for post-

transcriptional control as the targets of microRNAs (miRNAs) and RNA-binding proteins 

(RBPs). Sequences in 3′ UTRs confer alterations in mRNA stability, direct mRNA 

localization to subcellular regions, and impart translational control. Thousands of mRNAs 

are localized to subcellular compartments in neurons—including axons, dendrites, and 

synapses—where they are thought to undergo local translation. Despite an established 

role for 3′ UTR sequences in imparting mRNA localization in neurons, the specific RNA 

sequences and structural features at play remain poorly understood. The nervous system 

selectively expresses longer 3′ UTR isoforms via alternative polyadenylation (APA). The 

regulation of APA in neurons and the neuronal functions of longer 3′ UTR mRNA isoforms 

are starting to be uncovered. Surprising roles for 3′ UTRs are emerging beyond the 

regulation of protein synthesis and include roles as RBP delivery scaffolds and regulators 

of alternative splicing. Evidence is also emerging that 3′ UTRs can be cleaved, leading to 

stable, isolated 3′ UTR fragments which are of unknown function. Mutations in 3′ UTRs 

are implicated in several neurological disorders—more studies are needed to uncover how 

these mutations impact gene regulation and what is their relationship to disease severity. 
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1. Introduction 

3′ untranslated regions (UTRs) enable post-transcriptional control to provide 

spatiotemporal regulation of gene expression within a cell. Recognition of cis-elements by 

RNA-binding proteins (RBPs) drives tight modulation of gene expression by altering 

mRNA degradation rates, driving subcellular localization of mRNA, and regulating 

translation efficiency. These changes ultimately impact the spatiotemporal dynamics of 

protein synthesis. In this review, the roles that 3′ UTRs play in controlling mRNA dynamics 

in the nervous system are discussed, along with new emerging roles for 3′ UTRs that go 

beyond their roles in mRNA localization and translation. 

 

2. Cis-Acting Roles for 3′ UTRs in Neuronal Gene Regulation 

2.1. miRNA Regulation 

The 3′ UTR is particularly well understood as the target region for microRNA 

(miRNA) regulation (Figure 1A). Several miRNAs are specifically expressed in the 

nervous system and have roles in neural development and maintenance. During the early 

stages of neural specification and differentiation, gene regulatory networks that establish 

neuronal identity are regulated by miRNAs (Conaco et al. 2006; Lim et al. 2005; Rajman 

and Schratt 2017). miRNAs also regulate axon outgrowth/pathfinding and dendritogenesis 

(Chiu et al. 2014; Zampa et al. 2018; Rajman and Schratt 2017). This is achieved in part 

by miRNA suppression of mRNAs encoding a wide variety of cytoskeletal and signaling 

proteins (Dajas-Bailador et al. 2012; Franke et al. 2012; Baudet et al. 2012; Magill et al. 

2010). In fully mature neurons, miRNAs are involved in synaptic plasticity (Wang et al. 

2012; Kiltschewskij and Cairns 2019; Hu and Li 2017) and the regulation of circadian 

rhythms (Xue and Zhang 2018). Given these important roles for miRNAs in neurons, it is 

not surprising that alterations in miRNA expression is implicated in neurodegenerative 
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disorders, such as Alzheimer’s disease (AD) and Parkinson’s disease (Hébert and De 

Strooper 2009; Leggio et al. 2017; Goh et al. 2019), and neuropsychiatric problems, 

including depression, anxiety, schizophrenia, and autism spectrum disorder (Im and 

Kenny 2012; Issler and Chen 2015; Wu et al. 2016). Along the same lines, mutations in 3′ 

UTRs encoding miRNA seed sites have also been associated with several disorders (Dini 

Modigliani et al. 2014; Delay et al. 2011; Vaishnavi et al. 2014). 

2.2. RNA Methylation 

Methylation of DNA is well understood to regulate chromatin dynamics and 

transcription. In recent years, it has emerged that methylation of RNA also impacts gene 

regulation (Figure 1B). While there are many types of RNA modifications, N6-

methyladenosine (m6A) is one of the most abundant and the best characterized to date 

(Li et al. 2019).  Transcriptome-wide analysis revealed that m6A modifications are  

 

Figure 1. Post-transcriptional regulation via 3′ untranslated regions (3′ UTRs).  
3′ UTRs mediate post-transcriptional gene regulation via (A) miRNA interactions, (B) 
RNA methylation, (C) regulating mRNA stability/decay by interaction with RNA-binding 
proteins (RBPs; illustrated as colored balls), and (D) imparting subcellular localization 
within neurons to regions such as dendrites and axons, where they can undergo local 
translation. ARE, AU-rich element. 
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particularly enriched in 3′ UTRs (Meyer et al. 2012; Ke et al. 2015). m6A modifications 

play roles in axon guidance, neurogenesis, neural survival, and synaptic function 

(Widagdo and Anggono 2018; Du et al. 2019). m6A modifications appear to be particularly 

important for control of mRNA translation. YTHDF1 (YTH N6-methyladenosine RNA 

binding protein 1) is a m6A reader protein. By binding to m6A marked regions, 

predominantly in 3′ UTRs, YTHDF1 regulates protein synthesis in response to neuronal 

activity. Mice lacking YTHDF1 display impaired hippocampal synaptic transmission and 

defects in learning and memory, demonstrating the key role for RNA methylation in the 

nervous system (Shi et al. 2018).  

2.3. mRNA Stability and Translational Control  

The rate of mRNA decay is influenced by several determinants, including poly(A) 

tail length and 3′ UTR sequence content. RBP interactions with 3′ UTRs are important 

determinants of mRNA stability (Figure 1C). AU-rich elements (AREs) located in 3′ UTRs 

were first reported to mediate mRNA decay of cytokine transcripts (Caput et al. 1986). AU-

rich binding proteins bind AREs and can stabilize or promote degradation of the mRNA. 

For instance, the KH-type splicing regulatory protein (KSRP or KHSRP) and HuD (ELAV-

like protein 4) are RBPs that bind to an ARE in the 3′ UTR of the GAP-43 (Gap43) mRNA. 

Although both proteins target the same region, they employ antagonistic regulation of 

GAP-43 mRNA—KSRP enhances its turnover during axonal outgrowth of hippocampal 

neurons (Bird et al. 2013), whereas HuD stabilizes it in select neuronal populations 

(Bolognani et al. 2006). mRNA stability influences not only the number of times an mRNA 

can be translated, but also impacts mRNA localization since the transcript must resist 

degradation in order to be subcellularly localized. 
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Box 1. APA trends in cultured neuronal-like cells versus neurons 

Selection of the proper biological system is a key for studying the dynamics of 

alternative 3′ UTR usage in neurons. Most previously reported studies have employed 

either (1) immortalized neuron-like cell lines, (2) isolated neurons, (3) stem cell/induced 

pluripotent stem cell derived neurons, or (4) tissues. A key benefit of using cell lines are 

their malleability. For instance, the properties of 3′ UTRs and localizing potentials of Tau 

and GAP-43 have been largely studied in P19 and PC12 cells (Aronov et al. 2001; Atlas 

R et al. 2004; Smith et al. 2004). Much of the research focusing on miRNA binding to 3′ 

UTRs has been performed in Neuro2A cells (Boissonneault et al. 2009; Lee et al. 2012) 

and the localization of alternative last exon 3′ UTR isoforms in neurites was studied 

using differentiated CAD and Neuro2A cells (Taliaferro et al. 2016). Expression of 

alternative 3′ UTR isoforms can vary widely between mouse tissues and cell lines. 

Several examples are shown in this figure. RNA-Seq reads were aligned using HISAT2 

(Kim et al. 2015), processed using SAMtools (Li et al. 2009), and tracks visualized at 

the last two exons of the Calm1, Rac1, and Ranbp1 genes using Integrated Genomics 

Viewer (Thorvaldsdóttir et al. 2013). Note the changes in read coverage pertaining to 

the alternative long 3′ UTRs. Gene models in light blue represent un-annotated 

transcript isoforms. SRA accession numbers are noted.  
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3. 3′ UTR-Mediated Subcellular Localization of mRNAs within Neurons 

Ever since the first findings of asymmetric localization of mRNAs in ascidian eggs 

(Jeffery et al. 1983), subcellular localization of transcripts in polarized cells has been of 

great interest. In neurons, mRNAs are found in axons, dendrites, and synapses (Garner 

et al. 1988; Burgin et al. 1990; Bassell et al. 1998; Lyford et al. 1995) (Figure 1D). The 

number of subcellularly localized transcripts identified in neurons continues to grow as a 

result of advances in transcriptomics and methods to isolate dendrites and axons from 

soma. Most mRNA localization transcriptome studies have been performed in cultured 

primary explants/neurons (Taylor et al. 2009; Gumy et al. 2011; Minis et al. 2014; Zivraj 

et al. 2010) and immortalized neuronal-like cells such as Neuro2A and CAD cells 

(Taliaferro et al. 2016) (see Box 1). Methods to physically isolate long axons/processes 

from cultured tissues/cells include the use of compartmentalized chambers and 

membrane inserts. These allow axons to be separated from soma for downstream RNA 

analysis. We are now aware that hundreds to thousands of mRNAs are found in axons or 

dendrites of both the peripheral and central nervous systems (Minis et al. 2014; Tushev 

et al. 2018; Middleton et al. 2019), and that the transcriptome of each neuronal 

subcompartment is unique. It is more challenging to identify dendrite/axon localized 

mRNAs using sequencing approaches in vivo. Laser microdissection of dendrite-enriched 

regions followed by RNA-Seq has been successfully performed in various systems 

including rat brain slices (Tushev et al. 2018). It is clear from such studies that many 

mRNAs are found in dendrites and axons. 

3.1. RNA Localizing Cis-Elements 

The study of mRNA subcellular localization determinants has focused on cis-acting 

sequence elements in mRNAs and the RBPs that bind them. The subcellular localization 

of mRNAs in neurons has often been attributed to 3′ UTR sequences (Willis et al. 2011; 
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Andreassi and Riccio 2009). Since the identification of a localizing cis-element in the β-

actin 3′ UTR, known as zipcode, and its trans-acting RBP partner, zipcode-binding protein 

(ZBP; as known as IMP1) (Kislauskis et al. 1994; Ross et al. 1997; Tiruchinapalli et al. 

2003), considerable attention has been focused on determining 3′ UTR cis-elements and 

RBP trans-factors influencing mRNA localization (Minis et al. 2014; Vuppalanchi et al. 

2010; Middleton et al. 2019). Although some motif enrichment has been observed, efforts 

to find a universal “zipcode” sequence governing mRNA localization has been 

unsuccessful. Sequences identified as localization elements are largely unique to each 

gene. Thus, mRNA localization elements cannot currently be identified by a motif-

searching bioinformatics approach (for examples of localizing cis- and trans- elements, 

refer to (Andreassi and Riccio 2009)). 

Assessing the role of 3′ UTRs in mRNA localization has heavily relied on the use 

of 3′ UTR reporter assays. For this type of experiment, the 3′ UTR sequence of interest is 

subcloned downstream of a reporter, such as a fluorescent protein (FP), or adjacent to 

mRNA reporter motif, such as MS2 bacteriophage coat protein-binding sequences, to 

observe the effect of the 3′ UTR on localization (For more experimental approaches, see 

Box 2). Then, a minimal localizing element can be identified by testing the effect that 3′ 

UTR deletions or mutations have on reporter mRNA axonal or dendritic localization. Using 

reporter systems, 3′ UTR sequence determinants for localization have been identified for 

CaMKIIα (Camk2a), β-actin (Actb), GAP-43, Importinβ1 (Kpnb1), and Rgs4 mRNAs 

(Mayford et al. 1996; Perry et al. 2012; Yoo et al. 2013; Zhang et al. 2001; Bauer et al. 

2019).  

Only a few studies have uncovered the impact of 3′ UTR sequences on localization 

using loss of function approaches in vivo. The localizing role of the 3′ UTR of CaMKIIα in 

mice was confirmed by inserting a heterologous poly(A) site into the endogenous locus to 
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prevent full length 3′ UTR generation. This approach successfully prevented mRNAs from 

being localized in dendrites (Miller et al. 2002). 3′ UTR-mediated localization of β-actin 

mRNAs in vivo was identified using a heterologous reporter construct harboring different 

3′ UTR sequences (Willis et al. 2011). The heterologous reporter transgenic approach 

showed that the 3′ UTR of β-actin directed expression of the reporter gene to axons (Willis 

et al. 2011). Localization of Bdnf alternative 3′ UTR mRNAs have been investigated in vivo 

through similar approaches as well (see section 4.2. Neural functions of long 3′ UTR 

mRNA isoforms). Recent technical advances in genome editing have facilitated 3′ UTR 

deletions with increased precision and speed in animal models. For example, the 

CRISPR-Cas9 (Clustered regularly interspaced short palindromic repeats-Cas9) system 

was used to delete part of the mTOR (Mtor) 3′ UTR which was found to impair local 

translation in dorsal root ganglion (DRG) neurons (Terenzio et al. 2018).  

All these results suggest that 3′ UTRs impact the localization of transcripts in 

neurons in vitro and in vivo. There is plenty of evidence for certain sequences to be 

sufficient for mRNA localization in neurons, but there is still scant evidence that they are 

necessary. For example, although the 3′ UTR of β-actin was found to be sufficient to drive 

expression of the reporter gene in axons (Willis et al. 2011), there are still no published 

studies, to our knowledge, showing the impact of deleting zipcode sequences from the 

genome on endogenous β-actin mRNA localization. Precise genome-editing techniques 

such as CRISPR/Cas are now commonplace, so in the coming years we expect new 

studies that characterize transgenic animals with deletions in single putative localization 

elements.  

mRNA localizing elements can be more complicated than simply a primary nucleic 

acid sequence. For instance, the spatial arrangement of localization elements within the 

3′ UTR can impact localization (Patel et al. 2012). Localizing elements can also be 
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comprised of structural features, such as G-quadruplex motifs (Subramanian et al. 2011). 

Although identification of RNA structural motifs is challenging, it is becoming more feasible 

with the advent of new RNA structure probing methods that allow for identification of RNA 

secondary structures in cells (Bevilacqua et al. 2016). Perhaps the continued search for 

single localization elements is misguided? It is emerging that multiple elements with 

redundant functions within 3′ UTRs might impact localization - 3′ end sequencing analysis 

of axons and cell bodies found that multiple elements spanning across 3′ UTRs influence 

subcellular localization as opposed to single regions (Tushev et al. 2018). It should also 

not be forgotten that localization elements can also be found in 5′ UTRs (Brigidi et al. 2019; 

Merianda et al. 2013; Meer et al. 2012). Perhaps many localized mRNAs rely on the 

presence of multiple, redundant localization elements in both 5′ UTRs and 3′ UTRs. 

Box 2. Experimental approaches to study localization of mRNAs  

Fluorophore-labeled probe-based methods, such as fluorescence in situ hybridization 

(FISH), have improved in situ detection of mRNAs in fixed neurons in term of resolution 

and sensitivity compared to previous in situ hybridization methods, allowing single 

molecule RNA detection. Largely, two types of RNA FISH methods are available. The 

first method is based on usage of multiple oligo probes each harboring a fluorophore 

that target a same single RNA molecule (e.g., Stellaris®) (Raj et al. 2008). The other 

type of method is based on amplification of fluorescence signal by in situ biochemical 

reactions, such as rolling-circle based method (e.g., OligoMix®) (Larsson et al. 2010), 

branched DNA method (e.g., RNAscope®) (Wang et al. 2012), and primer-exchange 

reaction based method (e.g., SABER-FISH) (Kishi et al. 2019). Advanced techniques, 

such as MCP-FP (MS2 bacteriophage coat protein-FP), λN-FP (N protein of 

bacteriophage λ-FP), RCas9-FP (dead RNA Cas9-FP), and fluorescent RNA aptamer 



 10 

system, have allowed visualization of RNA trafficking in live cells. Co-expression of a 

MCP-FP or λN-FP protein construct and a reporter construct containing phage protein 

binding motif sequence upstream of 3′ UTR of interest allowed tracking of mRNA 

localization in live cells (Daigle et al. 2007; Fusco et al. 2003). Simultaneous delivery of 

RCas9-FP and target-specific single guide RNA allowed binding of the Cas9 to the 

mRNA of interest and visual tracking of endogenous mRNAs in live cells (Nelles et al. 

2016). Use of fluorescent RNA aptamers, such as Peppers, has overcome dimensional 

limitations of FP tethering techniques and enhances signal-to-noise ratios allowing 

improved in vivo tracking (Chen et al. 2019). 

 

3.2. Role of RBPs in mRNA Localization  

How do 3′ UTR sequences in mRNAs drive localization to axons and dendrites? 

An attractive hypothesis is that the mRNAs are actively transported. The trafficking of 

RBP–mRNA complexes, referred as messenger ribonucleoproteins (mRNPs), has been 

associated with cytoskeleton-based transport systems (Litman et al. 1994; Gagnon and 

Mowry 2011; Holt and Bullock 2009). Motor proteins usually lack RNA-binding domains, 

thus, it is widely considered that the localizing transcripts associate with RBPs and 
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accessory proteins to indirectly interact with motor proteins (Gagnon and Mowry 2011). 

ZBP1 (which interacts with the β-actin 3′ UTR) has been reported to interact with the motor 

protein KIF5A (kinesin heavy chain isoform 5a) and Myosin Va (Nalavadi et al. 2012; 

Urbanska et al. 2017). ZBP1-containing mRNPs mediate dynamic movement and 

dendritic localization of β-actin mRNA (Tiruchinapalli et al. 2003).  

Alternatively, an mRNA might be found in a particular subcellular compartment 

because of passive diffusion and long half-life conferred by 3′ UTR–RBP interactions 

(Medioni et al. 2012). A transcriptome-wide assessment of mRNA stability in somata and 

neuropil compartments of rat Cornu Ammonis (CA1) region suggested that neuropil 

localized 3′ UTR isoforms have longer half-life compared to non-localized 3′ UTR mRNA 

isoforms (Tushev et al. 2018). This might be, at least partially, due to increased GC-

content and predicted secondary structure elements in neuropil localized RNAs which 

confer structural stability (Tushev et al. 2018). The same study also has revealed that 

neuropil localized 3′ UTR mRNA isoforms are enriched for neuronal RBP motifs that have 

been associated with mRNA localization (Tushev et al. 2018). RBP-mediated selective 

transport and mRNA stability-dependent localization mechanisms need not be mutually 

exclusive since many RBPs are multi-functional and could mediate both active localization 

and stability. 

3.3. RNA Granules  

There are emerging roles for RNA granules in neuronal mRNA localization and 

translation control (Krichevsky and Kosik 2001). RNA granules are membraneless 

intracellular structures that possess liquid-like properties to support their dynamic 

organization and serve as a means of compartmentalizing and accelerating biochemical 

reactions (Hyman et al. 2014; Hyman and Brangwynne 2011; Weber and Brangwynne 

2012). These granule structures are self-assembled through liquid–liquid phase 
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separation. One of the components that facilitates liquid–liquid phase transition and 

formation of granules are proteins that contain low complexity domains. These domains 

induce liquid–liquid phase transition through self-aggregation (recently reviewed in 

(Franzmann and Alberti 2019; Martin and Mittag 2018)). Thus, it has been proposed that 

RBPs with low-complexity domains might control both selective recruitment of RNAs and 

the formation of RNA granules through phase transition (Han et al. 2012; Kato et al. 2012). 

For instance, FMRP (fragile X mental retardation protein) and FUS (fused in sarcoma) 

proteins induce phase transition and translational control in mRNPs (Murakami et al. 2015; 

Tsang et al. 2019). An interesting characteristic of mRNA components of these granules 

is that these mRNAs contain significantly longer 3′ UTR sequences and are enriched in 

binding motifs for the granule RBPs (Han et al. 2012), suggesting 3′ UTR contents impact 

RNA granule dynamics. 

A recent study showed that protein constituent of RNA granules also mediates the 

interaction between RNA granules and moving membranous organelles to drive 

microtubule-dependent long-distance transport of RNAs. Annexin A11 is a protein 

containing a low-complexity domain and membrane binding domain. Through these 

domains, Annexin A11 mediates association of RNA granules with lysosomes to control 

RNA localization in neurons (Liao et al. 2019). In vivo functional roles in neurons for phase 

transition have recently been uncovered. TIAR-2 (TIA-1/TIAL RNA binding protein 

homolog), an RNA-binding-domain-containing TIA family protein found in Caenorhabditis 

elegans, was found to mediate phase transitioning and formation of liquid-like granules. 

Mutating prion-like domains in TIAR-2 mitigates granule formation and impaired axon 

regeneration (Andrusiak et al. 2019). How RNA granules regulate gene expression and 

impact nervous system functions will certainly be an area of intense investigation for years 

to come. 
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4. Alternative Polyadenylation Generates Long 3′ UTRs in Neurons 

Alternative polyadenylation (APA) is an RNA processing mechanism that allows 

the generation of alternative mRNAs with distinct 3′ ends from a single gene through the 

selective usage of alternative polyadenylation (poly(A)) sites. In mammals, at least 50%–

70% of protein-coding genes undergo APA, and many of these alternative 3′ UTRs show 

tissue-specificity of expression (Hoque et al. 2013; Lianoglou et al. 2013a; Tian et al. 2005). 

APA can be largely classified into two categories (Figure 2). One produces alternative 

protein isoforms through internal/intronic polyadenylation or through alternative last exon 

splicing choices. The other type of APA occurs within the 3′ UTR via tandem poly(A) sites 

and generates transcript isoforms that harbor the same coding sequences (CDS) and thus 

only differing in their 3′ UTR content.  

Early microarray studies and work on individual genes revealed a bias among brain 

tissues for expressing higher levels of long versus short 3′ UTR mRNA isoforms for genes 

expressed in multiple tissues (Pelka et al. 2005; Costessi et al. 2006; Zhang et al. 2005). 

Later studies using RNA-Seq revealed the transcriptome-wide catalog of these neural-

specific 3′ UTR lengthening events (see Box 3 for bioinformatics methods to quantify 

alternative 3′ UTR usage). In Drosophila, nearly 400 genes were found to express 

previously unannotated long 3′ UTR isoforms in head samples and late stage embryos 

(Smibert et al. 2012). Some of these transcripts had 3′ UTRs of staggering length, dwarfing 

the length of the protein-coding region of the mRNA. For example, the long 3′ UTR of mei-

P26 was found to express an 18.5 kb long 3′ UTR (Smibert et al. 2012). Investigation of 

long 3′ UTRs in neural tissues of mouse and human yielded similar findings of neural-

specific enhancement of long 3′ UTRs with thousands of previously unannotated long 3′ 

UTR isoforms being identified (Miura et al. 2013).  
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A bias for longer 3′ UTRs in the nervous system appears to be attributed to 

expression in neurons as opposed to other neuronal cell types such as astrocytes, 

microglia, and oligodendrocytes (Ha et al. 2018; Shepard et al. 2011; Guvenek and Tian 

2018). This raises two questions: (1) What is the mechanism that leads to longer 3′ UTRs 

in neurons? (2) Do these longer 3′ UTR mRNAs have specific neural functions? 

 

 

Figure 2. Types of alternative polyadenylation (APA).  
APA generates alternative 3′ ends for a given gene. Tandem 3′ UTR APA is the most 
common and does not cause changes in protein-coding regions, whereas other APA 
events that are sometimes linked to regulated alternative splicing can result in 
alternative last exons that have different coding and 3′ UTR content. pA, poly(A) site. 

 

 

4.1. APA Mechanisms Underlying Long 3′ UTR Expression in Neurons.  

The mRNA 3′ end processing machinery includes cleavage and polyadenylation 

specificity factors (CPSF), cleavage stimulation factors (CstF), cleavage factors (CF I and 

II), poly(A)-binding protein (PABP), poly(A) polymerase (PAP), and RNA polymerase II 

(Pol II), among other proteins (Chan et al. 2011). One of the mechanisms that mediates 
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APA selection involves these 3′ end processing factors. APA patterns have been 

associated with the expression levels of CstF64 (Takagaki et al. 1996; Yao et al. 2013; 

Shankarling and MacDonald 2013) and CFI (Martin et al. 2012; Alcott et al. 2020). These 

studies suggested that the concentration of the specific processing factors might define 

the usage of poly(A) signals leading to the cell/tissue-specific 3′ UTR expression patterns.  

The speed or pausing of Pol II can also influence APA, by providing sufficient time to 

recruit 3′ end processing factors and to process the poly(A) site (Fusby et al. 2015). A 

slower RNA Pol II mutant showed preferential selection of proximal poly(A) sites in 

Drosophila (Pinto et al. 2011); however, this effect was limited to non-neural tissues, 

suggesting a different regulatory mechanism at play in neurons (Liu et al. 2017).  

RBPs can influence APA by competing with the cleavage and polyadenylation 

machinery for access to the poly(A) site. One of the most striking examples of RBP 

regulating 3′ UTR extension is the neural-specific RBP, Elav (embryonic lethal abnormal 

visual protein) in Drosophila. Drosophila embryos lacking Elav were found to lack long 3′  

 

Box 3. Quantification of alternative 3′ UTR mRNA isoforms using standard RNA-

Seq data  

Although RNA-Seq has become a routine procedure, the identification and 

quantification of alternative 3′ UTR isoforms using RNA-Seq data presents many 

challenges. Primarily, two types of detection algorithms are currently used: (1) de novo 

detection of APA isoforms based on the read density changes and (2) reliance on 

annotated or reported 3′ ends. De novo detection-based methods do not rely on 3′-end 

sequencing data or previously reported 3′ ends, thus providing unique advantages. 

Change-Point is a 3′ UTR APA detection software that identifies APA events between 
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two conditions based on read density changes (Wang et al. 2014). It compares the ratio 

of mapped reads in the common 3′ UTR region and the ratio of the extended 3′ UTR 

region between two samples and the identification of exact APA site is based on the 

location where ratio change is the maximum. Dynamic analyses of alternative 

polyadenylation from RNA-Seq (DaPars) is a de novo 3′ UTR APA detection software 

that uses similar read density-based approach but quantifies dynamic APA events 

between two or more experimental conditions and allows identification of novel long 3′ 

UTRs (Xia et al. 2014). In contrast to the two previous methods, APAtrap allows 

identification of multiple APA sites. First, novel 3′ UTR ends are identified by assessing 

the coverage of RNA-Seq reads through the annotated 3′ end and further downstream 

regions. Once the most 3′ end is defined as the distal poly(A) site, then potential 

proximal poly(A) sites are identified using the read density changes (Ye et al. 2018). 

Given the expansion of 3′ end databases, APA events can also be reliably detected 

using methods based on annotated Poly(A) sites. Quantification of APA (QAPA) 

estimates the expression of alternative 3′ UTR isoforms using annotated poly(A) sites. 

First, it builds a reference library comprising all the reported 3′ UTR sequences. Then, 

RNA-Seq reads are mapped to the 3′ UTR library using alignment-free algorithm. APA 

usage is quantified by the ratio of isoform expression to the sum of the expression of all 

detected 3′ UTR isoforms from its cognate gene. This method identifies multiple APA 

events and is able to process multiple datasets at a time (Ha et al. 2018). Significance 

analysis of alternative polyadenylation using RNA-Seq (SAAP-RS) is another method 

based on Poly(A) database. The 3′ UTR regions are split into upstream (UP) and 

downstream (DN) regions. RNA-Seq read distribution is assessed in the UP and DN 

region to determine the relative expression difference (Guvenek et al. 2018). 
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UTR isoforms for several genes, and the ectopic expression of Elav in non-neural tissues 

resulted in mRNAs with longer 3′ UTRs (Hilgers et al. 2012). A putative mechanism for 

this regulation is through Elav binding to the proximal poly(A) site, thus competing with 3′ 

end processing, and causing the selection of a downstream poly(A) site (Hilgers et al. 

2012) (Figure 3). In addition to directly binding RNA, an additional role for Elav binding to 

DNA promoter sequences has been demonstrated, and this might also be required for 

Elav regulation of APA in Drosophila neurons (Oktaba et al. 2015). In mammalian neural 

tissues or neuron-like cells, the Elav homolog ELAVL3 (ELAV-like protein 3), along with 

NOVA2 and FUS have been shown to impact 3′ UTR APA (Grassi et al. 2019; Licatalosi 

et al. 2008; Masuda et al. 2015).  

 

 

 

Figure 3. Mechanisms of neural APA in Drosophila. 
The neuronal RBP Elav regulates APA by binding to target mRNA proximal poly(A) site 
region to block the 3′ end processing machinery. This promotes the usage of 
downstream distal poly(A) sites. Consequently, neuronal tissues of Drosophila 
selectively express APA isoforms with longer 3′ UTRs. DSE, downstream element; 
AAUAAA is shown as a representative polyA signal. 
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4.2. Neural Functions of Long 3′ UTR mRNA Isoforms 

Given the relevance of 3′ UTRs in controlling the subcellular localization of mRNAs, 

one hypothesis of long 3′ UTR function has been that it localizes due to the extra 3′ UTR 

sequences not found in the short 3′ UTR counterpart. This phenomenon was first 

characterized for the long 3′ UTR mRNA isoform of Bdnf. Loss of the long 3′ UTR mRNA 

isoform was found to impair dendritic localization of the mRNA and cause defects in spine 

morphology and synaptic plasticity (An et al. 2008).  

Based on the findings for Bdnf, groups have speculated that a function of the 

alternative long 3′ UTRs might be to impart subcellular localization. However, 

transcriptomic studies have failed to identify a strong bias for long 3′ UTR isoforms to be 

preferentially localized compared to short 3′ UTR counterparts (Tushev et al. 2018; 

Middleton et al. 2019). Although many 3′ UTR isoforms showed subcellular localization 

bias, a significant number of the alternative 3′ UTR transcripts reside in the same soma or 

neuropil subcompartment (Tushev et al. 2018). Another study actually found evidence that 

shorter 3′ UTR isoforms are more abundant than long 3′ UTR isoforms in neurites of 

mouse embryonic stem cell (ESC)-derived neurons (Ciolli Mattioli et al. 2019). These 

results suggest that long 3′ UTRs may not generally confer axon/dendrite localization. 

 

5. Functional Relevance of Local Translation in Neurons  

Regardless of the roles for alternative 3′ UTR isoforms, the notion of localized 

mRNAs undergoing local translation in both dendrites and axons is now well appreciated 

(Perry and Fainzilber 2014; Biever et al. 2020). Local translation allows precise 

spatiotemporal regulation of protein expression. The specific role of localized mRNA 

translation has been explored largely in three contexts: (1) neuron development and 
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neurite outgrowth, (2) synaptic function in mature neurons, and (3) neurite maintenance 

and regeneration. 

Localization and translation of mRNAs in growing neurons has been explored 

especially for cytoskeleton-related genes to support neurite pathfinding and asymmetrical 

organization. Tau, an axonal microtubule-associated protein encoded by the Mapt gene, 

is one mRNA that localizes mainly into axons, and its role in establishing neuronal polarity 

might rely on axonal translation (Litman et al. 1993; Morita and Sobuě 2009; Zempel and 

Mandelkow 2019). Rhoa mRNAs axonally localize in embryonic DRG neurons in a 3′ UTR-

dependent manner. During cytoskeletal rearrangement of the growth cone, 3′ UTR-

dependent local translation of RhoA is necessary to induce growth cone collapse in 

response to guidance cue Sema3A (Semaphorin 3A) (Wu et al. 2005).  

The ability of axonally or dendritically localized mRNAs to undergo local translation 

is critical for synaptic functions. Synaptic plasticity, including homeostatic scaling, is a 

process that is dependent on translation of axonal and dendritic proteins (Kang and 

Schuman 1996; Huber et al. 2000; Scarnati et al. 2018; Schanzenbächer et al. 2016). 

Synaptic concentration of ion channels, such as Kv1.1 (Kcna1), is regulated through 3′ 

UTR-dependent localization and translation in hippocampal neurons (Raab-Graham et al. 

2006). Synaptic rearrangement is another cellular process that takes advantage of local 

translation. Matrix Metalloproteinase 9 (Mmp9), an endopeptidase that regulates the 

pericellular environment, is localized in a 3′ UTR-dependent manner and undergoes 

translation when hippocampal neurons are activated (Dziembowska et al. 2012). 

Neurogranin (Nrgn) undergoes local translation, during which FMRP exerts regulation 

through its 3′ UTR, and plays a role in synaptic plasticity and memory encoding (Jones et 

al. 2018). All these examples lead to an open conclusion that synaptic function requires 

local translation of specific transcripts.  
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Local translation is relevant for neuron maintenance and regeneration—it is 

implicated in retrograde signaling, mitochondrial function, and transcription factor 

activation related to the axon maintenance and regeneration. Several proteins involved in 

injury-induced retrograde singling pathways have been shown to be locally translated. 

Some examples include 3′ UTR mRNA isoforms of Ranbp1 (Ran-specific binding protein 

1) and Importin β, which are involved in nuclear export and import, respectively (Yudin et 

al. 2008; Perry et al. 2012). Mitochondria-related proteins also undergo local translation 

to support axon maintenance (Hillefors et al. 2007). Nerve growth factor-induced local 

translation of myo-inositol monophosphatase-1 (Impa1) is critical for nuclear CREB (cyclic 

AMP-responsive element-binding protein) activation and prevention of axonal 

degeneration (Andreassi et al. 2010). Local protein synthesis and turnover during the axon 

regeneration is considered to be regulated by various pathways dependent on mTOR, p38 

mitogen-activated protein kinase, and caspase (Verma et al. 2005). mTOR regulates local 

translation of other mRNAs through its own local translation in injured axons and regulates 

other retrograde injury signaling molecules (Terenzio et al. 2018).  

Multiple techniques have been developed in order to study local translation. Some 

of these techniques rely on reporter or fusion protein system and some on metabolic or 

genetic labeling (see Box 4). Studying local translation in vivo in animals, however, is more 

challenging. Some metabolic labeling techniques, such as FUNCAT (fluorescent 

noncanonical amino acid tagging), BONCAT (bio-orthogonal non-canonical amino acid 

tagging), and OP-Puro (O-propargyl-puromycin) labeling, enable global tagging of the 

newly synthesizing proteins in vivo through specific diet or injection of metabolic analogs 

(Dieterich et al. 2010, 2006; Hidalgo San Jose and Signer 2019). These techniques, 

however, have not been applied to in vivo nervous system and do not allow transcript (3′ 
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UTR isoform)- or gene-specific analysis but rather confirm robustness of translation upon 

specific physiological contexts.  

Box 4. Studying local translation  

Investigating the mRNA sequences regulating mRNA localization and local translation 

has largely relied on the use of fluorescent protein (FP) reporters. One of the caveats 

of using FP to study localized translation is the ability to freely diffuse within cells. 

Myristoylation of FP (Myr-FP) anchors the protein with membrane limiting its diffusion 

thus providing spatial information on the translating protein (Aakalu et al. 2001). 

Technical advances have allowed visualization of local translation at increased temporal 

resolution. The photoconvertible FP, Kaede, fusion techniques have been used to study 

local translation. Kaede emits green fluorescence until it is cleaved by UV-induction then 

it emits red fluorescence. Newly synthesized proteins can be detected by green 

fluorescence after UV treatment (Raab-Graham et al. 2006). One can label newly 

synthesizing proteins by pulse-chase application of amino acid orthologs and click-

chemistry through BONCAT or FUNCAT methods (Dieterich et al. 2006; Dieterich et al. 

2010). These methods allow both purification of newly synthesized proteins and in situ 

visualization. Puromycin labeling-based methods incorporate Puromycin, an analog of 

aa-tRNA, into newly synthesized proteins to inhibit amino acid polymerization. Thus, 

puromycin conjugates can be used to visualize de novo protein synthesis (Starck et al. 

2004). Similarly, puromycylation of a specific protein can be detected in situ by Puro-

PLA (proximity ligation assay) through in situ coincidental detection of anti-Puromycin 

and anti-POI antibodies (Tom Dieck et al. 2015). Some techniques provide detection 

power both for mRNAs and newly synthesized proteins allowing bonafide detection of 

localized translation, although they still require multiple tagging strategies. Translating 
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6. Distinct Functions for Locally Synthesized Proteins 

A straightforward way to envision the role of mRNA subcellular localization is that 

it can provide rapid translation to generate a protein required in a spatial region of interest 

at a precise time. For instance, translation of β-actin mRNAs localized into axonal growth 

cones increases the protein levels in the same growth cone region to support axon 

guidance (Yao et al. 2006). An emerging theme, however, is that protein synthesis in 

RNA Imaging by Coat protein Knock-off (TRICK) methods takes advantage of phage 

coat proteins and its binding sequences, i.e., PP7 and MS2, to visualize the 

displacement of PP7-GFP by translating ribosomes and co-detection of its cognate 

mRNA by MS2-RFP (Halstead et al. 2015). Single-molecule Imaging of NAscent 

PeptideS (SINAPS) uses reporter constructs containing multiple SunTag epitope for 

visualization of translation and MCP binding sequence for mRNA detection (Wu et al. 

2016). Similarly, nascent chain tracking (NCT) uses multiple FLAG epitope tags and 

antibody-based detection of translating proteins and MCP system to visualize mRNAs 

(Morisaki et al. 2016). 
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specific subcellular regions exposes the newly synthesized proteins to distinct proteomic 

repertories. In the case of the Npas4 gene, NPAS4 (neuronal PAS domain protein 4) 

proteins synthesized from the dendrite-localized and soma-localized transcripts interact 

with distinct protein partners (Figure 4A). Soma-localized Npas4 transcripts undergo de 

novo translation upon neuron activation through L-type voltage-gated calcium channels 

(L-VGCCs) in the Stratum pyramidale layer (soma region) of hippocampus. These soma-

originated NPAS4 proteins associate with ARNT2 (aryl hydrocarbon receptor nuclear 

translocator 2) and act as nuclear transcription factors. This mechanism is distinct from 

the heterodimerization of NPAS4 triggered by excitatory postsynaptic potential (EPSP) 

induction. In the latter case, dendritically localized Npas4 and Arnt1 mRNAs undergo local 

translation, form heterodimers, and are translocated together to the nucleus to bind 

transcription promoter or enhancer regions (Brigidi et al. 2019). This example not only 

distinguishes differential means of inducing NPAS4 expression upon distinct neuronal 

signals but also emphasizes the importance of compartmentalization of mRNAs and its 

translation to modulate the protein–protein interactome.  

Alternative 3′ UTRs can recruit RBPs to increase the likelihood that an RBP 

interacts with the nascent protein as it is translated, thus impacting protein–protein 

interactions. For instance, the RBP HuR (ELAV-like protein 1) interacts with the long 3′ 

UTR of CD47 (leukocyte surface antigen CD47) to act as an intermediate scaffold 

mediating SET-dependent localization of CD47 proteins to the plasma membrane 

(Berkovits and Mayr 2015). Another example is the long 3′ UTR isoform of BIRC3 

(baculoviral IAP repeat containing 3) that, unlike the short isoform, recruits a unique set of 

proteins. The long 3′ UTR of BIRC3 recruits a protein complex composed by IQGAP1 (IQ 

motif containing GTPase-activating protein 1), RALA (Ras-related protein), STAU1 

(Staufen 1), and HuR, to promote their interaction with nascent BIRC3 proteins (Lee and 
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Mayr 2019). Interestingly, the 3′ UTR isoforms do not differently drive mRNA or protein 

localization, suggesting that the long 3′ UTR-dependent function of BIRC3 is not 

localization or local translation. Instead, the long 3′ UTR of BIRC3 serves as a scaffold 

RNA to enhance protein–protein interactions (Figure 4B). These studies were performed 

in non-neuronal cell lines—in the future it will be interesting to see if analogous examples 

emerge from studies of alternative 3′ UTR isoforms expressed in neurons. 

 

7. Beyond Localization and Translational Control 

In addition to the conventional roles for 3′ UTRs in regulating mRNA stability, 

localization, and translational control, several new functions of 3′ UTRs have emerged in 

recent years. 

7.1. Coding-Independent Functions of 3′ UTRs 

Evidence is emerging that alternative 3′ UTR isoforms have functions in trans, 

independent from influencing the protein-coding functions of the gene they are transcribed 

from. Ube3a1 is an essential gene implicated in Angelman syndrome and Autism 

spectrum disorders. An activity induced Ube3a1 transcript is alternatively polyadenylated 

at intron 11 to encode an isoform lacking the catalytic domain. This alternative 3′ UTR 

isoform is synaptodendritically localized. Although knockdown of Ube3a1 impaired 

dendritic complexity and spine morphology, this was not due to the protein-coding capacity 

of the transcript. Ube3a1 RNA containing a frameshift mutation or Ube3a1 3′ UTR alone 

was able to fully rescue the dendritic phenotypes acting as endogenous miRNA sponge 

(Valluy et al. 2015; Figure 4C). 

Tp53inp2 is a transcript highly enriched in axons of sympathetic neurons that has 

a protein coding-independent function. Tp53inp2 is able to translate into proteins in other 

tissues, but it is translationally suppressed in neurons due to its long 3′ UTR, suggesting 
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its unique role as a non-coding mRNA in sympathetic neurons. Despite the lack of 

translation, Tp53inp2 mRNA is involved in TrkA (tropomyosin-related kinase receptor A) 

receptor internalization and downstream signaling, and phenotypes can be rescued by 

non-translatable Tp53inp2 transcript (Crerar et al. 2019; Figure 4D).  

The precise molecular mechanisms underlying non-coding roles for alternative 3′ 

UTR isoforms remain to be illuminated. More examples should continue to emerge given 

the new feasibility of isoform specific deletions using CRISPR-Cas9 technologies, and 

isoform specific knockdown approaches such as short hairpin RNAs (shRNAs), antisense 

oligonucleotides, and CRISPR-Cas13 (Cox et al. 2017). 

7.2. Coordination of Alternative Splicing and APA 

Potential crosstalk between alternative splicing and APA has been suggested in 

the past since several RBPs have documented roles in regulating both of these pre-mRNA 

processing events (Hilgers et al. 2012; Licatalosi et al. 2008; Soller and White 2003). An 

example of a 3′ UTR isoform being associated with a particular alternative splicing event 

of the same gene has been recently discovered. In Drosophila, the expression of the long 

3′ UTR isoform of the Dscam1 gene was found to be coupled to the skipping of an 

upstream exon. The neuronal RBP Elav was found to induce both the expression of the 

long 3′ UTR and skipping of an upstream exon. Long-read sequencing on the Oxford 

Nanopore MinION platform demonstrated the tight connection between the alternative 

splicing and APA events—long 3′ UTR mRNAs in adult heads were found to always skip 

the upstream exon. Moreover, shRNA-mediated knock-down of exon skipping transcripts 

abolished the long 3′ UTR isoform of Dscam1 and vice-versa. This connectivity of an exon 

skipping event and an alternative long 3′ UTR could be explained simply by the co-

regulation by Elav. However, it was found that Elav could only exert its influence on the 
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exon skipping event when the Dscam1 long 3′ UTR was present (Zhang et al. 2019; 

Figure 4E).  

What is the mechanism of 3′ UTR-mediated regulation of exon skipping? It is 

possible that the 3′ UTR acts as a splicing factor delivery system. In such a model, 

intramolecular interactions between upstream introns and the 3′ UTR might occur, 

allowing RBPs bound to the 3′UTR to interact with upstream splice sites. Or perhaps 3′ 

UTR sequences bind to upstream intronic sequences that are important for splicing, and 

block association of spliceosome components? Future work is needed to determine if 

coupling of 3′ UTR choice to upstream alternative splicing events is widespread and 

whether it occurs in human neurons. To date, widespread coupling of 3′ UTR selection to 

alternative exons have not been widely identified because of the short (<150 nt) read 

length of conventional RNA-Seq approaches. The emergence of new long-read 

sequencing platforms and library preparation strategies could provide the opportunity to 

uncover global coordination of APA and alternative splicing (Volden et al. 2018; Tilgner et 

al. 2018). 

7.3. Isolated 3′ UTR Fragments 

The presence of 3′ UTR fragments that are separated from the protein-coding 

regions of the mRNA has been identified in a handful of studies over the past decade 

(Figure 4F). Capped analysis of gene expression (CAGE)-seq and full-length cDNA-seq 

identified several 3′ UTR-derived RNAs which are not directly originated from transcription 

by RNA Pol II promoters (Mercer et al. 2011). Additionally, in situ imaging approaches 

have shown a divergence in 3′ UTR to CDS expression ratios across tissues suggesting 

cell- and tissue-specific expression of isolated 3′ UTRs (Mercer et al. 2011; Kocabas et al. 

2015). A potential role in regulating host gene translation has been suggested based on  
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Figure 4. Newly emerging roles for 3′ UTRs 
(A,B) mRNA 3′ UTRs can serve as scaffolds for the interactome of their host proteins. 
(C) 3′ UTRs can serve a non-coding role as a sponge for miRNAs. (D) Translationally 
inactive 3′ UTRs mRNA isoforms can impact internalization of receptor proteins and 
influence axon growth. (E) 3′ UTR sequences can act as mediators of alternative 
splicing on the same pre-mRNA. (F) Isolated 3′ UTR fragments cleaved from mRNAs 
might regulate host gene translation and/or encode peptides. AP, action potential; L-
VGCC, L-type voltage-gated calcium channel; EPSP, excitatory postsynaptic potential; 
NMDAR, NMDA receptor; SO, stratum oriens; SP, stratum pyramidale; SR, stratum 
radiatum; CA1, cornus ammonis 1. 
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the abundance of 3′ UTR fragments being inversely correlated with protein levels from the 

same gene (Kocabas et al. 2015).  

How are isolated 3′ UTR fragments generated? It has been suggested that some 

are cleaved post-transcriptionally in the cytoplasm (Malka et al. 2017). A recent study 

suggested that post-transcriptional cleavage of Impa1 transcript occurs at an internal 

poly(A) site to generate 3′ UTR fragments in the cytoplasm (Andreassi et al. 2019). The 

generation of the 3′ UTR fragments appeared to occur in axons of rat cervical ganglion 

neurons, but not in cell bodies (Andreassi et al. 2019). In this case, 3′ UTR cleavage 

possibly involves the RNA surveillance machinery, as evidenced by its reliance on UPF1 

(Andreassi et al. 2019). Some 3′ UTR fragments are associated with ribosomes (Kocabas 

et al. 2015; Sudmant et al. 2018) and some have the potential to encode peptides 

(Sudmant et al. 2018). Clearly, further work is needed to identify the precise mechanism(s) 

responsible for the generation of isolated 3′ UTR fragments. What are the molecular 

features of the 5′ and 3′ ends of cleaved 3′ UTRs? New library preparation strategies are 

needed to specifically sequence these isolated fragments. The functions of isolated 

fragments in the nervous system remain completely unknown, but with insight into their 

biogenesis and sequence features, genetic approaches to investigate their functions will 

surely emerge. 

 

8. 3′ UTR-Associated Neurological Disorders and Behavior 

Polymorphisms in 3′ UTRs are associated with neurological disorders and 

behavior. For example, the variable number of tandem repeat (VNTR) polymorphism in 

the 3′ UTR of the dopamine transporter (DAT1) has been associated with eating and 

substance use disorders, and symptom severity in Tourette syndrome (Shinohara et al. 

2004; Tarnok et al. 2007). A single nucleotide polymorphism (SNP; rs2304297) in the 3′ 
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UTR of CHRNA6 gene, which encodes for a nicotinic acetylcholine receptor (nAChR) 

subunit, has been associated with adolescent cigarette smoking, smoking cessation, and 

striatum volume (Fletcher 2012; Lotfipour et al. 2010). A SNP in the 3′ UTR of the SNCA 

gene, which encodes α-synuclein, has also been associated with Parkinson’s disease. 

Heightened levels of α-synuclein is pathogenic, thus whether the polymorphisms in the 3′ 

UTR of SNCA is implicated in regulation of SNCA expression is of great interest (Barrie et 

al. 2018; Marchese et al. 2017; Toffoli et al. 2017; Sotiriou et al. 2009). Moreover, there 

might be a role for 3′ UTRs variants in AD. In this regard, 3′ UTR polymorphisms in the 

APP gene have been shown to target miR-147 and miR-20a (Delay et al. 2011). Although 

the exact molecular mechanism by which this SNP has an effect on these behaviors is 

largely unknown, it is possible that these polymorphisms impact the expression of the host 

gene by disrupting regulatory elements.  

Impaired RNA granule assembly is associated with long repeat expansion 

disorders such as myotonic dystrophy, amyotrophic lateral sclerosis, and spinocerebellar 

ataxia (Shukla and Parker 2016; Jain and Vale 2017). Repeat expansion in 3′ UTRs can 

sequester RBPs into granules affecting their normal functions. For instance, in the 

debilitating neuromuscular disorder Myotonic dystrophy type I, a repeat expansion in the 

3′ UTR of the DMPK gene sequesters the splicing factor MBNL1 into nuclear RNA foci to 

prevent from functioning in normal pre-mRNA processing (Miller 2000; Mankodi 2001). 

In Huntington’s disease (HD), expression of many alternative 3′ UTR isoforms, 

among others the huntingtin (HTT) gene, are altered. Profiling of alternative 3′ UTR 

isoforms has shown that HTT long 3′ UTR isoform specifically is altered in multiple tissues 

of HD patients (Romo et al. 2017). The exact mechanism whereby the altered abundance 

of the long 3′ UTR isoform of HTT contributes to HD pathology remains elusive.  
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Strong evidence for the contribution of 3′ UTR mutations in neurological disease 

susceptibility and pathogenesis is still limited. Increased whole genome sequencing depth 

and sensitivity, increased numbers of sequenced individuals, and improved 3′ UTR 

annotations might lead to new discoveries of medically relevant 3′ UTR SNPs. The use of 

massively parallel reporter assays to assess the role of 3′ UTR SNPs on translational 

control could be a useful approach to uncover whether particular 3′ UTR SNPs have 

functional relevance, such as has been performed to identify human genetic variants that 

influence splicing (Cheung et al. 2019). 

 

9. Conclusions 

The 3′ UTR imparts post-transcriptional regulation by impacting mRNA stability, 

subcellular localization, and translational control. APA controls the susceptibility of 

transcripts to this regulation, and the functional roles for alternative 3′ UTR isoforms have 

been discovered for only a handful of genes. New emerging mechanisms suggest that 3′ 

UTRs have roles in modulating the protein interactome of newly translated proteins and 

coordinating alternative splicing. Given the limitations of some neuronal-like immortalized 

cultured systems, we call for an increased emphasis on performing 3′ UTR functional 

studies in primary neuronal culture and whole organisms. 
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Chapter II: Elimination of Calm1 long 3′ UTR mRNA isoform by 

CRISPR-Cas9 gene editing impairs dorsal root ganglion 

development and hippocampal neuron activation in mice 

This chapter was published in RNA 2020, 26:1414-1430. Authors: Bongmin Bae*, Hannah 

N. Gruner*, Maebh Lynch, Ting Feng, Kevin So, Daniel Oliver, Grant S. Mastick, Wei Yan, 

Simon Pieraut, and Pedro Miura (*co-first authors) 

 

The majority of mouse and human genes are subject to alternative cleavage and 

polyadenylation (APA), which most often leads to the expression of two or more alternative 

length 3′ untranslated region (3′ UTR) mRNA isoforms. In neural tissues, there is 

enhanced expression of APA isoforms with longer 3′ UTRs on a global scale, but the 

physiological relevance of these alternative 3′ UTR isoforms is poorly understood. 

Calmodulin 1 (Calm1) is a key integrator of calcium signaling that generates short (Calm1-

S) and long (Calm1-L) 3′ UTR mRNA isoforms via APA. We found Calm1-L expression to 

be largely restricted to neural tissues in mice including the dorsal root ganglion (DRG) and 

hippocampus, whereas Calm1-S was more broadly expressed. smFISH revealed that both 

Calm1-S and Calm1-L were subcellularly localized to neural processes of primary 

hippocampal neurons. In contrast, cultured DRG showed restriction of Calm1-L to soma. 

To investigate the in vivo functions of Calm1-L, we implemented a CRISPR-Cas9 gene 

editing strategy to delete a small region encompassing the Calm1 distal polyA site. This 

eliminated Calm1-L expression while maintaining expression of Calm1-S. Mice lacking 

Calm1-L (Calm1ΔL/ΔL) exhibited disorganized DRG migration in embryos, and reduced 

experience-induced neuronal activation in the adult hippocampus. These data indicate 

that Calm1-L plays functional roles in the central and peripheral nervous systems.  
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1. Introduction 

Alternative cleavage and polyadenylation (APA) is the process by which a pre-

mRNA is cleaved and polyadenylated at two or more polyadenylation (polyA) sites. This 

commonly results in two (or more) mRNAs with the same protein coding sequence but 

different length 3′ UTRs. APA is pervasive, occurring in ~51-79% of mammalian genes 

(Hoque et al. 2013; Lianoglou et al. 2013). The 3′ UTR is a major target for post-

transcriptional regulation via microRNAs (miRNAs) and RNA binding proteins (RBPs); 

thus, harboring a longer 3′ UTR can theoretically confer additional regulatory opportunities 

for transcripts (Sandberg et al. 2008; Mayr and Bartel 2009). Long 3′ UTRs impact 

translation in a cell context-specific manner (Floor and Doudna 2016; Blair et al. 2017), 

and elements located in alternative 3′ UTRs can influence mRNA localization in neurons 

(Tushev et al. 2018). Thousands of genes in mouse and human express long 3′ UTR 

mRNA isoforms in brain tissues (Miura et al. 2013). For many genes, short 3′ UTR isoforms 

were found to be expressed across various tissues, whereas the alternative long 3′ UTR 

isoforms were abundant only in brain. Our understanding of the in vivo functions of neural-

enriched long 3′ UTR isoforms is limited despite the large number of genes shown to be 

affected in Drosophila, Zebrafish, mice, and humans (Smibert et al. 2012; Ulitsky et al. 

2012; Miura et al. 2013). 

Multiple studies have examined the functions of 3′ UTRs in vivo by generating mice 

that either genetically delete parts of 3′ UTRs or introduce foreign polyA sites to cause 

production of mRNAs with truncated 3′ UTRs (Miller et al. 2002; Perry et al. 2012). For 

example, a genetic approach was implemented in mice to abolish the BDNF long 3′ UTR 

isoform while maintaining expression of its short mRNA counterpart via the insertion of 

tandem SV40 polyA sites downstream of the proximal polyadenylation signal. These mice 

displayed synaptic defects and hyperphagic obesity, ostensibly due to compromised 
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mRNA localization to dendrites and impaired translational control (An et al. 2008; Liao et 

al. 2012). The recent advent of CRISPR-Cas9 gene editing has revolutionized the speed 

and efficiency of generating deletion mouse strains (Wang et al. 2013). This presents an 

exciting new opportunity for rapidly generating 3′ UTR isoform-specific knockout mice. 

CRISPR-Cas9 has been implemented to successfully generate mice with a deletion that 

removed most of the mTOR 3′ UTR (Terenzio et al. 2018). However, successful 

generation of an isoform-specific, long 3′ UTR knockout mouse using CRISPR-Cas9 has 

not been reported to date. 

Calmodulin (CaM) is the primary calcium sensor in the cell (Means and Dedman 

1980; Yamniuk and Vogel 2004; Sorensen et al. 2013). CaM is expressed ubiquitously but 

is particularly abundant in the nervous system (Kakiuchi et al. 1982; Ikeshima et al. 1993). 

There are three Calmodulin genes in mammals– Calm1, Calm2, and Calm3. These share 

an identical amino acid coding sequence, but possess unique 5′ and 3′ UTRs (SenGupta 

et al. 1987; Fischer et al. 1988), suggesting differences in their regulation might be 

conferred at the post-transcriptional level. The existence of alternative 3′ UTR mRNA 

isoforms generated by APA for the Calmodulin 1 (Calm1) gene have been known for 

several decades (SenGupta et al. 1987; Nojima 1989; Ni et al. 1992; Ikeshima et al. 1993). 

These include mRNAs with a short 0.9 kb 3′ UTR (Calm1-S) and one with a long 3.4 kb 3′ 

UTR (Calm1-L). The functional significance of these alternative 3′ UTR isoforms is entirely 

unexplored. 

Previous work has shown that altering CaM levels disrupts neuronal development 

in Drosophila and rodents (Vanberkum and Goodman 1995; Fritz and VanBerkum 2000; 

Kim et al. 2001; Kobayashi et al. 2015; Wang et al. 2015). CaM plays a role in guiding 

axon projections to create connections with other cells (Vanberkum and Goodman 1995; 

Fritz and VanBerkum 2000; Kim et al. 2001; Kobayashi et al. 2015). Additionally, CaM 
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interplays with a variety of synaptic proteins to play a fundamental role in regulating 

signaling pathways critical in synaptic plasticity (Xia and Storm 2005). Functions in the 

nervous system specifically for Calm1 have been described. Notably, targeted knockdown 

of Calm1, but not Calm2 or Calm3, was found to cause major migration defects in 

developing hindbrain neurons (Kobayashi et al. 2015). Calm1 mRNA has been detected 

in cultured rat embryonic dorsal root ganglion (DRG) axons, without distinguishing Calm1-

S or Calm1-L isoforms, where it undergoes local translation to promote axon outgrowth in 

vitro (Wang et al. 2015). Calm1 mRNAs, especially Calm1-L, were found to be expressed 

in dendrites of rat hippocampal neurons (Tushev et al. 2018). However, whether Calm1-L 

has a specific function in the embryonic or adult nervous system has not been addressed. 

Here, we utilized CRISPR-Cas9 to generate the first mouse lines lacking expression of a 

long 3′ UTR mRNA isoform while maintaining normal expression of its short 3′ UTR APA 

counterpart. We uncovered that Calm1-L levels were high in the DRG and hippocampus, 

and its expression was largely restricted to neurons. In vivo phenotypic analysis of mutant 

embryos revealed disorganized DRG axon and cell body positioning, whereas adults 

displayed a reduction in hippocampal neuronal activation after enriched environment 

exposure. This novel deletion methodology has thus uncovered in vivo neuronal 

impairments attributed to the loss of a single long 3′ UTR mRNA isoform in mice. 

 

2. Results 

Calm1-L expression is enriched in neurons  

To determine the relative expression of short and long Calm1 3′ UTR isoforms 

among mouse tissues, we performed Northern blot analysis– an approach uniquely suited 

to report on the expression of alternative 3′ UTRs (Miura et al. 2014). Northern blots 

performed using a universal probe (uni) that detects both short and long Calm1 3′ UTR 
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isoforms revealed the presence of both Calm1-L and Calm1-S across an array of adult 

tissues. The cerebral cortex showed greater enrichment of Calm1-L versus Calm1-S 

compared to non-brain tissues (Fig. 5a,b), as had been previously observed (Ikeshima et 

al. 1993; Miura et al. 2013). The ratio of long isoform to the sum of long and short isoforms 

(total Calm1) was found to be 0.46 in cortex, whereas in the rest of the tissues examined 

(gastrocnemius skeletal muscle, heart, testes, kidney, and liver) this value ranged 

between 0.12 – 0.28. Recent studies have shown that some 3′ UTRs can be cleaved to 

generate stable 3′ UTR transcripts that are separated from the protein coding portion of 

the mRNA (Kocabas et al. 2015; Malka et al. 2017; Sudmant et al. 2018). To test whether 

this might be the case for Calm1, and to confirm the connectivity of the long 3′ UTR region 

to the rest of the Calm1 mRNA, the blot was stripped and re-probed with a probe specific 

for Calm1-L (ext). One band consistent with the size of Calm1-L was observed (Fig. 5c). 

Thus, the long 3′ UTR region is connected to the full-length mRNA, with no evidence of a 

cleaved 3′ UTR observed in the tissues examined.  

We next determined the spatial expression pattern of Calm1 3′ UTR isoforms in 

mouse tissues. In situ hybridization (ISH) using Digoxigenin (DIG)-labeled probes was 

performed in embryonic day 13.5 (E13.5) mice and 8-weeks-old brains. Using a Calm1 

universal probe (uni; Fig. 5a), strong signal was observed in the brain (including forebrain 

(FB), midbrain (MB), and hindbrain (HB)), spinal cord (SC), and dorsal root ganglion (DRG) 

in parasagittal sections of embryos. Uni signal was also strong in whole coronal sections 

of the adult brain including amygdala, striatum, hypothalamus, cortex, and hippocampus 

(Hpc) (Fig. 5d). Expression was also observed in the nasal epithelium (N), lung (L), and 

intestinal epithelium (I). In contrast, ISH performed with probe against the long 3′ UTR (ext; 

Fig. 5a) showed staining largely restricted to the brain, spinal cord, and DRG in 

parasagittal sections of embryo and stronger signal in the adult Hpc compared to other 
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brain regions (Fig. 5e). These experiments demonstrate that Calm1-L is enriched in neural 

tissues. 

The global bias for enhanced expression of longer 3′ UTR isoforms in the nervous 

system has generally been attributed to expression in neurons (Guvenek and Tian 2018). 

To test if this is the case for Calm1, we analyzed the relative expression of the Calm1 3′ 

UTR isoforms in different brain cell types from a previously published RNA-seq dataset 

(Zhang et al. 2014). We performed re-analysis of these data using QAPA, which allows 

for an estimation of relative polyA site usage (PAU) from RNA-seq reads (Ha et al. 2018). 

We analyzed the usage of Calm1-S and Calm1-L among purified neurons, microglia, 

astrocytes, newly formed oligodendrocytes, and endothelial cells. The coverage tracks of 

these data showed the highest enrichment of reads pertaining to the long 3′ UTR in 

neurons compared to the other cell types (Fig. 5f). Quantification using QAPA revealed 

neurons had the greatest usage of Calm1-L (32 %) (Fig. 5g).  

To determine the cellular expression of Calm1 3′ UTR isoforms in our tissues of 

interest, we performed branched-oligo based single molecule Fluorescence In Situ 

Hybridization (RNAscope® smFISH) on primary cultures from DRG and hippocampus 

(Fig. 5h-l). Co-staining with anti-β3Tubulin (Tubb3) was used to distinguish neurons from 

other cell types. In cultured DRG, most cells showed robust uni signal, but ext signal was 

only prominent in Tubb3-positive cells (Fig. 5i). Counting of uni and ext puncta indicated 

that Calm1-L is mostly enriched in Tubb3-positive neurons in DRG (Fig. 5j). Analysis of 

primary hippocampal cultures similarly revealed that the Calm1 ext signal was significantly 

enriched in Tubb3-positive neurons (Fig. 5k,l). Together with the RNA-seq analysis of 

isolated brain cells, these data show that Calm1-L expression is enriched in neurons.  
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Figure 5. Calm1-L expression is enriched in neurons 
(a) Diagram showing Northern blot and DIG in situ probes to detect either both isoforms 
(uni) or specifically the long 3′ UTR isoform (ext). (b) Northern blot of an array of tissues 
collected from adult mice probed with uni probes showing Calm1-S (bottom arrow) and 
Calm1-L (top arrow). The ratio of Calm1-L normalized to total Calm1 (sum of Calm1-S 
band intensity and Calm1-L) is shown. (c) Northern blot performed with ext probe. The 
same blot was stripped and re-probed for the housekeeping gene Psmd4 as a loading 
control. (d) DIG in situ hybridization of E13.5 embryo and 8w brain using the uni probe 
showed universal expression of Calm1 showing strong signal in the nervous system 
including forebrain (FB), midbrain (MB), hindbrain (HB), spinal cord (SC), dorsal root 
ganglion (DRG), cortex, and hippocampus (Hpc). (e) DIG in situ performed with the ext 
probe showed neural tissue-specific expression pattern of Calm1-L with particularly 
strong signals in the DRG and Hpc. (f) RNA-seq tracks from purified neurons, microglia, 
astrocytes, newly formed oligodendrocytes, and endothelial cells are visualized. Calm1-
L gene model is shown as annotated and Calm1-S gene model was illustrated based 
on the sequencing read coverages. Read coverage in the long 3′ UTR is particularly 
high in neurons. (g) QAPA was used to estimate the fraction of Calm1-S and Calm1-L 
found in each RNA-seq dataset. The Poly(A) usage indicates that Calm1-L is indeed 
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Subcellular localization of Calm1-L 

Calm1 mRNA, without distinguishing between Calm1-S or -L, has been shown to 

be localized to axons and dendrites in multiple studies (Zivraj et al. 2010; Gumy et al. 2011; 

Kobayashi et al. 2015; Wang et al. 2015; Preitner et al. 2016; Zappulo et al. 2017; Tushev 

et al. 2018). Given earlier work showing that elements present in long 3′ UTRs of importin 

β1 and Impa1 are involved in mRNA localization to axons (Perry et al. 2012; Andreassi et 

al. 2010), we hypothesized that Calm1-L might be specifically localized to axons. To test 

this hypothesis, we cultured dissociated embryonic DRG neurons in compartmentalized 

chambers or on glass coverslips and performed smFISH. DRG neurons are unipolar cells 

with a single axon stem bifurcating into a peripheral and a central branch, and use of 

embryonic DRG allows a high efficiency of isolating neurons (Melli and Höke 2009). 

Previous studies have shown total Calm1 expression in sensory neuron axons by multiple 

approaches, including FISH, microarray, and RNA-Seq analysis of axonal transcriptomes 

(Zivraj et al. 2010; Gumy et al. 2011; Wang et al. 2015; Preitner et al. 2016). In agreement 

with these studies, we found that the probes targeting both Calm1 isoforms (uni) revealed 

signal in soma and axons (Fig. 6a,b). Calm1-L expression is indicated by white puncta in 

these experiments due to co-localization of uni (cyan) and ext (magenta) signals (Fig. 6a). 

We found that Calm1-L showed little to no signal in DRG axons (Fig. 6b′, b′′). To confirm 

enriched in neurons. 2 replicates for each cell type. (h) Diagram showing RNAscope 
smFISH probe locations. (i-j) smFISH performed for total Calm1 (uni) or Calm1-L (ext) 
transcripts in primary DRG culture co-labeled with β3 Tubulin (Tubb3) neuronal marker. 
Most cells showed robust uni signals while ext signals were restricted in Tubb3-positive 
cells. Significance was determined using a t-test, ****: p <= 0.0001. n = 58 Tubb3-pos 
cells, n = 23 Tubb3-neg cells. (k-l) smFISH performed in primary hippocampal culture 
showing the same trend. Significance was determined using a t-test, ****: p <= 0.0001. 
n = 17 Tubb3-pos cells, n = 9 Tubb3-neg cells. 
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this expression pattern, we re-analyzed public RNA-seq data obtained from isolated axons 

of DRG/spinal cord (Minis et al. 2014). QAPA analysis revealed the relative expression of 

the long 3′ UTR to be 23% in whole DRG. In isolated axons, there was less relative 

expression of the long 3′ UTR (11%) (Supplemental Fig. 1a). This result is consistent 

with our FISH data showing less enrichment of Calm1-L in axons (Fig. 6c). 

A recent study that employed global analysis of 3′ end sequencing found Calm1-L 

to be enriched over Calm1-S expression in the rat hippocampal neuropil (Tushev et al. 

2018), which is a region that comprises axons, dendrites, synapses, interneurons, and glia 

(Cajigas et al. 2012). In order to assess subcellular localization patterns of Calm1 3′ UTR 

isoforms in mouse hippocampal neurons, we cultured postnatal day 0 (P0) mouse 

hippocampal neurons and performed smFISH. β3Tubulin marker was co-labeled to 

identify neurons. We could not simultaneously monitor short and long isoforms along with 

multiple cellular markers (for example, both β3Tubulin and Tau to distinguish axons and 

dendrites) by fluorescence microscopy, thus we refer to all neuronal extensions as 

“processes” for this analysis. The short 3′ UTR isoform was found in both soma and 

processes (cyan signals in Fig. 6d′′). In contrast to the results observed in DRG neurons, 

Calm1-L was found to be localized in hippocampal neuron processes (Fig. 6d′, d′′ white 

signals depicted with arrowheads). Quantification of the number of localized puncta per 

neuron and maximum distance of travel for each isoform revealed no significant difference 

between the two Calm1 isoforms (Fig. 6e, Supplemental Fig. 1b). However, the distance 

of travel from the center of the soma out to processes was found to be significantly different 

between Calm1-S and Calm1-L, largely due to enriched Calm1-S distribution in the soma 

(Fig. 6f). Collectively, these results show that Calm1-L is not expressed outside of the 

soma in DRG, but is expressed in both soma and processes in hippocampal neurons.  
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Figure 6. Subcellular localization of Calm1-L. 
(a) Diagram showing RNAscope smFISH probe locations. When uni and ext images are 
merged, Calm1-L isoforms are shown as colocalized (white) puncta. (b) smFISH 
showed robust axonal localization of Calm1-S (uni) but Calm1-L (ext/magenta in b′ or 
white punta in b′′) was observed in DRG axons. (c) When the number of axonal uni or 
ext puncta were counted, uni signals were robustly found in the axons of DRG neurons 
but little to no ext signals were found in the same regions. Significance was determined 
using a t-test, ****: p <= 0.0001. n = 30 neurons. (d) In primary hippocampal neurons, 
both Calm1-S and Calm1-L were observed in soma and neuronal processes. (e) The 
number of puncta corresponding to Calm1-S and Calm1-L transcript in the hippocampal 
processes was not found to be significantly different. Significance was determined using 
a t-test, ns: p > 0.05. n = 15 neurons. (f) Analysis of the distance of travel for all the 
Calm1-S and Calm1-L signals showed the overall distribution is different between two 
mRNA isoforms. Analysis done in n = 15 neurons (Calm1-L 684 puncta, Calm1-S 907 
puncta). Significance was determined using a Wilcoxon test, ***: p <= 0.001.  
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Generation of Calm1 long 3′ UTR deletion mice using CRISPR-Cas9 

To investigate the functional role of neuron-enriched Calm1-L in vivo, we employed 

CRISPR-Cas9 gene editing to generate a series of mouse lines that lacked the expression 

of Calm1-L. We aimed to generate a mutant line which did not harbor any foreign DNA 

sequences to promote usage of the proximal polyA site over the distal polyA site. We 

designed 6 single guide RNAs (gRNAs) targeting the Calm1 locus that we anticipated 

would result in three different deletions (Fig. 7a).  

Deletion mice strains were generated by injection of all 6 gRNAs along with mRNA 

encoding Cas9 endonuclease. From 11 founder mice we isolated 3 lines each harboring 

different deletions that we confirmed using Sanger sequencing. Deletion 1 removed 

sequence encompassing the long 3′ UTR, including the distal polyA site. Deletion 2 

removed the majority of the sequence comprising the long 3′ UTR, save for the distal polyA 

site. This strategy brought the proximal and distal polyA sites adjacent to one another, 

which we surmised might ensure cleavage at this region and prevent selection of cryptic 

polyA sites further downstream. Deletion 3 was designed to remove the distal polyA site, 

in anticipation that although the long 3′ UTR would be transcribed, it would not be cleaved 

and polyadenylated, thus preventing biogenesis of mature Calm1-L mRNA.  

The effectiveness in preventing Calm1-L biogenesis in these three lines was 

determined by Northern blot analysis using the uni probe (Fig. 5a). We chose to analyze 

cortex samples instead of smaller tissues because a great deal of starting RNA is required 

to perform these mRNA Northern blots. Remarkably, each deletion strategy had the 

desired outcome. We found that Deletions 1 and 3 exhibited complete loss of Calm-L 

transcripts (Fig. 7b). As anticipated, Northern analysis of deletion 2 line showed a band  
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Figure 7. Generation of Calm1 long 3′ UTR deletion mice using CRISPR-Cas9. 
(a) Diagram of the strategies used to eliminate the production of mature long Calm1 3′ 
UTR transcripts. Six gRNAs (g1-g6) were injected simultaneously to generate a variety 
of deletions (Deletion 1 - 3). (b) Calm1 Northern blot of adult cortex from three deletion 
strains and control littermate demonstrating successful deletion of the long Calm1 3′ 
UTR isoform. Note the Deletion 2 line generates a new isoform with a truncated long 3′ 
UTR due to the preservation of the distal PAS. Transcripts from the Calm2 and Calm3 
genes were found to be unaltered. Psmd4 used as a loading control. (c) Complete loss 
of Calm1-L in the Calm1ΔL/ΔL (Deletion 3) hippocampal neurons has been confirmed by 
lacked smFISH signals representing Calm1-L. (d) DIG in situ performed in the 
Calm1ΔL/ΔL (Deletion 3) embryo also revealed no expression of Calm1-L. 
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migrating slightly higher than the Calm1-S band, indicating the biogenesis of an ectopic 

transcript slightly longer than Calm1-S due to the second PAS (Fig. 7b). Transcripts from 

the Calm2 and Calm3 genes were also monitored by Northern blot and were found to be 

unaltered (Fig. 7b; for full blots, see Supplemental Fig. 2). 

In deciding on which line to carry out phenotypic analysis, we surmised that 

deletion 2 was the most confounding because an ectopic transcript was generated. The 

deletion 1 and 3 strategies both had the desired effect on Calm1–L loss without altering 

total Calm1 levels. We proceeded with phenotypic analysis on the deletion 3 allele 

because it had the smallest amount of genomic sequence deleted (164 bp) and thus 

reasoned that it was the least likely to have alterations in genomic elements such as 

unknown enhancer elements that could be present in the long 3′ UTR-encoding region. 

This mouse deletion line 3 was re-named Calm1ΔL/ΔL. 

We further verified the complete loss of Calm1-L in the Calm1ΔL/ΔL hippocampus 

using StellarisÒ smFISH and in the DRG by ISH. Cultured hippocampal neurons from the 

Calm1ΔL/ΔL mice completely lacked signal representing Calm1-L (Fig. 7c). ISH for Calm1-

L performed in E13.5 embryo sections also revealed no expression (Fig. 7d). We 

confirmed by Sanger sequencing that the Calm1ΔL/ΔL line did not harbor unintended 

mutations at predicted gRNA off target sites. (Supplemental Fig. 3).  

 

Calm1ΔL/ΔL mice exhibit DRG axon development defects 

Given the pronounced expression of Calm1-L in DRG (Fig. 5e) we examined 

Calm1ΔL/ΔL embryos for DRG developmental defects. The DRG is a series of ganglia in 

the peripheral nervous system derived from neural crest cells, which by early embryonic 

stage E10.5 have already begun to form distinct ganglia adjacent to the spinal neural tube 

caudal to the hindbrain (Le Douarin and Smith 1988; Marmigere and Ernfors 2007) (Fig. 
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8a). Cell bodies of the DRG send out dorsolateral axon projections concurrent with 

neurogenesis during this stage in development (Marmigere and Ernfors 2007). Unlike 

DRG that form adult structures, the first cervical (C1) DRG is a temporary embryonic 

population that loses its dorsolateral axonal projections and progressively undergoes 

programmed cell death from E10.5 to ~E12.5 (Fanarraga et al. 1997; van den Akker et al. 

1999). The axons and cell bodies of the C1 DRG in Calm1ΔL/ΔL embryos at E10.5 were 

found to be severely disorganized relative to Calm1+/+ embryos (Fig. 8b,c). Large groups 

of cell bodies of the C1 DRG in mutant embryos translocated rostral into the hindbrain 

adjacent to the accessory nerve (n.xi) tracks (Fig. 8c-c′′). At the same location in Calm1+/+ 

embryos, there were fewer translocating C1 DRG bodies that far rostral and disorganized 

(Fig. 8b-b′′).  The C1 DRG cell bodies in Calm1ΔL/ΔL grouped together in smaller ganglia 

(Fig. 8c-c′′). Axons branching off these cell bodies projected aberrantly and were tightly 

fasciculated (Fig. 8c′, see arrows).  Some Calm1ΔL/ΔL axons projected longitudinally, which 

was in contrast to the dorsolateral projections seen in non-C1 DRG (see Methods). 

Significantly more C1 DRG cell bodies rostrally migrated in the mutants compared to 

controls (Fig. 8d,e). Lastly, we quantified the number of fascicles projecting off the C1 

ganglia and found there were significantly higher numbers emanating from Calm1ΔL/ΔL 

DRG compared to Calm1+/+ (Fig. 8f). Together these data show that loss of Calm1-L 

impairs C1 DRG axon development and restricts rostral cell migration. We reasoned that 

the impairment of DRG development in Calm1ΔL/ΔL was a result of altered translation of 

Calm1 resulting from loss of the long 3′ UTR isoform. We thus performed Western analysis 

for CaM in wild type and mutant dissected E13.5 DRG. Note that three genes encode 

identical CaM protein, thus this analysis cannot uniquely report on CaM generated from 

Calm1.  Western analysis was performed using capillary immunoassay due to the low 
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Figure 8. Calm1ΔL/ΔL mice exhibit DRG axon development defects 
Developing C1 DRG exhibit axonal and cell body migration disorganization in Calm1ΔL/ΔL 
E10.5 embryos. (a) Schematic of Calm1+/+ E10.5 embryo highlighting the morphology 
of the C1 and C2 DRG axons and cell bodies. (b-c) Whole mount Calm1+/+ and 
Calm1ΔL/ΔL DRG morphology visualized by anti-Tubb3 labeling. (b) The cell bodies of 
the C1 DRG (arrowhead) in Calm1+/+ embryos are bundled together to form a distinct 
ganglion. The neurites of the C2 DRG can be seen projecting ventrally in an organized 
bundle. (c) The C1 DRG in Calm1ΔL/ΔL animals is disorganized and consists of clusters 
of cell bodies (arrowheads) that extend bundles of axons (arrows).  The C1 DRG cells 
of deletion animals migrate rostral relative to Calm1+/+ and are adjacent to the n.xi tract 
(b′, c′). Enlarged view of single optical section of same Z-stack from (b) and (c) focusing 
on disorganized mutant cell body morphology of ganglion that aberrantly migrated more 
rostral relative to control.  (d-f) In order to start measurements in the same relative 
location between embryos, n.xii was used as an anatomical landmark to set a beginning 
of measurements, indicated by the grey dashed lines in (b′′, c′′). (d) Quantification of 
area of ectopic cells bodies observed for developing DRG. (e) Distance of aberrantly 
clustered cells bodies in Calm1+/+ and Calm1ΔL/ΔL. (f) Quantification of the number of 
axon bundles projecting off C1 ganglia. Significance determined by a t-test; n=4 C1 
DRG Calm1+/+; n=5 C1 DRG Calm1ΔL/ΔL. n.xi= accessory nerve, n.xii=hypoglossal 
nerve. (g) Capillary western analysis of Calm1+/+ and Calm1ΔL/ΔL embryonic DRG 
showing no change in overall protein levels. Significance was determined using a t-test, 
p = 0.802; n=3. 
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amounts of DRG material recovered from dissection. Western analysis failed to identify a 

significant change in CaM levels between Calm1+/+ and Calm1ΔL/ ΔL embryonic DRGs (Fig. 

8g).  

 

Subcellular localization of Calm1 and CaM levels are unaltered in Calm1ΔL/ΔL 

hippocampus.  

Next, we examined whether Calm1ΔL/ΔL mutants experience neurological defects 

in the central nervous system. We directed our attention to the hippocampus given the 

high expression of Calm1-L in this tissue (Fig.1e). First, we characterized whether the loss 

of Calm1-L transcripts altered the total amount of total Calm1 transcripts or CaM protein 

in the hippocampus. qRT-PCR and Western blot analysis revealed no changes in total 

Calm1 RNA or CaM protein levels between Calm1+/+ and Calm1ΔL/ΔL (Fig. 9a,b). 

Additionally, we assessed changes in Calm1 mRNA localization into the processes of 

hippocampal neurons. smFISH analysis in both Calm1+/+ and Calm1ΔL/ΔL hippocampal 

neurons showed that the deletion of Calm1-L did not significantly impair localization of 

Calm1 mRNAs in hippocampal neurons (Fig. 9c,d). Thus, our results suggested that the 

overall Calm1 mRNA levels, subcellular localization of Calm1 mRNAs, or CaM protein 

levels are not significantly altered in Calm1ΔL/ΔL hippocampus compared to Calm1+/+.  
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Figure 9. Characterization of Calm1 isoforms in the hippocampus 
(a) qRT-PCR analysis revealed no changes in total Calm1 (uni) RNA levels between 
Calm1+/+ and Calm1ΔL/ΔL while the Calm1-L expression is abolished in Calm1ΔL/ΔL 

hippocampus. Significance was determined using a t-test, ns: p > 0.05, **: p <= 0.01, n 
= 4 mice. (b) Western blot analysis of Calm1+/+ and Calm1ΔL/ΔL adult hippocampus 
showing no change in overall protein levels. Significance was determined using a t-test, 
p = 0.287; n = 3 mice. (c-d) smFISH analysis in both Calm1+/+ and Calm1ΔL/ΔL 

hippocampal neurons showed that the deletion of Calm1-L did not significantly impair 
localizing potential of Calm1 mRNAs in hippocampal neurons. Significance was 
determined using a Wilcoxon test, ns: p > 0.05; n = 19 Calm1+/+ neurons (739 puncta), 
n = 26 Calm1ΔL/ΔL neurons (802 puncta).  
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Calm1ΔL/ΔL mice exhibit reduced hippocampal IEG expression in response to 

enriched environment exposure. 

CaM is an integral part of CaMK, Calcineurin, and MAPK signaling pathways which 

are involved in synaptic transmission and plasticity (Xia and Storm 2005; Sethna et al. 

2016; Pang et al. 2010; Hagenston and Baing 2011). Ca2+ signaling mediates synaptic 

plasticity via post-translational alterations and initiating signaling cascades resulting in de 

novo transcription (Greer and Greenberg 2008; Hagenston and Bading 2011). With this in 

mind, we hypothesized the Calm1-L might impact CaM-dependent synaptic transmission 

and/or plasticity. As a proof of principle, we used an enriched environment (EE) paradigm 

to induce experience-driven expression of immediate early genes (IEGs) in Calm1ΔL/ΔL 

hippocampi and compared it to Calm1+/+. IEG expression, especially the canonical 

example of cFos induction, is a marker of neuronal activation and is considered to be 

required for learning and synaptic plasticity (Yap and Greenberg 2018). 

Exposure to environmental novelty leads to a selective increase of cFos in the rat 

Cornu Ammonis 1 (CA1) region (VanElzakker et al. 2008) and novel object and place 

induces cFos expression in the rat CA1 (Ito and Schuman 2012). Immediately after 

exposing the mice to EE for 1.5 hours, animals were sacrificed, and brains were collected. 

EE-induced expression of cFos was compared in Calm1+/+ and Calm1ΔL/ΔL CA1 (Fig.10a-

c). In home-cage control groups, less than 2% of cells in CA1 were cFos-positive. This is 

consistent with previous reports that showed cFos expression in the home cage condition 

is extremely low, with numerous sections containing no positive neurons (Drew et al. 

2011). As expected, EE induced cFos expression in CA1 to 31.9 ± 12.5% in Calm1+/+ 

mice (Fig. 10b,c). The EE induction of cFos expression in Calm1ΔL/ΔL mice was 

significantly reduced compared to wild type controls (19.8 ± 9.1%) (Fig. 10b,c,  



 66 

 

Supplemental Fig. 4a). Analysis of Npas4, another IEG that is also activated in response 

to neuronal activity (Sun and Lin 2016), consistently showed reduced expression in the 

Calm1ΔL/ΔL hippocampus (Supplemental Fig. 4b). 

The EE paradigm is influenced by multiple factors that mediate neural responses 

including social interaction, sensory stimulation, learning, and motor activity (Alwis and 

Rajan 2014). In order to exclude the possibility that the impaired locomotor function of 

 

Figure 10. Calm1-L loss reduces hippocampal IEG expression in response to 
enriched environment exposure. 
(a) Graphic illustration of enriched environment used in this study and the CA1 region 
shown in (b). (b) Representative images showing EE-induced expressions of cFos in 
Calm1+/+ and Calm1ΔL/ΔL CA1. (c) Percentages of cFos-positive cells in whole CA1 
region was quantified in FIJI/ImageJ. Significance was determined using a t-test, ***: p 
<= 0.001. n = 6 mice (2 hemispheres in 2 brain sections for each mouse). (d) Levels of 
total distance traveled, mean speed, time spent in periphery and exploration areas of 
Calm1+/+ and Calm1ΔL/ΔL mice were compared using open field test. Significance was 
determined using a t-test in n = 4 mice; ns: p > 0.05.  
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Calm1ΔL/ΔL mice might have impacted EE induced IEG expression, we performed an open 

field test. Both Calm1+/+ and Calm1ΔL/ΔL genotypes showed similar levels of total 

ambulatory distance, mean speed, time spent in periphery, and time spent in exploration 

area (Fig. 10d). Thus, locomotor function and exploratory behavior were not altered by 

loss of Calm1-L under these conditions.   

 We also performed CaM western blot of hippocampal lysates from Calm1+/+ and 

Calm1ΔL/ΔL mice exposed to the enriched environment (Supplemental Fig. 4c), and found 

total CaM protein levels to be unchanged. This result was similar to what was observed in 

Jones et al., where total CaM level in the hippocampus was unchanged in response to 

novel-context exposure (Jones et al. 2018). Again, our results show that total CaM level 

was not altered by the deletion of Calm1-L or by experience-dependent neuronal 

activation. 

 

Calm1-L is less stable than Calm1-S 

Unable to pinpoint the exact molecular defect responsible for the phenotypes in 

DRG and hippocampus resulting from Calm1-L loss, we turned our attention to the mRNA 

stability of Calm1 3′ UTR isoforms. A commonly used technique to estimate the half-life of 

mRNAs is tracing transcripts by qRT-PCR during a timeframe after blocking transcription. 

Due to Calm1-S and Calm1-L isoforms sharing a common short 3′ UTR region, we cannot 

quantify Calm1-S exclusively using qRT-PCR approaches in wild type tissue. To 

overcome this, we used Calm1ΔL/ΔL mice to measure the stability of Calm1-S. Extension 

qRT-PCR primers (ext) were used to detect Calm1-L from Calm1+/+ samples, and 

universal qRT-PCR primers (uni) were used to uniquely detect Calm1-S from Calm1ΔL/ΔL 

samples (Supplemental Fig. 5). Hprt was quantified as a normalizing gene (La Fata et al. 

2014). Primary cortical neurons were treated with actinomycin D and samples collected 
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immediately and at 3, 6, and 8 h post-treatment. An exponential regression equation was 

fitted to the relative abundance of each isoform across the timepoints as relative amount 

= e-kdecay*time and the half-life was estimated for each transcript. Calm1-S was found to 

have a longer half-life (t1/2= 5.9 ± 1.4 h) compared to Calm1-L (t1/2= 2.6 ± 0.6 h) 

(Supplemental Fig. 5a). When Calm1 transcript levels were normalized to the stable Hprt 

transcripts, Calm1-S was consistently found to be more stable than Calm1-L 

(Supplemental Fig. 5b). To discard the possibility that Calm1ΔL/ΔL line might have overall 

RNA decay/stability pathways affected due to the genomic manipulation, we also 

measured the total Calm1 levels using uni primers in the Calm1+/+ samples. This again 

showed that the total Calm1 in Calm1+/+ samples has higher stability compared to the 

Calm1-L (Supplemental Fig. 5c). Thus, we conclude that Calm1-S isoform has a higher 

half-life compared to Calm1-L isoform.  

Since enhanced RNA secondary structure affects mRNA half-life in mammalian 

systems (Sun et al. 2019), we examined predicted secondary structures in the long versus 

short 3′ UTRs (Bellaousov et al. 2013). We calculated the length-normalized minimum 

thermodynamic free energy (-DG/nt) of predicted RNA structures (Fischer et al. 2020) and 

estimated the structural complexity of the 3′ UTRs in Calm1-S and Calm1-L 

(Supplemental Fig. 6). This analysis suggested more complex RNA structures are found 

in the Calm1-L 3′ UTR (-DG/nt = - 0.297) compared to the Calm1-S 3′ UTR (-DG/nt = - 

0.248). Thus, differential RNA structure could account for mRNA stability differences 

between Calm1-S and Calm1-L. 

 

3. Discussion 

Here, we successfully implemented CRISPR-Cas9 gene editing in mice to 

eliminate expression of a long 3′ UTR isoform while not altering the expression of its 
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corresponding short 3′ UTR isoform. To our knowledge, this is the first successful 

implementation of such an approach specifically for a long 3′ UTR isoform in vivo. We 

found that elimination of the Calm1 long 3′ UTR isoform impaired both development of the 

DRG in embryos and activation of adult hippocampal neurons, thus establishing a 

functional role for Calm1-L in the peripheral and central nervous systems. Our method for 

long 3′ UTR deletion using CRISPR-Cas9 adds an important new tool for the 

characterization of APA-generated long 3′ UTR transcript isoforms.  

Despite the prevalence of alternative length 3′ UTR isoforms in metazoan genomes, 

few physiological roles for these transcripts using loss-of-function genetic approaches 

have been identified. In a previous study, an in vivo neurological function for the Bdnf long 

3′ UTR isoform was identified by generating a transgenic mouse that had tandem SV40 

polyA sites inserted downstream of the proximal polyA signal to prevent biogenesis of the 

long 3′ UTR (An et al. 2008). Our strategy for generating loss of long 3′ UTR isoforms is 

less confounding because artificial regulatory sequences are not inserted into the genome. 

Including these strong regulatory sequences generates chimeric short 3′ UTR transcripts, 

which can affect cleavage and polyadenylation dynamics in unexpected ways.   

We employed multiple gRNAs for CRISPR-Cas9 gene editing because it was not 

clear which, if any, of our deletion strategies would effectively prevent Calm1 long 3′ UTR 

biogenesis. One concern was that removal of the distal polyA site might result in activation 

of downstream cryptic polyA sites. Remarkably, a single injection of this gRNA cocktail led 

to three different deletions which all prevented Calm1-L expression. We used mice 

generated by deletion strategy #3 for our analysis because this completely eliminated 

Calm1-L expression and only removed 164 bp of sequence encompassing the distal polyA 

site. However, the other two deletion strategies might be worth considering for removing 

long 3′ UTR isoforms for other genes. For example, one advantage of deletion #1 strategy 
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(which eliminates most of the long 3′ UTR and distal polyA site) is that it leaves no 

possibility for generating the long 3′ UTR isoform. However, implementing CRISPR for 

eliminating 3′ UTRs of extreme lengths (> 10 kb) is likely to be of very low efficiency. 

Deletion strategy #2 removes the sequence in between the proximal and distal polyA sites. 

The major confounding factor for this strategy is that an ectopic, truncated mRNA slightly 

longer than the short isoform is produced due to the distal polyA site remaining intact. Still, 

this approach could be useful because bringing two adjacent polyA sites in proximity is 

likely to prevent usage of downstream cryptic polyA sites.  

Genome-wide analyses consistently have found Calm1 to be subcellularly 

localized in neurons (Gumy et al. 2011; Tushev et al. 2018). In accordance with these 

data, our smFISH experiments show Calm1 mRNA subcellular localization to processes 

in both DRG and hippocampus. A well characterized example of a gene with different 

subcellular localizations of 3′ UTR isoforms is Bdnf. Bdnf-L is dramatically enriched in 

dendrites compared to the soma restricted Bdnf-S, and removal of the long 3′ UTR isoform 

was found to prevent mRNA localization into dendrites (An et al. 2008). We had 

hypothesized that the long 3′ UTR of Calm1 might serve a similar role–  however, smFISH 

experiments revealed that both the short and long 3′ UTR isoforms were expressed in the 

processes of hippocampal neurons, and only the short 3′ UTR isoform was found in DRG 

axons (Fig. 6). Thus, cis-elements uniquely found in the long 3′ UTR of Calm1 do not drive 

the axon/dendrite localization of Calm1 mRNAs. Along these lines, recent genome-wide 

analysis of transcript isoform localization in somata versus neuropil similarly did not 

uncover a bias for longer 3′ UTR APA isoforms to be particularly localized to neuropil 

(Tushev et al. 2018).  

Neural development requires execution of precise gene regulatory programs in 

response to extracellular cues, which results in cytoskeletal rearrangements allowing for 
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the formation of neural circuits (Tessier-Lavigne and Goodman 1996). In recent years, 

gene regulation at the post-transcriptional level has been emerging as an important aspect 

of axon growth and guidance (Holt and Schuman 2013; Zhang et al. 2019b, 2019a). In 

particular, there are many examples of local translation occurring in the developing growth 

cone in response to extracellular cues (Campbell and Holt 2001; Lin and Holt 2007; 

Shigeoka et al. 2013; Zivraj et al. 2010). Our data suggests that Calm1-L is important for 

C1 DRG cell body migration and axon extensions during development. This was evident 

from in vivo experiments that displayed dramatically disorganized cell bodies and 

abnormal axonal extensions in the C1 population of DRG in Calm1ΔL/ΔL embryos (Fig. 8). 

Future studies are needed to determine how Calm1-L is involved in DRG cell body 

positioning and axon outgrowth given that we did not observe a role for altered CaM 

protein nor altered axonal localization of Calm1-L. 

EE-induced IEG expression was impaired in the hippocampus of our Calm1ΔL/ΔL 

mice. IEGs play key roles in synaptic plasticity, social and cognitive functions (Chung 2015; 

Coutellier et al. 2012). It has been shown that blocking CaM activity inhibits long-term 

potentiation (Malenka et al. 1989), supporting a critical role of CaM in synaptic plasticity. 

It is thus possible that loss of Calm1-L in Calm1ΔL/ΔL mice impairs synaptic plasticity and/or 

cognitive functions. Despite the impairment in IEG activation, we found that CaM levels 

were unchanged in the hippocampus of Calm1ΔL/ΔL mice. It is possible that Calm1 is not 

regulated by activity-induced local translation. Alternatively, CaM translational changes 

resulting from Calm1-L loss might be restricted to certain subcellular regions, such as the 

activated synapse. Indeed, the activity-induced translation of Calm1 has been supported 

by synaptoneurosome polysome fractionation experiments which showed a very small but 

significant enrichment of Calm1 mRNAs in the heavy-polysome fraction after NMDAR-

activation via NMDA and glutamate (Jones et al. 2018). Further investigation into the role 
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of Calm1-L in activity-induced synaptic translation of Calm1 would be enabled by 

generating a mouse harboring an epitope tag fused to the Calm1 coding sequence in the 

Calm1+/+ and Calm1ΔL/ΔL backgrounds. Combined with spatiotemporal analysis of 

translation using a method such as Puro-PLA (Tom Dieck et al. 2015), such a transgenic 

line could be used to determine how Calm1-L 3′ UTR loss impacts activity-induced CaM 

translation specifically from the Calm1 locus in vivo.  

Finally, it is worth considering that the long 3′ UTR of Calm1-L might not be 

particularly important for cis-regulation of Calm1 translation. Instead of impacting 

translation of their host genes, some long 3′ UTR isoforms act as scaffolds for assembling 

proteins that later form complexes with the protein being translated (Lee and Mayr 2019; 

Brigidi et al. 2019). Long 3′ UTRs have non-coding functions that are completely removed 

from the functions of the encoded protein. For example, long 3′ UTR isoforms of Ube3a1 

functions as a miRNA sponge in the synaptodendritic regions independent of its protein-

coding ability, and a non-translatable long 3′ UTR isoform of Tp53inp2 is involved in TrkA 

receptor internalization in axons (Valluy et al. 2015; Crerar et al. 2019).  

The mechanism of how Calm1 long 3′ UTR isoform loss impairs neuronal 

development and function remains unclear. Nonetheless, our approach has uncovered 

neural phenotypes both in the PNS and CNS resulting from the loss of a long 3′ UTR 

isoform in mice. We have demonstrated an effective strategy for eliminating long 3′ UTR 

isoforms via CRISPR/Cas9 gene editing without affecting short 3′ UTR expression. 

Thousands of alternative long 3′ UTR isoforms documented in mice are of unknown 

physiological relevance (Miura et al. 2013). The CRISPR approach described here can be 

used to generate deletion strains on a gene-by-gene basis to determine which long 3′ UTR 

isoforms have in vivo functional relevance.  
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4. Materials and Methods 

Animal Use and Tissue Collection 

All mice were housed in an environmentally controlled facility under the supervision 

of trained laboratory support personnel. Animal protocols were approved by the University 

of Nevada, Reno Institutional Animal Care and Use Committee (IACUC) and in 

accordance with the standards of the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals.  

For embryo collection, crossed female mice were monitored daily for vaginal plugs, 

with positive identification being counted as E0.5 at noon that day. Pregnant mice were 

euthanized at noon using CO2 asphyxiation, and then cervical dislocation was performed. 

E10.5 and E13.5 embryos were extracted in PBS. Embryos were immediately used for 

fresh tissue collection or fixed in 4% PFA in PBS by immersion. Postnatal day 0 (P0) – P1 

pups were euthanized by decapitation and tissues were collected in cold PBS or HBSS. 

For adult tissue RNA or protein extraction, dissected tissue was flash frozen in liquid 

nitrogen and stored at – 80 °C or immediately used. To obtain fixed tissues, 7-9 weeks-

old animals were euthanized by overdose of isoflurane inhalation followed by transcardial 

perfusion with abundant PBS and 4% PFA in PBS.  

 

RT-qPCR and Northern Analysis 

Flash frozen tissue was pulverized using a Cellcrusher™ tissue pulverizer. RNA 

was then extracted using the RNeasy Plus Universal Mini Kit (Qiagen) or Trizol (Qiagen) 

method and quantified using a NanoDrop spectrophotometer. For RT-qPCR, 1 or 2 μg of 

RNA was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen) or 

Maxima Reverse Transcriptase (Invitrogen). The cDNA reaction was diluted 5-fold in 

ultrapure water for use in RT-qPCR. RT-qPCR was performed using SYBR™ Select 
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Master Mix for CFX (Applied Biosystems). The BioRad CFX96 real time PCR machine 

was used to carry out real time PCR and results were analyzed using the delta-delta CT 

method. For Northern analysis, PolyA+ RNA was extracted from total RNA using 

NucleoTrap mRNA kit (Machery-Nagel). Northern Blot analysis was performed as 

previously described (Miura et al. 2013). Briefly, polyA+ RNA samples (2 μg) was 

denatured in glyoxal and run in BPTE gels prior to downward transfer followed by Northern 

blotting using 32-P dCTP labeled DNA probes (sequences of primers used to generate 

probes are found in Supplemental Table 1-1). Blots were exposed overnight until desired 

intensity of signals was detected using Typhoon FLA7000 phosphoimager (GE). 

 

Digoxigenin in situ hybridization 

Riboprobes were generated via in vitro transcription using DIG RNA labeling mix 

(Roche) for the same probe regions as in Northern blot analysis. Sucrose cryoprotected 

E13.5 embryos or adult brains were embedded in O.C.T compound and cryosectioned at 

16 -18 µm. Sections were treated in antigen retrieval solution for 5 minutes in 95°C water 

bath and washed in water twice. To aid permeabilization, slides were immersed in ice-cold 

20% (v/v) acetic acid for 20 sec. Upon dehydration in sequential washes in 70 – 100% 

ethanol, slides were stored at -20°C until use. Approximately 30 ng riboprobes were used 

in each hybridization at 65°C overnight. Stringent washes were performed in SSC buffer 

(50% formamide in 2x SSC and 0.5x SSC). Anti-DIG-AP Fab antibody (Roche) incubation 

was performed in 2% BSA in MABT solution for 1h at room temperature. Color 

development was carried out using NBT and BCIP (Roche) at room temperature until 

desired coloring was observed (between 16 to 20 hours). Leica DM IL LED microscope or 

Keyence BZ-X710 all in one fluorescence microscope was used for imaging and stitched 

automatically.  
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RNA-seq analysis for 3′ UTR alternative polyadenylation identification 

RNA-seq datasets for neuron, microglia, astrocyte, oligodendrocyte, and 

endothelial cells were downloaded from GEO accession series GSE52564, and datasets 

for DRG and isolated axons from GSE51572. Datasets were aligned and processed using 

HISAT2, Samtools, and Bamtools. Bam or bedgraph files were loaded into IGV for track 

visualization. For 3′ UTRs alternative polyadenylation analysis, 3′ UTRs reference was 

built according to QAPA algorithm with the exception of slight modification for Calm1 3′ 

UTRs. Original QAPA reference contained 6 Calm1 3′ UTR isoforms, but unconfirmed 

shorter isoforms were omitted for accurate quantification of only Calm1-S and Calm1-L 

expressions. Isoform abundance was quantified using Sailfish and QAPA quant algorithms. 

PAU values from the output file were used for comparison of 3′ UTR expression in each 

cell types. 

 

Primary neuron culture 

DRGs from E13.5 mouse embryos were dissected in Neurobasal medium. Cells 

were dissociated with 0.25% trypsin and triturated with a gel-loading tip. Dissociated cells 

were plated on PDL and laminin coated compartmentalized chamber (Xona microfluidics, 

XC450) or coverslips in culture medium (DMEM supplemented with 1X Glutamax, 10% 

FBS, 25 ng/ml NGF, and 1X pen/strep). In particular for the compartmentalized chamber, 

the somal compartment was coated only with Poly-D-lysine (PDL) and supplemented with 

medium containing 10 ng/ml NGF instead of 25 ng/ml to promote the growing of axons 

through the microgroove and toward the axonal compartment. The cultures were 

maintained until DIV2 at 37 ºC with 5% CO2.  
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Cortices or hippocampi from P0 – P1 mouse pups were dissociated with 0.25% 

trypsin and plated in plating media (MEM supplemented with 0.5% w/v glucose, 0.2 mg/ml 

NaHCO3, 0.1 mg/ml transferrin, 10% FBS, 2 mM L-glutamine, and 0.025 mg/ml Insulin) 

onto PDL coated 6-well plates. After one day in vitro (DIV), the media was replaced with 

growth media (hippocampal- MEM supplemented with 0.5% w/v glucose, 0.2 mg/ml 

NaHCO3, 0.1 mg/ml transferrin, 5% FBS, 0.5 mM L-glutamine, and 2% B-27 supplement; 

cortical- Neurobasal media supplemented with 2% B27 supplement and 1X GlutaMax). 4 

µM AraC (Sigma-Aldrich) was added to the growth media at DIV1 - 2 to suppress the 

growth of non-neuronal cells and enrich post-mitotic neurons. The cultures were 

maintained until DIV7 at 37 ºC with 5% CO2. 

 

Single molecule fluorescence in situ hybridization  

Single molecule FISH (smFISH) was performed in primary neurons using Stellaris 

(LGC Biosearch Technologies) or RNAscope multiplex fluorescent assay according to 

manufacturer’s instruction. Briefly, Stellaris smFISH was carried out according to 

manufacturer’s protocol for adherent cells except that Wash buffer A was replaced with 

2X SSC and 10% formamide in ultrapure water, Hybridization buffer with 2X SSC, 10% 

formamide, 10X dextran-sulfate, and 250 nM probe. Hybridization was carried out for ~18-

24 hrs in the dark at 37 °C.  For RNAscope smFISH, cells were pre-treated with 

permeabilization solution and protease solution, and incubated with 1X probe solution 

(551281-C3 or C1 for extension probe and 556541-C2 for universal probe diluted in probe 

diluent) for 2 hours at 40ºC. Subsequently, Amp1-FL to Amp4-FL were hybridized to 

amplify FISH signals. To combine FISH and immunofluorescence, immunostaining 

procedure was performed after the Amp4-FL hybridization step. Anti-Tubb3 primary and 

secondary antibodies were incubated for 1 h at 37 ºC and RT, respectively. Samples were 
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counterstaining with DAPI and mounted in anti-fade buffer (10 mM Tris pH 8.0, 2X SSC, 

and 0.4% glucose in water) or ProLong diamond antifade mountant (Invitrogen). During 

image acquisition, control neuron slide that had been incubated in probe diluent without 

probes was used to set laser intensity to ensure no background signal was counted in 

experimental conditions. Laser intensity and detector range were kept constant among 

different conditions. FISH-quant (Mueller et al. 2013) was used for puncta counting of 

FISH signals and FIJI/ImageJ was used to measure the distance of travel of each FISH 

signal from the center of the nucleus.  

 

RNA Stability Assays and Structure Predictions 

Cortical neurons were treated with 1 μg/ml Actinomycin D at DIV6. Total RNA was 

collected in Trizol at 0, 3, 6, and 8 hours post-treatment. 1μg of RNA was reverse 

transcribed using Maxima Reverse Transcriptase (Invitrogen). RT-qPCR was performed 

as described above. To compare the relative stability of Calm1-S and Calm1-L isoforms, 

expression levels of each transcript for each time point were calculated relative to 0 hours 

using BioRad CFX Manager software and normalized to Hprt (a stable transcript control). 

To estimate the half-life of each transcript, expression level for each time point was 

calculated relative to 0 hours without normalizing to Hprt. Exponential regression 

equations were fitted for each degradation plot. Half-life of each transcript was calculated 

using Goal-seek function in Excel to find the time point where the relative amount of 

transcript was reduced to 50%. The half-life of each biological replicate was used to 

determine mean and standard deviation for each transcript.  

RNA structure prediction was performed in RNAstructure Web server (Bellaousov 

et al. 2013) with default setting and -ΔG/nt was calculated using the energy value given 

from the analysis and the length of the 3′ UTR (Fischer et al. 2020).  
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Western analysis 

For conventional western blot analysis, total protein was extracted in RIPA buffer 

supplemented with protease inhibitor tablet (Pierce). Protein samples were separated in 

15% discontinuous SDS-PAGE gel and transferred onto 0.2 μm PVDF membrane (Trans-

Blot Turbo, Biorad). Membranes were blocked in 5% skim milk followed by overnight 

incubation with primary antibodies at 4 °C. Anti-CaM (Abcam 45689) and anti-α-tubulin 

(Sigma T9026) antibodies were used at 1:500-1,000 and 1:2,000, respectively. HRP 

conjugated secondary antibody incubation was performed at room temperature for 1 hour. 

HRP signal was detected using ProSignal Femto reagent (Prometheus) and imaged using 

a ChemiDoc Touch (Biorad). 

For low-input western blot analysis, capillary western system (WesTM, Protein 

simple) was used. 500 ng of total protein lysate was loaded per capillary to visualize 

proteins of interest. Anti-CaM and anti-α-tubulin were used at 1:50 dilution. Quantification 

of band intensity was automatically estimated using Compass for SW software.  

 

CRISPR-Cas9 gene editing 

The MIT CRISPR Design Tool (http://www.genome-engineering.org/crispr) was 

used to design gRNAs targeted to various regions of the Calm1 long 3′ UTR 

(Supplemental Table 1). Sequences were cloned into the BbsI site of pX330-U6 chimeric 

BB-CBh-hSpCas9 plasmid (42230; Addgene). HiScribe T7 mRNA synthesis kit (New 

England BioLabs) was used to in vitro transcribe the gRNAs, and RNAs were 

subsequently purified using RNA Clean & Concentrator™-5 (Zymo Research, Cat. R1016) 

before assessment on an Agilent Bioanalyzer as described (Han et al. 2015). 
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Super-ovulating 4-6-week-old FVB/NJ female mice were mated with C57BL/6J 

males. After fertilization, the eggs were collected from the oviducts. Mouse zygotes were 

microinjected into the cytoplasm with Cas9 mRNA (100 ng/μL) and the gRNA (100 ng/μL 

each) as described previously (Halim et al. 2017; Han et al. 2015; Oliver et al. 2015). After 

injection, zygotes were cultured in KSOM+AA medium (Millipore) for 1 h at 5% CO2 before 

transfer into the 7–10-week-old female CD1 foster mothers. 

Genomic DNA was isolated from tail-snips of founder mice by overnight proteinase 

K digestion. Two sets of primers flanking the deletion regions were used for PCR 

genotyping to detect the deletion using Taq Polymerase (NEB). Sibling founder mice were 

crossed together to generate the F1 generation. An F1 male harboring both the Deletion 

2 and Deletion 3 alleles were crossed to C57BL/6 female mice to establish separate 

Deletion 2 and Deletion 3 lines. The F1 Deletion 1 animals were first crossed to 

heterozygous littermates (Del1/WT x Del1/WT). An F2 Del1 heterozygote was crossed to 

C57BL/6 female mice to establish the Deletion 1 line. All PCR products were resolved in 

1% agarose gels. To confirm the deletions and check for any insertion events Sanger 

sequencing was of gel purified PCR products was performed (Nevada Genomics Center, 

University of Nevada, Reno). For the experiments in this paper, Deletion 3 line was 

backcrossed with C57BL/6 at least three times to stabilize the background and 

heterozygote pairs were interbreed to obtain Calm1+/+ and Calm1ΔL/ΔL unless otherwise 

stated. 

 

Immunofluorescence 

For whole-mount analysis, small tears were made in embryos in the forebrain and 

roof plate of the hindbrain to facilitate the penetration of PFA into the neural tube. Embryos 

were fixed by overnight incubation in 4% PFA at 4˚C. Embryos were blocked and 
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permeabilized for antibody labeling by performing 3 x 5 min, 3 x 30 min, and then overnight 

washes of PBST (10% FBS and 1% Triton X-100 in 1X PBS). Primary antibodies 

(Biolegend cat#801201 anti-β3Tubulin; 1:1000) were then added and incubated for 2 

nights rocking at 4 ˚C. Embryos were again washed for 3 x 5 min, 3 x 30 min, and then 

overnight in fresh PBST. Secondary antibodies were added at a 1:200 dilution for 2 nights 

at 4˚C rocking in the dark. Secondary antibodies were washed off again 3 x 5 min, 3 x 30 

min, and then overnight in fresh PBST. Embryos were then immersed in 80% glycerol/PBS 

for a minimum of 2 hours, were mounted, and then imaged whole mount. A Leica SP8 

TCS confocal microscope was used for imaging. For whole mount samples, images were 

taken at 1048 X 1048px, 200 hz scanning speed, 3-line averaging, 8 bit, and with the use 

of linear-z compensation. 

For free-floating brain section staining, PFA perfused brains were post-fixed in 1% 

PFA for 2 nights and sectioned using vibratome. 80 µm thick sections were immediately 

used or stored at -20 C in antifreeze solution (30% w/v sucrose, 1% w/v PVP-40, 30% v/v 

ethylene glycol in PBS) until use. Sections were blocked in blocking solution for 2 hours 

at RT, primary antibodies (cFos SYSY 226003; Npas4 Activity Signaling AS-AB18A) were 

incubated overnight at 4˚C rocking in the dark. 10 min x 3 washes were performed in PBS 

followed by fluorophore labeled secondary antibody incubation at RT for 2 hrs. During 10 

min x 3 washes, the nuclei were counterstained with DAPI. Sections were mounted in 

ProLong diamond antifade mountant (Invitrogen). Sections were cured for at RT for least 

3 hours and stored at 4˚C until imaging. A Leica SP8 TCS confocal microscope was used 

for imaging at 1024 X 1024 px, 20x magnification, 3-line average and images were stitched 

automatically. 

 



 81 

DRG migration in vivo analysis 

Whole mount E10.5 embryos were labeled with anti-β3Tubulin (Biolegend Cat# 

801201 1:1000) and were subsequently imaged by confocal microscopy. Images were 

analyzed using FIJI/ImageJ (NIH). The cell bodies to be quantified was defined by drawing 

a line parallel to the last branch of the hypoglossal nerve extending across the length of 

the image. The hypoglossal nerve was chosen as an anatomical landmark because its 

morphology was unaffected in mutant embryos and served as an independent reference 

point so measurements were consistent across embryos. The area and distance migrated 

of cell bodies and axons rostral to the hypoglossal branch were measured using a 

freehand selection tool in FIJI/ImageJ. The multipoint cell counting tool was used on 

FIJI/ImageJ to count the number of axon bundles branching off the C1 DRG. A two-sided 

student’s t-test was performed to test for significance.  

 

Enriched environment-induced neural activation assay 

Enriched environment (EE) was created in a 83.8 cm x 51.1 cm x H 34.3 cm box 

with sufficient bedding material at the bottom. Different types of toys were placed in the 

box with the sides of the box covered with colorful papers as illustrated in Fig 6.a. Age 

matched Calm1+/+ and Calm1ΔL/ΔL naïve animals (not used for other tests) were kept in 

their home cage undisturbed for at least 3 days prior the experiment and transferred to 

the EE box on the test day. Mice were exposed to the EE for 1.5 hours before euthanasia 

and tissue fixation. Brain sections were analyzed for IEG expression induction using free-

floating immunofluorescence staining as described above. IEG positive cells were counted 

in the entire CA1 regions using FIJI/ImageJ. Images were adjusted for levels and color 

balance automatically and pixels were smoothened. Then, image thresholding was 

performed using Huang’s method. After applying watershed function to separate closely 
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located cells, particle analysis was performed in CA1 area to count cells with pixel units 

above 40. The parameters were set through repetitive rounds of visual inspection that 

allowed the most accurate detection of IEG positive cells and applied equally across all 

the images. The number of IEG positive cells were then compared to the total DAPI counts 

in the same CA1 region to estimate the percentage of activated neurons.  

 

Open-field assay 

To assess locomotor function and exploratory behavior of Calm1+/+ and Calm1ΔL/ΔL 

mice, open field assay was performed using ANY-maze video tracking system. Day before 

the assay, age-matched naïve animals were placed in the behavior room in their home 

cage for at least 30 minutes and gently handled for a couple of minutes to minimize 

distress of animals during the test. The animals were returned to the housing room. On 

the test day, the animals were brought in their home cages into the behavior room 30 min 

prior to starting the test. Overhead lightning set-up was used to prevent shadows. Single 

animal was placed in the periphery of the arena facing the wall, and its behavior was 

recorded for 10 minutes. The apparatus was cleaned with 70% ethanol and dried for 5 min 

between each testing session. Total distance traveled by each mouse, mean speed, time 

spent in periphery and exploration area were obtained to compare the behavior between 

Calm1+/+ and Calm1ΔL/ΔL mice using ANY-maze software. 
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5. Supplementary Data 

 

 

 

 

Supplemental Figure 1. Subcellular localization of Calm1-L.  
(a) re-analysis of RNA-seq data obtained from isolated axons of DRG/spinal cord (Minis 
et al. 2014). QAPA analysis revealed the relative expression of the long 3′ UTR to be 23% 
in whole DRG. In isolated axons, there was less relative expression of the long 3′ UTR 
(11%). (b) Quantification of the maximum distance of travel for each of the Calm1 isoforms 
in DRG. Significance was determined using t-test, ns: p > 0.05. n = 15 neurons. Related 
to Figure 2. 



 84 

 

 

Supplemental Figure 2. Northern blots.  
Each deletion strategy had the desired outcome in both mouse cortex and hippocampus. 
Transcripts from the Calm2 and Calm3 genes were found to be unaltered in both tissues. 
The same blots used for Calm1 were stripped and re-probed for each gene. Related to 
Figure 3b (left side) and Figure 5a (right side). 
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Supplemental Figure 3. CRISPR gRNA off-target analysis. 
(a) CRISPR RGEN Tools was used to analyze Cas9 off-target sites using all the 6 gRNAs 
used in this study as input sequences. Original output file was sorted by mismatch 
numbers and bulge size. Top 60 positions shown here. Given that most of the top targets 
of gRNAs belonged to the intended Calm1 locus (shaded in grey), these were exempted 
from Sanger sequencing analysis. In order to perform more genome-wide analysis, 
several genomic locations from the top of the list were selected (Red) (b) PCR 
amplification of the genomic loci followed by Sanger sequencing. Shaded pink regions are 
potential off-target sites which showed no alteration in Calm1ΔL/ΔL. Numbers next to the 
genotypes (either WT or ΔL) indicate mouse identification number. Related to Figure 3. 
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Supplemental Figure 4. Calm1-L loss reduces hippocampal IEG expression in 
response to enriched environment exposure. 
(a) Full stitched images showing cFos expression in Calm1ΔL/ΔL mice was reduced 
compared to Calm1+/+ controls. Blue – DAPI. Green – cFos. (b) Reduced Npas4 
expression post EE in hippocampus of Calm1ΔL/ΔL compared to Calm1+/+. Blue – DAPI. 
Green – Npas4. Right side shows % of Npas4 positive cells. Significance was determined 
using t-test, ****: p <= 0.0001. n = 6 mice (2 hemispheres in 2 brain sections for each 
mouse). (c) Western blot analysis of CaM in hippocampus shows no difference between 
Calm1+/+ and Calm1ΔL/ΔL in home cage or when exposed to enriched environment. Related 
to Figure 6. 
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Supplemental Figure 5. Calm1-L is less stable than Calm1-S.  
Extension qRT-PCR primers (ext) were used to detect Calm1-L from Calm1+/+ samples, 
and universal qRT-PCR primers (uni) were used to uniquely detect Calm1-S from 
Calm1ΔL/ΔL samples. (a) Without normalization, Calm1-S was found to have a longer half-
life (t1/2= 5.9 ± 1.4 h) compared to Calm1-L (t1/2 = 2.6 ± 0.6 h) (b) When Calm1 transcript 
levels were normalized to the stable Hprt transcripts, Calm1-S was consistently found to 
be more stable than Calm1-L. (c) total Calm1 levels were measured using uni primers in 
the Calm1+/+ samples to ensure that the shorter half-life of Calm1-L is not attributed to 
genetic background. This showed that total Calm1 had higher stability compared to the 
Calm1-L. n = 3 biological replicates. 
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Supplemental Figure 6. Secondary structure analysis of Calm1-S and Calm1-L.  
Prediction of secondary structure using the RNAstructure software (Bellaousov et al. 2013) 
estimated the free energy of folding for Calm1-S and Calm1-L, -220.3 and -1005.3 
kcal/mol, respectively. The length-normalized minimum thermodynamic free energy (-
ΔG/nt) of predicted structures estimates the structural complexity of the 3′ UTRs in Calm1-
S and Calm1-L. The value for Calm1-L 3′ UTR (-ΔG/nt = - 0.297) compared to the Calm1-
S 3′ UTR (-ΔG/nt = - 0.248) suggested Calm1-L is more structured. Color reflects base-
pairing probability. Blue shaded region is predicted as an AU-rich element uniquely found 
in the Calm1-L. 
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Supplemental Table 1: Probes, primers, gRNA sequences, and deletions 
 

 

 

 

Supplemental Table 2: Stellaris smFISH probe sequences. 
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Chapter III: CRISPR-mediated knockout of long 3′ UTR mRNA 

isoforms in mESC-derived neurons 

 

Alternative cleavage and polyadenylation (APA) is pervasive, occurring for more 

than 70% of human and mouse genes. Distal poly(A) site selection to generate longer 3′ 

UTR mRNA isoforms is prevalent in the nervous system, affecting thousands of genes. 

Here, we establish mouse embryonic stem cell (mESC)-derived neurons as a suitable 

system to study long 3′ UTR isoforms. RNA-seq analysis revealed that mESCs-derived 

neurons show widespread 3′ UTR lengthening that closely resembles APA patterns found 

in mouse cortex. mESCs are highly amenable to genetic manipulation. We present a 

method to eliminate long 3′ UTR isoform expression using CRISPR/Cas9 editing. This 

approach can lead to clones with the desired deletion within several weeks. We 

demonstrate this strategy on the Mprip gene as a proof-of-principle. To confirm loss of 

long 3′ UTR expression and the absence of cryptic poly(A) site usage stemming from the 

CRISPR deletion, we present a simple and cost-efficient targeted long-read RNA-

sequencing strategy using the Oxford Nanopore Technologies platform. Using this method, 

we confirmed specific loss of the Mprip long 3′ UTR isoform. CRISPR gene editing of 

mESCs thus serves as a highly relevant platform for studying the molecular and cellular 

functions of long 3′ UTR mRNA isoforms. 
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1. Introduction 

Most mouse and human genes are subject to alternative cleavage and 

polyadenylation (APA) resulting in the expression of mRNA isoforms with different 3′ ends 

(Hoque et al. 2012; Lianoglou et al. 2013). Most commonly, APA results in alternative 

length 3′ untranslated regions (UTRs) but does not change protein-coding sequence 

(Sandberg et al. 2008; Chen and Shyu 1995). The usage of distal poly(A) sites is 

dramatically enhanced in the nervous system and results in mRNA isoforms with longer 3′ 

UTRs. This lengthening of the 3′ UTR in the nervous system has been observed across 

multiple organisms including Drosophila, zebrafish, mice, and humans (Ulitsky et al. 2012; 

Smibert et al. 2012; Miura et al. 2013).  

Alternative long 3′ UTR mRNA isoforms have been found to be important in vivo. 

For instance, the long 3′ UTR isoform of Bdnf is necessary for transcript localization to 

dendrites, and in turn, for dendritic spine morphology and synaptic plasticity in mice (An 

et al. 2008). The long 3′ UTR isoform of Calm1 is required for hippocampal neuron 

activation and proper C1 dorsal root ganglion (DRG) development in mouse (Bae et al. 

2020). In Drosophila, loss of the Dscam1 long 3′ UTR was found to severely impair axon 

outgrowth (Zhang et al. 2019b). These studies make it clear that the longer APA isoforms 

of at least some genes are necessary for nervous system development and function. 

However, it is less clear what molecular and cellular roles can be attributed specifically to 

longer, neural-enriched 3′ UTR isoforms. Long 3′ UTRs would generally be predicted to 

harbor regulatory cis-elements such as microRNA target sites, leading to regulation of 

translational control. However, new roles are emerging for 3′ UTRs (Bae and Miura 2020), 

including regulation of subcellular localization (Tushev et al. 2018), regulation of upstream 

alternative splicing events on the same gene (Zhang et al. 2019b), and a scaffolding role 

in assembly of protein complexes as they are translated (Berkovits and Mayr 2015).  
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CRISPR-mediated deletion of the distal poly(A) site has been established as an 

effective method to abolish long 3′ UTR isoform expression in both Drosophila and mice 

(Bae et al. 2020; Zhang et al. 2019b). However, to interrogate the roles of long 3′ UTR 

isoforms in relation to their impact on translational control, alternative splicing, and mRNA 

localization, a cultured cell system would have many advantages. What has been lacking 

to date is identification of a neuronal cell culture system that both is amenable to rapid 

gene-editing and also expresses long 3′ UTR isoforms at the levels observed in brain 

tissues.   

Here, we show that mouse embryonic stem cell (mESC)-derived glutamatergic 

neurons exhibit robust expression of long 3′ UTR isoforms that closely resemble to the 

expression pattern in the mouse cortex on a transcriptome-wide level. We present a 

strategy for achieving CRISPR-mediated deletion of distal poly(A) sites in mESCs and 

demonstrate its effectiveness for deleting the long 3′ UTR isoform of the Mprip gene. 

CRISPR-mediated genetic manipulation in mESCs is fast and efficient, thus permitting the 

rapid exploration of the cellular and molecular functions of long 3′ UTR transcript isoforms. 

 

2. Material and methods 

Short-read RNA-seq analysis 

Public RNA-seq datasets from mESC (SRR645824 SRR645826 SRR645828) and 

mESC-derived neurons (DIV7 for days in vitro 7; SRR645846 SRR645849 SRR645851) 

were used for APA analysis. Fastq files were mapped to the mouse genome using STAR 

2.7. Mouse GRCm38.102 genome was used as reference. Binary bam files were 

visualized in IGV 2.4.17. For 3′ UTR lengthening analysis, QAPA 1.3.1 was used (Ha et 

al. 2018). Pre-built 3′ UTR annotation 1.3.0 was obtained from the QAPA github 

(github.com/morrislab/ qapa). 3′ UTR fasta sequences were extracted using the 
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annotation bed file and mouse mm10 genome fasta sequences. 3′ UTR isoform usage 

was quantified using Salmon 1.4.0 and the Salmon index generated using the 3′ UTR fasta 

file. PAU, which stands for Poly(A) site Usage, values were calculated from the Salmon 

quantification. Subsequent data processing was performed in R 3.6.0. From the QAPA 

output file, we selected the most distal Poly(A) site transcript by filtering for the rows with 

the maximum length of 3′ UTR for each of the genes to obtain the absolute distal PAU 

(dPAU) values. Non-APA genes with a single poly(A) site were filtered out. An expression 

threshold of 1 TPM across all the samples was used. T-test was performed, and FDR 

adjusted P-values were obtained. The dPAU fold-change between mESCs and mESC-

derived neurons was calculated for each gene and a volcano plot was generated using 

ggplot geom_point. 

For correlation analysis, first, absolute dPAU values were obtained using QAPA. 

For this purpose, QAPA analysis was performed independently using mESC vs mESC-

derived neurons dataset or embryonic day 14 (E14) vs postnatal day 30 (P30) cortex 

dataset (SRR1805814 SRR1805815 SRR1805824 SRR1805825). Output files from each 

QAPA analysis contained dPAU values for mESC-derived neurons or P30 cortex. Then, 

the dPAU values were arranged in a way that the mean dPAU for mESC-derived neurons 

and the mean dPAU for cortex were merged into the same dataframe by gene name. Then 

a scatter plot was generated using ggplot geom_point, and correlation efficiency was 

calculated using stat_cor in R. 

 

Neuro2A cell culture  

Neuro2A (N2A) cells were obtained from ATCC (ATCC CCL-131). Cells were 

maintained in DMEM (Thermo Scientific 11965092) supplemented with 10% FBS (R&D 

systems S11150). For differentiation, 5x105 cells were plated onto a 100 mm dish with 
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DMEM supplemented with 2% FBS and 20 µM retinoic acid (Sigma Aldrich R2625). Media 

was changed daily until day 7 when neuronal-like morphology was confirmed by light 

microscopy and RNA was collected. 

 

Feeder-free mESC culture 

Immediately after thawing, mESCs (ES-E14TG2a; ATCC CRL-1821) were kept on 

MEF feeder cells for 2 passages. Cells were maintained on 0.1% gelatin (Sigma 

EmbryoMax ES006B) coated cell culture dishes in mESC medium (high glucose DMEM 

with Glutamax (Thermo Scientific 10566016) supplemented with 15% FBS (Sigma F2442; 

tested for mESC culture), 55 µM b-mercaptoethanol (Thermo Scientific 21985023), 1X 

MEM non-essential amino acids (Thermo Scientific 11140050), 1 mM sodium pyruvate 

(Thermo Scientific 11360070), and 1000 U/mL LIF (Sigma ESG1107)) at 37°C and 5% 

CO2. 

 

Differentiation to glutamatergic neurons 

mESCs were differentiated to neural progenitor cells (NPC) and then to 

glutamatergic neurons (Hubbard et al. 2013; Bibel et al. 2007). Briefly, 3.5x106 cells were 

plated onto 90 mm bacteriological dishes in 15 mL NPC medium (DMEM with L-glutamine 

(Thermo Scientific 11965092) supplemented with 10% FBS, 1X non-essential amino acids, 

and 550 µM b-mercaptoethanol). On day 2, cell aggregates were collected and transferred 

into a 50 mL conical tube and left at room temperature for 3-5 min until cell aggregates 

settled down. Media was carefully discarded and replaced with new NPC media. The cell 

aggregates were gently mixed by pipetting up and down and returned to the bacteriological 

dishes. On day 4, media change was performed as describes, and 5 µM of retinoic acid 

was added. Media was changed again on day 6 and day 8 and retinoic acid was 
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supplemented. On day 10, NPC aggregates were collected and dissociated with 1 mL of 

TrypLE (Thermo Scientific 12604013) at 37°C for 5-7 min. To halt the reaction, 8 mL of 

Trypsin inhibitor (Thermo Scientific R007100) was added. The NPC aggregates were 

gently dissociated by pipetting up and down and filtered through 40 µm cell strainer. Cell 

suspension was diluted in N2 media (Neurobasal (Thermo Scientific 21103049) 

supplemented with 1X N2 (Thermo Scientific 17502048) and 2 mM glutamine (Thermo 

Scientific 25030081)) at 3x105 cells/mL. 10 mL of cells were plated onto PDL (Sigma 

P7280) coated 100 mm cell culture dishes. Complete media change was performed at 4h 

(day 10) and 24h (day 11) with N2 media. At this point, short neurite extensions were 

visible. On day 12 (equivalent of neurons DIV 2) and 14 (DIV 4), media was replaced with 

B27 media (Neurobasal supplemented with 1X B27 (Thermo Scientific 17504044) and 2 

mM glutamine). Cells were maintained until day 17 (DIV 7).  

 

RNA extraction and RT-qPCR 

RNA was extracted from cultured cells using the Trizol (Thermo Scientific 

15596018) method. RNA was quantified using Nanodrop spectrometer. Five µg of total 

RNA was treated with Turbo DNase (Thermo Scientific AM1907). Then, 1 µg of DNase-

treated total RNA was reverse transcribed using Maxima reverse transcriptase (Thermo 

Scientific EP0742). The first strand cDNA reaction was diluted 1:5 before performing RT-

qPCR. RT-qPCR was performed using SYBR Select Master Mix for CFX (Thermo 

Scientific 4472954). BioRad CFX96 real time PCR machine was used and results were 

analyzed using the DDCt method. Primers used for RT-qPCR are found in Supplementary 

Table 1. 
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sgRNA design 

Guide RNAs (sgRNAs) were designed using CRISPick GPP sgRNA designer from 

the Broad Institute (https://portals.broadinstitute.org/gppx/crispick/public) by providing 

DNA sequence for the region spanning the distal poly(A) site. In the case of Mprip, each 

output sgRNA was inspected assuring that one sgRNA targets upstream of the dPAS and 

one downstream, giving preference to higher “pick order” and “combined ranked 

sequences”. sgRNA oligos used for Mprip long 3′ UTR isoform (Mprip-L) knockout are 

found in Supplementary Table 1. 

For bulk sgRNA analysis, the same CRISPick GPP sgRNA designer tool was used 

in bulk mode. Bed file for the 150 bp upstream of the most distal 3′ UTR end was generated 

using the QAPA dPAU file as a reference. Bed file for the 150 bp downstream region was 

generated in a similar way for each of the genes. Then DNA sequences were extracted in 

fasta format using bedtools getfasta and GRCm38 mouse genome. Upstream and 

downstream fasta sequences were separately inputted for sgRNA design 500 sequences 

at a time. Only the top rank sgRNA was used for further analysis. Upstream and 

downstream sgRNA cut position information was used to estimate the expected deletion 

size for each gene. Data processing and plotting was performed in R.  

 

Construction of plasmids 

sgRNAs oligonucleotides were synthesized with CACCG at the 5′ end followed by 

the sgRNA sequence. The complementary oligonucleotide contained 5′ AAAC and 3′ C 

sequence at each end. Oligonucleotides were phosphorylated (10 µM oligonucleotides 1, 

10 µM oligonucleotides 2, 1X T4 ligation buffer, and 0.5 µL T4 PNK in 10 µL reaction) at 

37°C for 30 min. Then the oligos were annealed by heating at 95°C for 15 min and 

gradually cooling down to room temperature in a thermocycler. The pX333 plasmid 
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(Addgene #64073), which contains duplex U6 promoter and sgRNA scaffolds, was used 

for dual sgRNA cloning. The first sgRNA (for instance, the sgRNA targeting the upstream 

of the dPAS) was cloned into BbsI digested pX333 by standard ligation (50 ng digested 

pX333, 1µL of 1:250 diluted oligo duplex, 1X Quick ligation buffer, and 1µL Quick ligase 

(NEB) in 10 µL reaction). Ligation reaction was transformed in DH5α competent cells. 

Successful cloning was confirmed by Sanger sequencing. Subsequently, the second 

sgRNA was cloned into BsaI site following the same steps. Final sgRNA plasmids were 

confirmed by Sanger sequencing.  

Donor plasmid harboring the antibiotic resistant cassette was constructed using 

pUC19 plasmid backbone. The entire backbone was PCR amplified using KOD Xtreme 

Hot Start DNA polymerase (Millipore 71975). 750 bp upstream to the left Cas9 cut site 

and 750 bp downstream to the right Cas9 cut site were PCR amplified from mESC 

genomic DNA and used as the homology arms. The upstream/forward primer for the left 

homology arm and the downstream/reverse primer for the right homology arm contained 

one of the sgRNAs and its PAM sequence overhang. The 20 – 25 nt overlap sequences 

necessary for HIFI assembly were added by a second round PCR using purified first round 

PCR product and primers with overlapping sequence overhangs. The neomycin 

resistance cassette was PCR amplified from pEN759 (kindly provided by Dr. Benoit 

Bruneau) using primers with overlap sequence overhangs. Each fragment was assembled 

into the pUC19 backbone using HIFI (NEB). Primer sequences are found in 

Supplementary Table 1. 

 

mESC transfection and clonal analysis 

Four hours prior to transfection, 2x105 cells were plated onto a single well (35 mm 

well) of gelatin-coated 6 well plate in mESC media. After 4 hours or once the cells are 
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attached to the plate, 2.5 µg of donor plasmid and 0.5 µg of sgRNA plasmid was mixed 

with 9 µL of PEI (Polysciences 23966) in up to 200 µL of Opti-MEM (Thermo Scientific 

31985062) followed by 10 min incubation at room temperature. Transfection solution was 

dispersed drop by drop onto the cells. The plate was returned to incubator until the next 

day. On day 1, full media change was performed. On day 2, appropriate antibiotics were 

supplemented with fresh media. On day 3, survived cells were lifted with 1 ml TrypLE 

(Thermo Scientific 12604013), diluted 1:100 – 1:200 and plated onto gelatin-coated 100 

mm cell culture dishes. In other words, 100 µL is taken from the 1 mL cell suspension then 

plated into 10 mL mESC media to make a 1:100 dilution dish. 50 µL out of the 1 mL cell 

suspension was plated into a 100 mm dish to make a 1:200 dilution plate. The remaining 

cell suspension can be diluted into 10 mL mESC media and plated as a backup. On day 

4, isolated cells should be observed under microscope. Media with antibiotics were 

replaced every day. Dishes were kept for additional 5 – 6 days until defined mESC 

colonies were observed. mESC colonies were manually picked using micropipettes under 

microscope and transferred into each wells of a gelatin coated 48 well plate. Each clone 

was maintained for 4 – 5 days for cell expansion. When cells were > 60% confluent, cells 

were dissociated with TrypLE by incubating at 37°C for 5 min. Half of the cells were used 

for genotyping and the other half were transferred into each well of gelatin coated 12 well 

plate for further cell expansion. Clones with expected genotype were gradually expanded 

to 6 well plates and then to 100 mm dishes.  

Genomic DNA was extracted by incubating the cells in 300 µL lysis buffer with 

proteinase K at 65°C for 4 h - overnight. Genomic DNA was ethanol precipitated and 

resuspended in 200 µL of molecular grade water. Genotyping was performed by PCR. 

Once confirmed by PCR, a large fragment spanning the edit region was PCR amplified 

and Sanger sequenced. Genotyping primers are found in Supplementary Table 1. 
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Nanopore sequencing 

For full-length cDNA synthesis, SMARTer PCR cDNA synthesis kit (Clontech) was 

used according to user manual. Total RNA was DNAse treated either on-column using 

PureLink DNase (Thermo Scientific 12185010) and PureLink RNA Mini kit (Thermo 

Scientific 12183020) or with TURBO DNase (Thermo Scientific AM1907). First strand 

cDNA was synthesized using 700 ng of DNase treated RNA, 3′ SMART CDS Primer II A 

and SMARTer II A TSO. cDNA was diluted 1:5 in water. cDNA was amplified by optimal 

(18 – 21) cycles of PCR using Advantage 2 PCR kit (Clontech). For enrichment of cDNA 

for genes of interest, in this case Mprip, cDNA was enriched by capturing with biotinylated 

xGen Lockdown probes (IDT; probe sequences found in Supplementary Table 1) and 

xGen hybridization and wash kit (IDT). Target capture probe design tool was used for the 

design of 120 bp probes. Probes were selected based on the location (toward the 3′ end) 

and GC contents (preferentially between 40 – 65°C). Captured cDNA was purified using 

AMPure XL beads (Beckman Coulter) then amplified using Takara LA Taq DNA 

polymerase Hot-Start version (Clontech).  

For nanopore library preparation, captured and amplified cDNA was end-prepped 

(NEBNext FFPE DNA Repair Mix and NEBNext Ultra™ II End Repair Kit) and ligated (T4 

DNA Ligase – NEB) with sequencing adapters (Nanopore SQK-LSK110). MinION Mk1B 

device and FLO-FLG001 flow cells were used for sequencing of the libraries. Minimap2 

was used to map the reads by supplementing GRCm38.102 transcriptome bed file. 

Aligned bam files were visualized in IGV.  
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3. Results 

mESC-derived neurons express neural long 3′ UTR mRNA isoforms 

We first sought out a murine cell culture system that could recapitulate the long 3′ 

UTR isoforms that have been identified in mouse brain tissues (Miura et al. 2013). Mining 

public RNA-seq data we noticed that switching from short 3′ UTR usage to long 3′ UTR 

usage was evident when mESCs were differentiated into glutamatergic neurons for a 

handful of examples, including Agap1 (Arf1 GTPase activating protein) and Map4 

(Microtubule-associated protein 4; Figure 11A). To assess whether this lengthening of 3′ 

UTRs during mESC neuronal differentiation occurred transcriptome-wide, we employed 

QAPA, a tool used to analyze APA. QAPA estimates the usage of different poly(A) sites 

for each gene from RNA-Seq data and known 3′ end annotations (Ha et al. 2018). We 

were particularly interested in usage of the most distal poly(A) site (dPAU for distal Poly(A) 

site Usage), since long 3′ UTRs are more abundant in neurons. QAPA analysis showed a 

significant increase of dPAU in mESC derived neurons compared to mESCs for 1200 

genes, whereas only 45 genes showed the opposite trend (Figure 11B). We next wanted 

to determine whether these APA events were correlated with changes that occur during 

mouse cortical development. We performed QAPA analysis on P30 cortex RNA-Seq data 

to obtain absolute dPAU values. Comparison of dPAU values of all the APA genes 

between P30 cortex and mESC-derived neurons showed a high correlation (R=0.84, 

p<2.2x10-16). Thus, mESC-derived neurons closely resemble the distal poly(A) site 

expression patterns found in vivo (Figure 11C).  

To confirm this lengthening trend with an independent experimental method, we 

performed mESC differentiation into glutamatergic neurons using established 

differentiation protocols with some adaptations (See Materials and Methods) (Hubbard et 
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al. 2013; Bibel et al. 2007). Feeder-free mESCs were cultured in suspension for formation 

of cell aggregates, during which retinoic acid was supplemented to induce formation of  

 

 

Figure 11. mESC-derived neurons express neural long 3′ UTR mRNA isoforms.  
(A) Visualization of RNA-seq tracks for APA genes suggested long 3′ UTR isoforms are 
upregulated in mESC-derived neurons compared to mESC (green tracks), and it closely 
resembles mouse cortical transcript profile (brown track). (B) Assessment of distal 
Poly(A) site usage (dPAU) values from QAPA analysis showed robust lengthening of 3′ 
UTRs during mESC to glutamatergic neuron differentiation. 1200 genes showed 
significant fold-change increase of dPAU from mESC to mESC-derived neuron stage 
(Red). (C) Absolute dPAU values from postnatal day 30 cortex and mESC-derived 
neurons were compared to assess their correlation. Comparison of dPAU values of all 
the APA genes between P30 cortex and mESC-derived neurons showed a high 
correlation (R=0.84, p<2.2x10-16) suggesting that the long 3′ UTR isoforms expression 
resembles the expression pattern found in vivo. (D) Picture of mESCs and differentiated 
glutamatergic neurons days in vitro 7 (DIV7; mESC taken at 10X objective and DIV7 
neurons at 20X). Well-defines polarized morphology was observed. (E) RT-qPCR was 
performed for 6 genes to confirm the upregulation of long 3′ UTR isoforms in mESC-
derived neurons. Long 3′ UTR isoforms expression was normalized to the total gene 
expression. Two-tail t-test were performed between the undifferentiated and 
differentiated cells; n=3, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.  
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NPCs. Retinoic acid is used to halt proliferation-associated signaling pathways and to 

switch from proliferation to neural differentiation stage (Janesick et al. 2015). After 10 days 

of NPC induction, the NPC aggregates were gently dissociated and grown for 7 additional 

days. Neuron differentiation media contained factors such as transferrin and insulin, which 

commit the cells for their final differentiation fate and assist with neuronal survival 

(Bottenstein and Sato 1985). After 7 days of neuronal differentiation, well-defined neuron-

like polarized morphology was observed (Figure 11D). RT-qPCR was used to determine 

APA changes for 6 target genes. We confirmed a significant increase in the expression of 

long 3′ UTR isoforms in the mESC-derived neurons compared to mESCs (Figure 11E). 

We also investigated whether differentiation to a neuronal-like fate for Neuro2a (N2a) cells 

also led to 3′ UTR lengthening. However, we did not observe significant changes in APA 

by RT-qPCR for the same genes (Supplementary Figure 7). Thus, mESC-derived 

neurons appear to be a good system for studying the regulation and function of neuron-

enriched long 3′ UTR isoforms.  

 

CRISPR-Cas9 strategy for long 3′ UTR isoform-specific deletion  

Previously, we established that CRISPR-mediated deletion of the distal poly(A) 

site is an effective way to abolish long 3′ UTR isoform expression in mice (Bae et al. 2020). 

We thus reasoned that a similar strategy could be applied in mESCs. sgRNAs are chosen 

that flank the distal poly(A) site to ensure that both the poly(A) signal and downstream U-

rich elements (DUE) are deleted (Figure 12A). In most cases, a 100 – 200 bp deletion 

encompassing the distal poly(A) site can be designed. It is possible to delete larger regions 

of the long 3′ UTR sequence; however, distal poly(A) site deletion has been found to be 

sufficient in our experience and reduces the potential for disrupting potential DNA 
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enhancers or silencers in the locus. In order to allow for efficient clonal selection, homology 

directed repair is used to insert an antibiotic resistance cassette at the deletion site. 

Two plasmids are used for generating the deletion clones, a Cas9-sgRNA 

construct and a donor construct. The donor construct uses pUC19 as a backbone and 

includes: 1) sgRNA1 target site and PAM (protospacer adjacent motif) sequence; 2) 750 

bp left homology arm; 3) antibiotic resistance cassette (neomycin), flanked by FRT 

flippase recombination sequences; 4) 750 bp right homology arm; and 5) sgRNA2 target 

site and PAM sequence (Figure 12A). Donor constructs are flanked by sgRNA target sites 

and PAM sequences since the linearization of donor plasmid by sgRNA incorporation has 

been shown to improve HDR in 293T and iPSCs (Zhang et al. 2017). The FRT sequences 

allow for future removal of the antibiotics resistant cassette which can be achieved by 

transiently expressing the flippase enzyme in CRISPR-edited cells (Gronostajski and 

Sadowski 1985). 

The Cas9-sgRNA plasmid and donor plasmid are easily transfected into mESCs 

using conventional transfection reagents such as polyethylenimine (PEI) which is a cost-

effective cationic polymer that assists DNA transfection (Longo et al. 2013). Transfection 

of a single 35 mm well is sufficient to obtain multiple knockout clones. Antibiotic selection 

is initiated at day 2 post-transfection with a complete media change. On day 3, dilution of 

the cells is performed at a ratio of 1:100 or 1:200 into 100 mm dishes. Cells are maintained 

with constant antibiotic push.  Roughly 8-9 days post-transfection, large mESC clusters 

are formed. The clusters are manually transferred into each well of a 48-well plate using 

a 200 µL micropipette. Within 6-7 days, sufficient cell growth is expected. Cells are gently 

dissociated, and half of the cells are transferred into each well of a new 12-well plate for 

expansion. The remaining half is used for PCR genotyping. Genotyping of 8-12 clones is  
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Figure 12. CRISPR-Cas9 strategy for long 3′ UTR isoform-specific knockout.  
(A) CRISPR-Cas9 strategy for long 3′ UTR isoforms involves usage of a pair of sgRNAs 
to direct Cas9 and homology-directed repair (HDR) using donor plasmid harboring an 
antibiotics resistance cassette. The sgRNA pair targets regions flanking the distal 
poly(A) site. The donor construct for HDR includes sgRNA1 target site, protospacer 
adjacent motif (PAM) sequence, left homology arm, antibiotic resistance cassette, right 
homology arm, sgRNA2 target site, and PAM sequence. (B) The Cas9-sgRNAs plasmid 
and donor plasmid are transfected into mESCs using conventional transfection 
methods. Antibiotic selection is initiated at day 2 post-transfection. On the day 3, dilution 
of the cells is performed.  Roughly 8-9 days post-transfection, mESC clusters are 
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manually selected for further genotyping and cell expansion. (C - D) Analysis for 
designing dual sgRNAs at 300 nt genomic sequences flanking the annotated distal 3′ 
end of all the 1200 genes (PAS = poly(A) signal, CS = cleavage site, DUE = downstream 
U-rich element). Our analysis showed it is feasible to design dual sgRNAs for 1169 
genes (97.4%). On average, sgRNA pairs were located 90 ± 25 nt upstream and 62 ± 
25 nt downstream of the 3′ end, introducing a deletion size of 151 ± 35 nt spanning the 
distal poly(A) site. 
 

 

 

usually enough to obtain homozygous knock-in lines (Figure 12B). Sanger sequencing is 

employed to confirm the precise deletion. 

To determine how many of the 1200 3′ UTR lengthening genes would be amenable 

to this distal poly(A) site deletion strategy, we extracted 150 bp DNA sequences upstream 

and downstream of each long 3′ UTR end and ran the sgRNA design tool to find the top 

rank sgRNAs pair for each gene. Our analysis showed it is feasible to design dual sgRNAs 

for 1169 out of the 1200 genes (97.4%). By plotting the sgRNA target sites relative to the 

distal 3′ end location, we found that that sgRNA pairs were located 90 ± 25 nt upstream 

and 62 ± 25 nt downstream of the 3′ end (Figure 12C). The expected deletion region size 

was 151 ± 35 nt spanning the distal poly(A) site (Figure 12D). This result suggests the 

robust applicability of the CRISPR strategy to generate long 3′ UTR deletions for nearly 

all genes of interest. 

 

Generation of long 3′ UTR isoform deletion lines for the Mprip gene. 

We applied our strategy to one of the 3′ UTR lengthening genes as a proof of 

principle. Mprip (Myosin Phosphatase Rho-Interacting Protein), encodes for a F-actin 

binding protein (Mulder et al. 2004). Mprip generates a 650 bp short 3′ UTR and a 5.2 kb 

long 3′ UTR (Figure 13A). QAPA analysis revealed that Mprip long 3′ UTR isoform (Mprip-  
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Figure 13. CRISPR-mediated generation of Mprip long 3′ UTR isoform knockout 
cells.  
(A) Mprip generates a 650 bp short 3′ UTR isoform and a 5.2 kb long 3′ UTR isoform. 
Long 3′ UTR isoforms expression is increased during neuronal differentiation. (B) A pair 
of sgRNAs were chosen that flanked the distal poly(A) site. The strategy was designed 
to generate a precise 107 bp deletion. (C) PCR genotyping was performed using three 
primers set – a common forward primer, a reverse primer specific for the target deletion 
region, and a reverse primer specific for the antibiotics cassette. Homozygous deletion 
clones were selected for further characterization (black arrow). 

 

 

L) expression is increased during neuronal differentiation by 5-fold (Figure 13A). RT-

qPCR analysis confirmed this expression trend (Figure 11E). A pair of sgRNAs were 

chosen that flanked the distal poly(A) site. The 750 bp Homology arm regions were defined 

in accordance with the Cas9 cut site, which is 3 nt upstream of the PAM sequence. The 

strategy was designed to generate a precise 107 bp deletion (Figure 13B). mESCs were 

transfected and stable cell lines were generated as described above. PCR genotyping 

was used to select the clonal cells carrying the neomycin cassette (Figure 13C). 
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Homozygous deletion clones were selected (Figure 13C; shown with black arrow) and 

propagated. The 107 bp deletion was confirmed by Sanger sequencing. 

 

Confirmation of long 3′ UTR mRNA isoform loss using Long-read sequencing 

To confirm that the genomic deletion abolishes long 3′ UTR expression, 

differentiation into neurons is required. The preferred tool to confirm loss of a long 3′ UTR 

isoform is northern blot because both the expression level and length of the isoforms is 

revealed (An et al. 2008; Bae et al. 2020). In addition, northern analysis could also detect 

if spurious transcripts using cryptic poly(A) sites are activated by the genomic deletion. 

However, northern requires a large amount of starting material and thus is not convenient 

to apply on low expressed genes in mESC-derived neurons. Thus, we present targeted 

long-read cDNA sequencing as an alternative approach.  

The targeted long-read cDNA sequencing approach relies on synthesis of template 

switching cDNAs and probe-based enrichment of the target prior to library preparation 

(Figure 14A). The template switching cDNA approach improves the synthesis of full-

length cDNAs (Zhu et al. 2018). This cDNA synthesis relies on an oligo(dT)-based primer 

for detecting polyadenylated RNAs, thus allowing the recognition of 3′ ends. One of the 

limitations of conventional transcriptome-wide long-read cDNA sequencing is the difficulty 

in obtaining full length reads for low abundance genes (Byrne et al. 2017). Probe capture-

based enrichment results in a library enriched for the gene of interest and is sequenced 

using the affordable Nanopore MinION platform.  

To confirm loss of Mprip-L expression, WT control and CRISPR deletion cells were 

differentiated in glutamatergic neurons. Total RNA was extracted and full-length cDNA 

was synthesized. cDNA for Mprip gene was enriched using xGen Lockdown probe 

pulldown. The library was prepared using Nanopore ligation sequencing kit and  
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Figure 14. Confirmation of neuronal long 3′ UTR variant knockout using Long-
read sequencing.  
(A) Workflow for assessing lack of the long 3′ UTR isoform expression. (B) Long-read 
sequencing data visualized in IGV. In the WT track, the two expected 3′ ends of Mprip 
and an internal mis-priming artifact were observed. In contrast to WT neurons, the 
Mprip-L deletion neurons (MpripΔL) lacked long 3′ UTR transcripts. No evidence of 
cryptic poly(A) site usage was found as evidenced by lack of long reads aligning 
downstream of the deleted region. (C) RT-qPCR we performed in order to obtain an 
accurate quantification of the total levels of Mprip in WT vs ΔL. The deletion did not alter 
the overall Mprip mRNA levels; n=3.  
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sequencing was performed using flongle flow cells on the MinION. Reads were mapped 

to the genome using Minimap2 (Li 2018). 

In the WT neuron long read sequencing libraries, the two expected 3′ ends of Mprip 

were clearly visible. A drop off of read coverage was also evident at a genomically 

encoded A stretch in the middle of the long 3′ UTR.  This is a typical artifact of sequencing 

methods that rely on oligo(dT) for reverse transcription (Figure 14B; WT track). We 

confirmed that the reads did not contain untemplated poly(A) sequences at this internally 

primed false 3′ end. In contrast to WT neurons, the long 3′ UTR deletion neurons (MpripΔL) 

lacked long 3′ UTR transcripts (Figure 14B; MpripΔL track). There were no long reads 

aligning downstream of the deleted region which shows that cryptic poly(A) site usage was 

not activated by the distal poly(A) site deletion. This demonstrates that the deletion was 

effective in preventing Mprip-L mRNA expression. In order to obtain an accurate 

quantification of the total levels of Mprip in WT vs ΔL, RT-qPCR we performed. This 

showed that the deletion did not alter the overall Mprip mRNA levels (Figure 14C). 

Targeted Nanopore long-read sequencing thus represents a rapid and accessible method 

for confirming long 3′ UTR mRNA isoform loss.  

 

4. Discussion 

Despite the robust expression of long 3′ UTR isoforms in the nervous system, their 

functional relevance is underexplored. Although we have previously generated a long 3′ 

UTR isoform-specific knockout mouse for the Calm1 gene (Bae et al. 2020), this approach 

is time consuming and expensive. An in vitro system that recapitulates in vivo long 3′ UTR 

isoform expression might speed up the screening of long 3′ UTR isoforms for molecular 

and cellular functions. Here, we establish mESC-derived glutamatergic neurons as a 

suitable in vitro model for studying long 3′ UTRs. In comparison to the generation of a 
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mouse line, abolishment of the long 3′ UTR isoform expression in mESC-derived neurons 

was incredibly fast, thus, allowing generation of extensive CRISPR-edited cell lines in a 

short period of time. mESCs can be differentiated using alternative methods such as 

neurogenin expression (Reyes et al. 2008) and also can be differentiated into other neuron 

types, including motor neurons (Wichterle and Peljto 2008) and dopaminergic neurons 

(Friling et al. 2009). Thus, this system can be expanded to a cell-type specific analysis of 

long 3′ UTR isoform function.  

mRNA localization to subcellular regions of neurons can be influenced by 3′ UTR 

sequence content (Garner et al. 1988; Bassell et al. 1998; Moretti et al. 2015). Our 

understanding of 3′ UTR sequences that direct subcellular localization comes mostly from 

reporter based-experiments and genome-wide expression trends (Bauer et al. 2019; 

Kislauskis et al. 1994; Tushev et al. 2018). mESC-derived neurons exhibit defined 

neuronal processes (Figure 11D), thus it should be readily amenable to transcript isoform 

detection and quantification using fluorescence in situ hybridization. Out of the 1200 genes 

that showed robust lengthening of 3′ UTR in mES-neurons, 252 genes are found in 

previously reported hippocampal neuropil localized mRNA lists (Cajigas et al. 2012; 

Tushev et al. 2018) (Supplementary Figure 8A). Whether 3′ UTR sequences play a role 

in localizing these transcripts is intriguing. The roles of 3′ UTR sequences in subcellular 

localization for single poly(A) site genes has also been studied using CRISPR deletion 

approaches in mice (Terenzio et al. 2018). Our method is amenable to doing the same in 

mESCs. This can be achieved by targeting sgRNA1 downstream of the stop codon and 

sgRNA2 downstream of the poly(A) site. A donor DNA cassette can be used to re-

introduce the poly(A) site along with an antibiotic resistance cassette. Our approach 

permits a broad investigation into the importance of 3′ UTRs, in their endogenous genomic 

context, and in controlling mRNA subcellular localization.  
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Other known 3′ UTR functions that have been shown for only a few genes, such 

as the RNA scaffolding role (Lee and Mayr 2019) and the role in regulating alternative 

splicing (Zhang et al. 2019b), can be expanded to many genes using our technique. 

Alternative splicing analysis using rMATS (Shen et al. 2014) suggested that at least 135 

genes that present lengthening of 3′ UTR during neuronal differentiation are also subject 

to alternative splicing (Supplementary Figure 8B). Thus, providing a short list of genes 

that can be screened for coordinated regulation of alternative splicing and alternative 

polyadenylation. Culturing of cells could easily be upscaled to obtain sufficient material 

necessary for molecular techniques such as ribosome profiling for studying translational 

regulation. Although mESC-derived neurons present limitations for modeling actual 

neurons in animals, they can be used to identify regulators of neuronal differentiation 

(Linares et al. 2015; Zhang et al. 2019a), and to measure synaptic transmission properties 

(Whipple et al. 2020). In summary, our CRISPR-Cas9 strategy for generating long 3′ UTR 

isoform-specific knockouts provides a new avenue for the rapid exploration of long 3′ UTR 

functions at molecular and cellular levels.  
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5. Supplementary data 

 
 

 
Supplementary Figure 7. Differentiation of Neuro2a cells. (A) Visualization of RNA-seq 
tracks for APA genes suggested long 3′ UTR isoforms are not strongly upregulated in 

differentiated N2a cells (grey tracks), and it shows splicing and 3′ expression discrepancy 
when compared to mouse cortical transcript profile (brown track). (B) Pictures of 

undifferentiated and differentiated N2a cells for 7 days. Morphological changes suggested 
successful differentiation protocol. (C) RT-qPCR performed for the same 6 genes that showed 

strong upregulation of long 3′ UTR isoforms in mESC-derived neurons. Long 3′ UTR isoforms 
expression was not significantly induced in differentiated N2a cells. Two-tail t-test were 

performed between the undifferentiated and differentiated cells. 
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Supplementary Figure 8. Potential roles of neuronal long 3′ UTR mRNA isoforms. (A) 

The list of 1200 genes that presented lengthening of 3′ UTR during the neuronal differentiation 
(Figure 1B) was compared with previously reported lists of genes localized to hippocampal 

neuropil. 252 genes showed overlap with at least one list and 5 were found in both localizing 
lists. (B) Alterative splicing analysis was performed using rMATS using the same RNA-seq 

dataset (splicing change ∆PSI > 0.2; FDR < 0.05). A list of genes that presented both 
alternative polyadenylation and alternative splicing was obtained by overlapping the rMATS 

list and the 1200 lengthening genes (Figure 11B). This analysis suggested at least 135 genes 
are subject to both alternative splicing and alternative polyadenylation. 
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Supplementary Table 
Supplementary Table 3. List of synthetic oligonucleotides 

RT-qPCR 

primers 

qP3201_Bptf_uni_F;GCTGCCCTCATTTGTCAGCTA 
qP3202_Bptf_uni_R;GGTCGCCTTGTACTTCACCTA 
qP3203_Bptf_ext_F;CCATGTTAGCCCTGTCCTGC 
qP3204_Bptf_ext_R;ATAGCAGGGCGACACCAAAT 
qP3197_Arfip2_uni_F;AGTTCAACATCAAGCTGCGG 
qP3198_Arfip2_uni_R;CGCCCAGTGTCCTTCTTGAT 
qP3199_Arfip2_ext_F;ACCTGCACTGCTCTTGTTGA 
qP3200_Arfip2_ext_R;TTGGACCTGTAGTTGACCGC 
N.529_calm1_uni;CCTGCCCCTAAAGTCAAGC 
mSy.26_calm1_prox_R;GCAAATGGAACTTTAAGGAGTCC 
N.559_calm1_ext;TGTACTGTTGCCAGGGAAGG 
mSy.28_calm1_ext_R;TGTTTAAGTTGCTCAAAGACACC 
qP3179_Gatad2a_uni_F;CAGAGCTGGTTGCTGGGTTA 
qP3180_Gatad2a_uni_R;TTGGCAGGCATGGGAATCAT 
qP3181_Gatad2a_ext_F;GGTCTGACCAAGAGGGTTCG 
qP3182_Gatad2a_ext_R;AACTGGGCCTACAAGGGTTG 
qP3104_Endov_uni_F;GGCAACAGTGCATGGAACTC 
qP3105_Endov_uni_R;GCATGGTGACCACACTGACTA 
qP3106_Endov_ext_F;CAGGGGGAGGCAACCTAAAC 
qP3107_Endov_ext_R;CCTGGCAGTCCACCATTCTT 
BBqP335_MpripL_F1;GCCTTCCCACTCATGCCATA 
BBqP336_MpripL_R1;GAGTCTGGGGTTTGGGTGTT 
BBqP337_MpripU_F1;AGGCACAGCAGCCTGTTAAT 
BBqP338_MpripU_R1;TCTGACCATCAAGGGTGGTG 
ML_mg_9_Psmd4;CAGCCGATTCTTGGCTAAAC 
ML_mg_10_Psmd4;TCCAGACCTAAGCAGCATGA 

gRNA 

oligos 

BB811_Mprip;caccgGACTCTAGCTTGTCACACAA 
BB812_Mprip;aaacTTGTGTGACAAGCTAGAGTCc 
BB813_Mprip;caccgCAGCAGCCATATGCATGCAG 
BB814_Mprip;aaacCTGCATGCATATGGCTGCTGc 

PCR 

primers 

BB4018_pUC19_F;GAATTCACTGGCCGTCGTTTTAC 
BB4019_pUC19_R;AAGCTTGGCGTAATCATGG 
BB4020_leftHA_1st_F;CCTTTGTGTGACAAGCTAGAGTCAAGAGATACCACTGTTAAGAATC 
BB4021_leftHA_2nd_F;accatgattacgccaagcttCCTTTGTGTGACAAGCTAGAGT 
BB4022_leftHA_R;AACCGGAAATCTCCACAAAGGAATAAATATTTCTACAAATTAACA 
BB4023_Neo_F;ATATTTATTCCTTTGTGGAGATTTCCGGTTAAGAATTC 
BB4024_Neo_R;GCAGCCATATGCATGAGTGGATCCATTATGTACCTG 
BB4025_rightHA_F;CATAATGGATCCACTCATGCATATGGCTGCTGACTTT 
BB4026_rightHA_1st_R;CAGCAGCCATATGCATGCAGAGGAGACAGGATTTTGCTGTGTAAC 
BB4027_rightHA_2nd_R;AAACGACGGCCAGTGAATTCCAGCAGCCATATGCATGCAG 

genotyping 

primers 

BB4035_geno_F;GGCAGGGCCTCTTATATCTCG 
BB4036_geno_R;TGTAGAGAGAGCAGCAGGTTC 
BB4111_geno_R;CCAGCCTCTGAGCCCAGAAA 

Lockdown 

capture 

probes 

MPRIP_22_1;TCTTTTTGTTCCTTCAGACATAATGAAATCTAAAAGCAATCCTGACTTCCTGAAGAAAGACAGATCCTGTG
TTACCCGGCAACTCAGAAACATCAGGTCCAAGGTGAGTGAGGTCCAGCT 
MPRIP_23_1;CTTATTTTTTGCTCTTTCCTCTGACAGTCCGTAATTGAGCAGGTCTCATGGGATAACTGAGTCGCGCCCG
CTTCCAAGTCCCCTGTCGTATAGGTAAACCACTTCTCACTCTGCCCACTG 
MPRIP_24.1_1;TCTCCACCAGAGTCTGAAGGAAGGCCTGACGGTGCAGGAGCGCTTGAAGCTCTTTGAATCCAGGGAC
TTGAAGAAAGATTAGCTGCATCCATTCCACTGACACATCCTTCCCAGCTGGTG 
MPRIP_24.1_2;GCAGCACAAGCCAAGCGTGGTTTTCATCTTCACCTGTGCATCTCATTGTTGCTGTCATTAACTGTGGGG
ATGGATGCATGAGAGACTGCTGTGGGGTGCTTGCTCCAGTCCCTCCCTGTC 
MPRIP_24.1_3;AATTCCAACTTCCTGTTGTCTTTATCACAGCTTTTTTCCCATGGTATTCTCAGATTAGTCACGCGCAAGC
AGTAGAGTGGGACGGTTTCCCCGCTGATACCTGAGCAGCCCCCTTGTCCT 
MPRIP_24.1_4;CCCAGCACACTCACTGTCAGTATTAAGGCACAGCAGCCTGTTAATAAGCTAGCCCTGCCTCAGAGTGC
ACATGTGGGGACCTGCCAGTGGCTCTGCTCTGCCGCACACAGCGGAGCACCA 
MPRIP_24.1_5;CCCTTGATGGTCAGAGCAGAGCCACCGAATGTTGTAGGCTGGCCTGATTTCTGAGGGGCCTAGGAAA
GTGTCCAGCCTGGCCCACTTCCTTTTGATGTGGGAGGGGGACAGCATTTTGTA 
MPRIP_24.1_7;CCGGCCCCTCTCATTCCTTCCTCCGCTCGTGCCTCCCTTGCTGTGCTAATCCTGGTCTTCTGGTGGCC
CGGAAGAGTGACTTGCAGCCTGAAGCTTCAGACTTGTCAAGTGTGATGGGTC 
MPRIP_24.1_8;CTCAAAGTCCTCTGGAGGGGAACATTGCTGGGGTTTAATCTGTCTGAAAAGAAGCTGCCATGCTGCTT
GGCAGGGTGAGGAGAAGCCCGTGTGCAAAGACAGACTGTCAGGACTGGTGAT 
MPRIP_24.1_9;AGCAGCAGTGTGTGCTCAGGACCCTCGTTAGTCTGGGCTCTGGAAGGGTCCCTTGAATTGTCTGCTTC
TCATGGAGCCATTGACAGGGAGCCTGTGCTAACTCTGCTTTTCTAGCTGAAC 
MPRIP_24.1_11;CCCATGTCAGATGGGAGAGGCAATAGCCTCATAGCTAGATATGCGATCTGGCTTCTTAGTCCTGGCT
TGTTAGTGTTAAGTGGGTCAGATGGATGGTCTCTGAGCGTACAAATTCAACTC 
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MPRIP_24.1_13;AGGCAAGCCCTGGGCTCCCCTTTTCACACGTTTTTAAGTTCCACTCTGGCACATGCTCAGTGGTCATT
TATGTTTTCAGCATTATGGGCAAGTCAGACCTGTTAAAACAAGCTTTGAGCT 
MPRIP_24.1_15;CTGCCTTGTGCTTCCTGGGATGCTACAAAGAGCCTGCGGAAGATGCCAAGCCTACCATTCAAAAGGA
CACTTGATCTTTTGCTCTTCACCTCAGAATCCTAGGATATGAACTTTGCTGAA 
MPRIP_24.1_17;CTAGGGCTTGTTTCACGTGTGGGTATCTGGTATGTTGGCCAAATGCTGAACTGGCAGACATTCCTGG
ATCATCCCCCACTGTCTACGCCAGTCTGAGCAGTAACATGTGCAGGATCAGGG 
MPRIP_24.1_19;TCTGTCCATTCCCTTCCCTCACTCCCTGAGCCAGGTTCACTTTTGCCTGACCCCTCTACAGGCTTCCC
ATTCCCTGGAAAGAAGTTGAAGTTGGTGTGTTCAGAGAAGAGGTATGGAATG 
MPRIP_24.1_21;ACATTTGTGGTCTACCAGCATCTACAAGCAAACTACCATTACAGGGAACATACCATTTGACAGTGAAT
GTAAATATATGCTTAAATTACATCTTGCAAGCCTGGCATGGTGGTGCACGC 
MPRIP_24.2_1;AAAAAAACAAAAAAAAAAAACTTCATCTTTGCACGTGTGATGCCGAGCACATCTGCCACACAGGGCTAC
TGGCTGCACCTTTTCCAGTATGGTTGTGGCCACAATGCCACAATAATAGGA 
MPRIP_24.2_2;GGCTGCACCTTTTCCAGTATGGTTGTGGCCACAATGCCACAATAATAGGAGGCCAGAGCCCCATGAAG
TAGGGAGTCCCCAGAGGGAAGAACGCTAGGAATGTGTGCATTCACTGAGTGT 
MPRIP_24.3_2;TTTGTCCAAAGGGAGCCTGAGAGATTTGACTAGGAAACAAATGGGTATGAAAGATATTTGAAGGAATGT
GTACTACTGTTAACCTCTCTACAGGGGGAGATGGTGCGCTGACTTCTTTCT 
MPRIP_24.3_4;ATCAGCTTAGTTAGATTCCTGCAGGCCTGCCCCACACACCTGACCTCCAACTAAGCCTGGCTCTCAAA
GACAGGCTGGATAAGCACCCAGAGGCCCTATGCAGCCTTCCCACTCATGCCA 
MPRIP_24.3_6;GTTACCTCTTGGCCAGCGGAGGGTTAGCTGTTCATGCTATGCTGTAAAGATGACATCACCTAGTAAGC
TACTTAGAGGCTATCAGTGTAGGGACTCATACAGCCTTTCTCATTAGAGCTC 
MPRIP_24.3_8;TTTGTGCAAAGTTTGTGTGAGTTTTAAAATACCCCTTTTGAAGGTATGTAAAGGCAGTGTTCAGTGCAAA
CCCCTCTCAAATGTCAAGACCATTAGTTGGCGAGGCATGGTAGCACACAC 
MPRIP_24.4_3;CATACGCTGCTTCAGGTCCAGGAGCCTAGCTCTAACAGCGGGGCTGGACTTGAGTGCAGAGCAGCCC
AGCTACCCATATCTCTAGCGACCTCACTGTATATAGCATGAGACTCCAGGTAG 
MPRIP_24.4_5;TGGAGCAGCTTCCATTGTGGGGCAGGACCTCATTGCTGGCATTTGCCATAAAGAGATACCACTGTTAA
GAATCCTAGCCACACAAGCCCACTCCAGCTTGCCACAGCTGACATGCCATTG 
MPRIP_24.4_8;TAAGAACCGCAGTCACAGTGGCTCCTTGACAATCAGAACTCTAGGTGACCTTCCATTACTGCTGCTTGA
CTGGGGGTGGGGTGCGTGTTTGTGAACAGGGCGCCTGGCAGGGCCTCTTAT 
MPRIP_24.4_10;CCAGAGAGGCTTCAAGCACAGCTTCTCAGAGCCAGTTCAGGCCTCTGTGTGTATGCACAGGGTGTGG
CTTCCTGCAGACAACATGTCCCCCAACTCCTCATTCCAAGATCTTATGGTTCA¬¬¬ 
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Chapter IV: Long-read sequencing reveals coordination of 

alternative splicing and alternative polyadenylation in mouse 

embryonic stem cell-derived neurons 

 

Alternative splicing (AS) and alternative polyadenylation (APA) are RNA 

processing events that are responsible for generating multiple mRNA isoforms with 

different protein-coding exons and 3′ UTRs from a single gene. AS and APA are 

particularly pervasive during neuronal differentiation. The coupling of AS and APA has 

been speculated for decades given that multiple RNA-binding proteins can regulate both 

events. However, evidence showing the direct physical coupling between the AS and APA 

has been lacking until recently. A direct connection between AS and APA was 

demonstrated for the Dscam1 gene in Drosophila melanogaster (Zhang et al., 2019). To 

extend the search for these coordinated events, we have developed a long-read 

sequencing approach based on the Oxford Nanopore Technology platform called Pull-a-

Long-Seq (PL-Seq). PL-Seq has a particular utility in quantifying the coordination of 

tandem 3′ UTR APA events to upstream cassette exon AS. Here, we apply this approach 

to mouse embryonic stem cell (mESC)-derived neurons. PL-Seq performed on the Endov 

gene reveals that expression of its long 3′ UTR in neurons is preferentially associated with 

an exon skipping event located far upstream of the terminal exon.  
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1. Introduction 

Alternative splicing (AS) diversifies the transcriptome from a limited pool of genes. 

AS is particularly pervasive in the nervous system and AS events in the nervous system 

are more conserved between vertebrate species than the splicing events in other organs 

(Barbosa-Morais et al. 2012). Alternative cleavage and polyadenylation (APA), specifically 

the usage of the distal polyadenylation signal, leads to the production of mRNAs with 

longer 3′ UTR sequences in the nervous system (Miura et al. 2013). Nervous system 

specific AS and APA impart transcriptomic diversity which contributes to the functional 

complexity of the nervous system. Although the functional relevance of each of individual 

neural-specific AS and APA events has been shown in various cases (Baj et al. 2011; 

Jensen et al. 2000; Gehman et al. 2011; Linares et al. 2015), whether these RNA 

processing mechanisms are coordinated is less clear. 

In the past decades, the coupling of AS and APA has been speculated given the 

versatility of protein factors impacting both events (Licatalosi et al. 2008a; Masuda et al. 

2015; Lagier-Tourenne et al. 2012; Movassat et al. 2016). That is, some splicing factors 

have been shown to influence APA or, conversely, 3′ end processing factors have shown 

to alter upstream splicing patterns. These observations suggested that even a single factor 

might be able to regulate the processing of mRNAs at multiple levels. Elav in Drosophila 

has shown to play a role in both AS and APA (Soller and White 2003; Lee et al. 2021b; 

Lisbin et al. 2001; Koushika et al. 1996, 2000). However, whether Elav impacts the AS 

and APA independently, thus coincidentally causing both transcriptomic changes or 

whether AS and APA have some feedback mechanism to selectively couple a particular 

splicing pattern and 3′ UTR isoform is yet elusive. Recently, more plausible evidence 

showing the direct co-regulation between the AS and APA has been uncovered. This 

showed a role of neuronal Elav in AS of Dscam1 gene which was dependent on the long 
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3′ UTR isoform expression (Zhang et al. 2019). This begs the question of how pervasive 

the co-regulation of AS and APA is and whether AS and APA are tightly linked in the 

nervous system.  

Conventional short-read RNA-seq techniques rely on mapping 50 – 200 bp reads 

to a reference genome followed by estimation of transcript isoform abundance (Li and 

Dewey 2011; Roberts and Pachter 2013) or estimation of transcript expression based on 

transcriptome k-mers counting (Patro et al. 2014). However, short-read RNA-seq usually 

falls short of directly connecting a particular pattern of AS to 3′ UTR isoforms. With the 

advent of long-read sequencing, full-length transcript isoform sequencing is now possible 

(Sharon et al. 2013; Oikonomopoulos et al. 2016). Current platforms of long-read 

sequencing have been expanded to a degree where extremely high accuracy long-read 

sequencing (Travers et al. 2010), detection of epigenetic modification (Flusberg et al. 2010; 

Rand et al. 2017), and direct RNA sequencing (Garalde et al. 2018) are all feasible.  

Our group has recently developed a new long-read sequencing pipeline based on 

the Oxford Nanopore Technology platform, Pull-a-Long-Seq (PL-Seq; Zhang et al. in 

preparation). Although transcriptome-wide long-read sequencing provides its unique 

advantages in displaying assembled full-length transcript structure, its biggest limitation is 

the low depth of long reads covering individual genes (Byrne et al. 2017; Sharon et al. 

2013; Soneson et al. 2019; Dong et al. 2021). This is due to sequencing bias toward highly 

expressed genes and the over-representation of reads that do not span entire transcript 

isoforms. Our PL-Seq pipeline overcomes this caveat by enriching the sequencing library 

for genes of interest using a probe-based capture of cDNA. PL-Seq has special utility in 

quantifying the coordination of tandem 3′ UTR APA events to upstream cassette exon AS 

events.  
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PL-Seq in various developmental stages of Drosophila has demonstrated direct 

connectivity between AS and APA events of multiple genes (Zhang et al., in preparation). 

We applied this approach to mouse embryonic stem cell (mESC) derived neurons (mES-

neurons). During mESC differentiation to mES-neurons, extensive lengthening of 3′ UTRs 

and widespread differential cassette exon AS was quantified by analysis of short read 

RNA-Seq. We performed PL-Seq on one of the 27 genes that showed regulation of both 

AS and APA during neuronal differentiation – Endonuclease V (Endov). PL-Seq 

performed on Endov revealed that expression of its long 3′ UTR in neurons is preferentially 

associated with exon 4 skipping at far upstream of the terminal exon.  

 

2. Results 

Quantification of alternative splicing and alternative polyadenylation during 

neuronal differentiation of mESCs. 

We first decided to generate a list of potential genes that are subject to both AS 

and APA during neuronal differentiation. For this purpose, we performed mESC 

differentiation protocol into glutamatergic neurons (Bibel et al. 2007; Hubbard et al. 2013). 

The expression of mESC or glutamatergic neuron marker genes, Utf1 and Grin2b, 

respectively, were measured by RT-qPCR for confirmation of each developmental stage. 

RT-qPCR result showed exclusive expression of each marker in designated cell type 

(Figure 15A). Using these samples, we performed short read total RNA-seq. QAPA 

analysis (Ha et al. 2018) was used to identify APA genes from the short read data. Distal 

poly(A) site usage (dPAU) values were calculated for each gene and a fold change 

increase of at least 25% between the mESC and mES-neuron data was considered as 

lengthening events (p-value adjusted by false discovery rate, FDR < 0.05). This result 

demonstrated 233 genes with upregulation of longer 3′ UTR isoforms during neuronal  
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Figure 15. Alternative splicing and alternative polyadenylation during mESC 
neuronal differentiation.  
(A) The expression of mESC or glutamatergic neuron marker genes, Utf1 and Grin2b, 
respectively, were measured by RT-qPCR for confirmation of each developmental 
stage. RT-qPCR result showed exclusive expression of each marker in designated cell 
type. (B) QAPA analysis was performed to identify APA genes. The distal poly(A) site 
usage (dPAU) values of each gene were considered as lengthening if presented a fold 
change increase of at least 25% and FDR < 0.05. This result demonstrated 233 genes 
showing upregulation of longer 3′ UTR isoform during the neuronal differentiation. (C) 
Alternative splicing events were assessed using rMATS. All the alternative splicing 
events detected by rMATS were filtered by FDR < 0.05 and the inclusion level difference 
(dPSI > 0.2). Analysis on our RNA-seq data displayed 2,218 AS events in 1,249 genes. 
(D) The overlap between these two lists suggested 27 genes are subject to both AS and 
APA. (E) The expression of the long 3′ UTR, exon inclusion or exon skipping were 
validated by RT-qPCR. t-test was performed to compare RT-qPCR results. n= 3, * < 
0.05; ** < 0.01; *** < 0.001; **** < 0.0001. 
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differentiation while only 9 showed downregulation (Figure 15B). When comparing these 

233 genes to a list of 3′ UTR lengthening genes estimated from previously published 

dataset (Bae and Miura, submitted – see Chapter 3), we found 79% of genes showed 

reliable lengthening provided 185 genes overlapped between two lists (Supplementary 

Figure 9A). 

Alternative splicing events were assessed for the same RNA-seq data using 

rMATS (Shen et al. 2014). All the alternative splicing events detected by rMATS were 

filtered by FDR < 0.05 and the inclusion level difference (dPSI > 0.2). Analysis on our 

RNA-seq data displayed 2,218 AS events in 1,249 genes (Figure 15C). Among them, 771 

genes were detected to be alternatively spliced in both the public data and our data 

(Supplementary Figure 9B). The extend of potential co-regulation of AS and APA was 

assessed by selecting genes that are found in both lists of 233 3′ UTR lengthening genes 

and 1,249 alternatively spliced genes. There were 27 genes overlapping, suggesting that 

they might be subject to both AS and APA (Figure 15D and Supplementary Figure 9C).  

Next, we validated some of the 27 genes for its 3′ UTR lengthening and splicing 

events during the mESC-derived neurons development. Split RT-qPCR primers at the 

exon junctions were designed either for forward or reverse primer in a way that the pair 

specifically detects exon inclusion events. The expression of the long 3′ UTR and exon 

inclusion were normalized to the expression of the total gene of interest by primers 

targeting constitutive exons (Figure 15E). All of the four targets we tested (Endov, Dctn4, 

Meaf6, Ralgapb) showed the expected trend according to the RNA-seq dataset. Overall, 

our QAPA and rMATS analysis reliably generated a list of genes subject to both AS and 

APA processing during the mouse neuronal development. 

We performed gene ontology (GO) analysis using TopGO (Alexa et al., 2021). This 

analysis showed the genes with both AS and 3′ UTR lengthening are enriched in a specific 
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biological process. When all the 233 lengthening genes were considered as background, 

5 out of the 27 genes were significantly enriched in GO term “anatomical structure 

formation involved in morphogenesis” (Supplementary Figure 9D). This suggests that 

AS-APA regulated genes might play a role in establishing morphological changes during 

neuronal differentiation.  

 

Pull-a-Long Seq (PL-Seq) identified Endonuclease V (Endov) exon 4 connectivity 

with the 3′ UTR isoforms. 

Bioinformatics analysis of RNA-seq data and RT-qPCR validation showed that 

neuronal differentiation regulates both AS and APA. These analyses, however, fall short 

in determining whether these two concurrent RNA processing events are tightly 

coordinated and connected for individual genes. Two scenarios would be possible (Figure 

16). The first scenario is that the AS is equally impacting all the transcripts regardless of 

their 3′ UTR expression pattern. In this case, all the 3′ UTR isoforms will have the same 

coding power while different 3′ UTR sequences will provide post-transcriptional gene 

regulation. Alternatively, AS pattern could be biased toward a specific 3′ UTR isoform. 

Under this circumstance, each 3′ UTR isoform could possess differential coding potential 

translating proteins with different domains or would be subjected to differential RNA 

metabolism/decay mechanism due to coding frame shift. 

To address this hypothesis, we focused on endonuclease 5 (Endov) gene. Endov 

is a highly conversed proteins found in all kingdoms which is involved in DNA repair or 

RNA cleavage (Sebastian Vik et al. 2013; Dalhus et al. 2015). During neuronal 

differentiation, exon 4 of Endov transcript showed increased skipping which was 

concomitant with expression of the long 3′ UTR (Figure 17A). To assess the physical 

connectivity between AS and APA in Endov transcripts, we performed PL-Seq. Briefly, 
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reverse transcription is performed using SMRT (Switching Mechanism at 5′ end of RNA 

Template) technology. Endov cDNA was then enriched using the probe capture technique 

(for probe sequences see Supplementary Table 4), followed by PCR amplification. 

Enriched and amplified cDNA was subjected to sequencing library preparation. 

Sequencing was then performed on the Oxford Nanopore MinION platform. 

 

 

 

Figure 16. Working hypothesis.  
In the first scenario, AS is equally impacting all the transcripts regardless of their 3′ UTR 
expression pattern. In this case, all the transcripts will have the same coding power 
while different 3′ UTR sequences will provide post-transcriptional gene regulation. 
Alternatively, AS pattern could be biased toward a specific 3′ UTR isoform. Under this 
circumstance, each 3′ UTR isoform would translate different proteins or be subjected to 
differential RNA metabolism/decay due to coding frame shift. 

 

 

Raw fastq files were mapped to the reference genome using Minimap2 (Li 2018). 

From the short-read RNA-seq tracks (Figure 17A), the presence of a medium size 3′ UTR 

isoform in mES-neuron was not obvious. However, PL-Seq tracks reliably showed 

presence of three distinct 3′ ends for the Endov gene (Supplementary Figure 10). The  
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Figure 17. PL-Seq identified Endov exon 4 connectivity with 3′ UTR isoforms. 
(A) Visualization of short-read RNA-seq supported exon 4 AS and 3′ UTR lengthening 
during mES-neuron differentiation. (B) PL-Seq was performed for Endov to assess the 
physical connectivity between AS and APA. Each isoform was supported by the 
presence of untemplated poly(A) tail at the end of the reads. All the coverage tracks 
from replicates were overlaid for visualization purpose. (C) Calculation of PSI was 
performed by counting reads that included the exon 4 divided by the total post-filtering 
reads. The PSI in the Endov short 3′ UTR isoform (83.1%) was significantly different 
from the value in the long 3′ UTR isoform (29.3%). n = 4 biological replicates. Paired t-
test was performed. * < 0.05. 
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three 3′ UTR isoforms were separated using samtools. First, the longest isoform was 

parsed from the total bam file by filtering reads that overlapped with the long 3′ UTR 

exclusive region. Subsequently, the rest of the reads were used to parse medium and 

short 3′ UTR isoforms in a similar way. At this point, not all the reads that matched to the 

3′ UTR would provide AS information. Thus, each isoform file was subjected to additional 

filtering. At least 80% of the upstream exon 3 and downstream exon 5 coverage was 

required. This step was necessary in order to obtain informative reads that would allow 

accurate calculation of percentage-spliced-in (PSI) values. Subsequently, at least 80% 

coverage of each 3′ UTR sequences was also required. These filtering steps largely 

discarded any reverse transcription artefacts due to random template switching in highly 

structured region (Schulz et al. 2021) and successfully separated all three 3′ UTR isoforms, 

each supported by the presence of untemplated poly(A) tail (Figure 17B and 

Supplementary Figure 11). Calculation of PSI was performed by counting reads that 

included the exon 4, then, dividing by the total reads that passes the previous filtering 

steps. The PSI in the Endov short 3′ UTR isoform (83.1%) was significantly different from 

the value in the long 3′ UTR isoform (29.3%; Figure 17C). This result showed that the 

exon 4 alternative splicing pattern is biased depending on which 3′ UTR isoform is selected. 

 

Independent experimental confirmation of Endov AS-APA coupling. 

In order to validate the PL-Seq result, alternative experimental confirmations were 

performed. First, we performed a nested RT-PCR experiment. We amplified mESC or 

mES-neuron cDNAs from a common region (Figure 18A; Fwd to uni) or long 3′ UTR 

specific region (Figure 18A; Fwd to ext). PCR products were gel purified and quantified. 

Equimolar amount of the first PCR product from each sample was used in a second PCR  
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Figure 18. Validation of Endov AS-APA coupling.  
(A-B) In the first PCR, mESC or mES-neuron cDNAs from a common region (Fwd to 
uni) or long 3′ UTR specific region (Fwd to ext) were amplified. Equimolar amount of the 
first PCR product from each sample was used in a second PCR to detect the alternative 
splicing patterns (Fwd to AS). Nested PCR confirmed that exon 4 is exclusively included 
in mESC while the extent of exon 4 inclusion varied between the common region PCR 
product (Fwd to uni) and the long 3′ UTR-specific PCR product (Fwd to ext). (C) 
Quantification of band intensities confirmed that the PSI in all the Endov transcripts 
(78.3%) significantly differed from the PSI in the long 3′ UTR transcript (61.2%). n = 3 
biological replicates. t-test * < 0.05 (D) Long-read library was prepared from the 
upstream constitutive exon 3 to either uni or ext region using PCR. PCR-based long-
read sequencing result also showed similar exon usage bias, inclusion level of the target 
exon in all the transcripts being higher than in the long 3′ UTR-specific PCR product. n 
= 1. 
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to detect the alternative splicing patterns (Figure 18A; Fwd to AS). Then, the PCR 

products were resolved in agarose gel. Nested PCR approach confirmed that exon 4 is 

exclusively included in mESC while alternatively spliced in mES-neuron (Figure 18B). The 

extent of exon 4 inclusion varied between the common region PCR product (Fwd to uni) 

and the long 3′ UTR-specific PCR product (Fwd to ext; Figure 18B). Quantification of band 

intensities confirmed that the PSI in all the Endov transcripts (78.3%) significantly differed 

from the PSI in the long 3′ UTR transcript (61.2%; Figure 18C).  

For a second validation, we performed long-read sequencing of specific RT-PCR 

products from the Endov gene. Long-read library was prepared from the upstream 

constitutive exon 3 to either uni or ext region using PCR. PCR-based long-read 

sequencing result also showed similar exon usage bias. The inclusion level of the target 

exon (Figure 18D in orange) in all the transcripts (Figure 18D; Endov-uni track) was 

higher than the inclusion level in the long 3′ UTR-specific PCR product (Figure 18D; 

Endov-ext track). All our analyses suggested that skipping of exon 4 of Endov is 

differentially regulated in the short and the long 3′ UTR mRNA isoforms.  

 

3. Discussion 

AS and APA are two types of co- or post-transcriptional RNA processing 

mechanisms that contribute to transcriptome diversity. The significance of both AS and 

APA has been extensively studied to substantiate their key roles in cellular functions. 

However, whether AS and APA are mechanistically coordinated has been investigated to 

a less extent.  The advent of long-read sequencing has uniquely opened up new avenues 

for testing the connectivity between different RNA processing events. The PL-Seq 

approach can specifically assess the coordination of tandem 3′ UTR APA events to 

upstream cassette exon AS events (Zhang et al. in preparation).  
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The nervous system exhibits an extensive expression of long 3′ UTR transcript 

isoforms. PL-seq performed in the mouse cortex showed some genes to be consistently 

and significantly coupled (Supplementary Figure 12). However, whether the coupling 

event is occurring within the same cell type or the detected isoforms are cell type-specific 

transcripts is ambiguous. In this context, the mES-neuron system is beneficial in 

addressing the AS-APA coupling hypothesis given the homogeneous cell type with strong 

APA changes during the differentiation. In the same cell type, neurons, both short and 

long 3′ UTR transcript isoforms are often expressed, thus it allows a 3′ UTR isoform-

specific pair-wise analysis of AS pattern in the same sample.  

PL-Seq performed on the Endov gene revealed that expression of its long 3′ UTR 

in mES-neuron is preferentially associated with the exon 4 skipping event (Figure 17B-

C). Previous attempts on exploring the extent of AS and APA coupling have presented 

that the AS-APA was limited to the last intron or exon (Movassat et al. 2016; Lee et al. 

2021b). However, our example on the Endov suggests that PL-Seq could broaden the 

scope to further upstream exon splicing. Implementing PL-Seq would not only confirm the 

coordination between APA and the terminal intron/exon splicing events but also further 

upstream AS events in mouse neurons.  

The alternatively spliced exon in the Endov transcript is 40 bp in length. Thus, 

skipping of this exon in mES-neurons would cause a frameshift that is predicted to 

introduce a premature termination codon (PTC) in its exon 6 (Supplementary Figure 13). 

The introduction of PTC is often associated with nonsense-mediated mRNA decay (NMD) 

which serves as a surveillance mechanism or post-transcriptional gene regulation 

mechanism (Kurosaki et al. 2019; Lee et al. 2021a). During splicing of pre-mRNAs, exon 

junction complex (EJC) is deposited upstream of each exon-exon junction. These EJCs 

are removed from mRNAs during the first round of translation by ribosomes. However, if 
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a PTC is introduced and not all the EJCs are displaced, the EJC-dependent NMD 

mechanism is triggered. The presence of EJC could also impact the translation efficiency 

by hindering the interaction between the 5′ and 3′ end of mRNAs. Thus, it is intriguing to 

know whether the long 3′ UTR isoform associated with the skipping of exon 4 is a target 

of NMD to either regulate mRNA decay or translation efficiency.  

A compelling question is which RBPs are involved in the coupling of these two 

RNA processing mechanisms in mouse neurons. In Drosophila, Elav was found to induce 

both neuronal AS and APA of Dscam1 (Zhang et al. 2019; Lee et al. 2021b). Interestingly, 

the exon 4 AS retention for the short 3′ UTR isoform of Endov in mES-neurons resembled 

the pattern in mESCs. The neuronal-like exon 4 skipping was prominent for the long 3′ 

UTR isoform (Figure 17A-B). Thus, a single protein factor may act on a transcribing pre-

mRNA to simultaneously but independently regulate exon 4 AS and APA of 3′ UTR. Are 

any of the RBPs reported to be regulators of AS and APA, i.e. Nova, Fus, Hu (Licatalosi 

et al. 2008b; Masuda et al. 2016; Lee et al. 2021b), responsible for this phenomenon? In 

the context of AS and APA coupling, does one of these events precede the other one? 

Whether splicing is required for the APA decision or long 3′ UTR transcription is necessary 

for AS is still elusive. Studying the transcription kinetics of the long 3′ UTR region and 

alternative splicing would provide good clues to address this question (Reimer et al. 2021).  

Implementation of PL-Seq in the Endov gene served as a practical approach in 

looking into the AS and APA coordination in mammalian neurons. More extensive 

screening for AS and APA genes is warranted. In future work it will be interesting to use 

PL-Seq to quantify AS and APA coordination under different cellular contexts, such as 

neuronal activation (Denkena et al. 2020) and in disease conditions.  
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4. Materials and Methods  

mESC and glutamatergic neuron differentiation 

mESC (E14TG2a) cells between passages number 5 – 15 were routinely 

maintained in mESC medium (DMEM supplemented with 1x Glutamax, FBS, β-

mercaptoethanol. MEM non-essential aminoacids, sodium pyruvate, and LIF) on MEF 

feeder or on gelatin-coated tissue culture dishes. mESC media was replaced daily and 

split every other day. mESC differentiation protocol has been described in detail in 

previous chapter. In short, 3.5x106 cells were plated onto 90 mm bacteriological dishes in 

15 mL NPC medium (DMEM with L-glutamine (Thermo Scientific 11965092) 

supplemented with 10% FBS, 1X non-essential amino acids, and 550 µM β-

mercaptoethanol). Media change was performed on day 2. On day 4, 6, and 8, media 

change was performed and 5 µM of retinoic acid was added. On day 10, NPC aggregates 

were collected and dissociated with 1 mL of TrypLE (Thermo Scientific 12604013) at 37°C 

for 5-7 min. To halt the reaction, 8 mL of Trypsin inhibitor (Thermo Scientific R007100) 

was added. The NPC aggregates were gently dissociated by pipetting up and down and 

filtered through 40 µm cell strainer. Cell suspension was diluted in N2 media (Neurobasal 

(Thermo Scientific 21103049) supplemented with 1X N2 (Thermo Scientific 17502048) 

and 2 mM glutamine (Thermo Scientific 25030081)) at 3x105 cells/mL. 10 mL of cells were 

plated onto PDL (Sigma P7280) coated 100 mm cell culture dishes. Complete media 

change was performed at 4h (day 10) and 24h (day 11) with N2 media. On day 12 

(equivalent of neurons DIV 2) and 14 (DIV 4), media was replaced with B27 media 

(Neurobasal supplemented with 1X B27 (Thermo Scientific 17504044) and 2 mM 

glutamine). Cells were maintained until day 17 (DIV 7). 
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Alternative splicing and alternative polyadenylation analysis 

For transcriptome wide AS and APA analyses, we performed mESC differentiation 

into glutamatergic neurons. To compare our result, we also analyzed publicly available 

RNA-seq data under BioProject accession PRJNA185305 - mESC (SRR645824 

SRR645826 SRR645828) and mES-neurons (SRR645846 SRR645849 SRR645851). For 

alternative polyadenylation analysis, QAPA 1.3.1 was used with pre-compiled mouse 

mm10 library provided with this version of software as previous described (Chapter 3 or 

methods paper). Briefly, only the genes with gene-level TPM values greater than 1 were 

used for the following analysis. Distal poly(A) usage (dPAU) values were selected by 

filtering the maximum length of the 3′ UTR sequence used in the analysis. Fold change of 

dPAU values between mESC and DIV7 neurons was calculated and t-test was performed 

followed by FDR correction.  For alternative splicing analysis, RNA-seq read were aligned 

to Mus musculus GRCm38.102 genome using STAR 2.7. Sorted output bam files were 

then fed into rMATS 4.0.2 to identify alternatively spliced cassette exons. Output file was 

filtered by FDR < 0.05 and |IncLevelDiff| > 0.2 to create a high-confidence spliced gene 

list. TopGO was used for the assessment of gene enrichment for the biological function. 

This gene ontology analysis was performed by using all the APA genes identified by QAPA 

analysis as background and genes identified to have both AS and APA as a test group. 

Data arrangement, statistical analysis, and graph generation was performed in R 4.0.3. 

 

cDNA synthesis 

RNA was extracted from cultured cells using Trizol (Ambion) method. Briefly, 

samples were triturated and lysed in Trizol for 10 min in room temperature. Phase 

separation was performed by adding 1/5 volume of chloroform and centrifuging at 

20,000xg for 15-20 min at 4°C. Upper aqueous phase was precipitated with isopropanol 
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for 15 min at room temperature or 2 hours at -20°C and centrifuged at 20,000xg for 15-20 

min at 4°C. RNA pellet was washed with 70% ethanol followed by centrifugation at 

20,000xg for 10 min at 4°C. RNA pellet was resuspended at desired volume of water. RNA 

was quantified using Nanodrop spectrometer. For cDNA synthesis, 1 µg of DNase (Turbo 

DNase – Thermo Scientific) treated total RNA was reverse transcribed using Maxima 

reverse transcriptase (Thermo Scientific).  

 

RT-qPCR 

The first strand cDNA reaction was diluted 1:5 before performing RT-qPCR. RT-

qPCR was performed using SYBR Select Master Mix for CFX (Thermo Scientific 4472954). 

BioRad CFX96 real time PCR machine was used and results were analyzed using the 

DDCt method. Primers used for RT-qPCR are found in Supplementary Table 5. 

 

SMARTer cDNA synthesis 

For full-length cDNA synthesis, SMARTer PCR cDNA synthesis kit (Clontech) was 

used according to user manual. Total RNA was DNAse treated either on-column using 

PureLink DNase (Thermo Scientific 12185010) and PureLink RNA Mini kit (Thermo 

Scientific 12183020) or with TURBO DNase (Thermo Scientific AM1907). First strand 

cDNA was synthesized using 700 ng of DNase treated RNA, 3′ SMART CDS Primer II A 

and SMARTer II A TSO. cDNA was diluted 1:5 in water. cDNA was amplified by optimal 

(18 – 21) cycles of PCR using Advantage 2 PCR kit (Clontech). For enrichment of cDNA 

for genes of interest, cDNA was enriched by capturing with biotinylated xGen Lockdown 

probes (IDT; probe sequences found in Supplementary Table 4) and xGen hybridization 

and wash kit (IDT). Target capture probe design tool was used for the design of 120 bp 

probes. Probes were selected based on the location (toward the 3′ end) and GC contents 
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(preferentially between 40 – 65°C). Captured cDNA was purified using AMPure XL beads 

(Beckman Coulter) then amplified using Takara LA Taq DNA polymerase Hot-Start version 

(Clontech).  

 

Nested RT-PCR 

First PCR was performed using LongAmp Taq 2X master mix (NEB) and 2 - 3 µL 

of cDNA (1:5 diluted after reverse transcription) in 20 µL for 30 cycles. 2 * 20 µL PCR 

reactions were pooled together to obtain sufficient material. PCR product was then gel 

purified using QIAquick gel extraction kit (Qiagen) and eluted in 50 µL of water. Eluted 

DNA was quantified using Nanodrop spectrometer. For the second PCR, Taq DNA 

polymerase with standard buffer (NEB) was used with 25 cycles. Equimolar amount of 

DNA was used for the second PCR (e.g. 5 ng of DNA for 1 kb product or 15 ng of DNA for 

3 kb product) according to the Nanodrop quantification. PCR products were resolved in 3% 

agarose gel and imaged using Gel Doc EZ (BioRad). Exposure time was adjusted to 

ensure band intensities were not saturated. PSI values were estimated using gel analyzer 

tool in Fiji. 

 

Nanopore sequencing 

For PCR based nanopore library preparation, the same first PCR product used in 

nested RT-PCR was ligated with barcoding adapters or new PCR amplicon was obtained 

using primers with barcoding adapter sequence overhangs. Each sample was barcoded 

by PCR using Nanopore PCR barcoding kit (EXP-PBC001). Barcoded samples were 

pooled at the equimolar concentration, end-prepped (NEBNext FFPE DNA Repair Mix and 

NEBNext Ultra™ II End Repair Kit), and nanopore adapter was ligated (T4 DNA Ligase – 
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NEB) using Nanopore ligation sequencing kit (SQK-LSK109). For capture-enriched cDNA 

library preparation, captured and amplified cDNA was end-prepped (NEBNext FFPE DNA 

Repair Mix and NEBNext Ultra™ II End Repair Kit) and ligated (T4 DNA Ligase – NEB) 

with sequencing adapters (Nanopore SQK-LSK110). MinION Mk1B device and FLO-

FLG001 flow cells were used for sequencing of the libraries.  

 

Nanopore data analysis 

Detailed analysis pipeline for PL-Seq is described in the original paper (Zhang et 

al. In preparation). Briefly, Minimap2 was used to map the reads to mouse genome and 

GRCm38.102 transcriptome bed file was supplemented. Samtools were used to generate 

and index bam files. Aligned bam files were first visualized in IGV. Different 3′ UTR 

isoforms were separated using samtools. Genomic coordinates were inputted as a bed 

file to sequentially split 3′ UTR isoforms starting with the longest 3′ UTR isoforms. Each 

isoform files were subjected to additional filtering. At least 80% of the upstream and 

downstream exon coverage was required. Subsequently, at least 80% coverage of each 

3′ UTR sequences was also required. Calculation of PSI was performed by counting reads 

that included target exon, then, dividing by the total reads that passes the previous filtering 

steps. 
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5. Supplementary Data  

 

 

 

Supplementary Figure 9. Alternative splicing and alternative polyadenylation 
during mESC neuronal differentiation.  
(A) Number of genes with 3′ UTR lengthening was estimated by using published dataset 
where 1,200 genes showed upregulation. Comparing this with our 233 genes, 185 
genes (79%) were found in both lists. (B) Similarly comparing two datasets for AS, 771 
genes were detected to be alternatively spliced in both the public and our data. (C) The 
extend of potential co-regulation of AS and APA was assessed by selecting genes that 
are found in both lists of 233 3′ UTR lengthening genes and 1,249 alternatively spliced 
genes. 27 genes that are subject to both AS and APA are shown here. (D) When all the 
233 lengthening genes were considered as background, 5 out of the 27 genes were 
significantly enriched in GO term “anatomical structure formation involved in 
morphogenesis”.  
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Supplementary Figure 10. Raw read information generated by PL-Seq on Endov 
gene. 
Raw fastq files were mapped to the reference genome and visualized in IGV. The 
presence of a medium size 3′ UTR isoform in mES-neuron was not very evident in short 
RNA-seq. However, PL-Seq tracks reliably showed presence of three distinct 3′ of 
transcripts. 
 

 

 

 

 

 

 

 

[0 - 18883]

[0 - 25311]

[0 - 26193]

[0 - 41255]

Supplementary Figure 2

Endov

PL-seq in mES-neuron

Rep 1

Rep 2

Rep 3

Rep 4



 152 

 

 

 

Supplementary Figure 11. PL-Seq on Endov gene. 
PL-Seq pipeline supported successful detection of all three 3′ UTR isoforms. Related to 
Figure 3B, read coverage tracks are shown here without overlay.  
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Supplementary Figure 12. Pull-a-long seq in mouse cerebral cortex identified 
additional AS-APA linkage candidates.  
(A) PL-Seq was performed in 11w mouse cortex. Additional gene was confirmed for its 
potential AS-APA coupling. (B) Quantification of PSI values in the short and long isoform 
showed significant difference of splicing pattern. 

 

 
 
 
 
 

 
 
Supplementary Figure 13. Endov isoform as a potential NMD target. 
Skipping of exon 4 introduces a PTC in Endov transcripts. Since PTC is one of the key 
features of NMD, it is intriguing whether this isoform is a target of NMD.  
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Supplementary Table 4. List of Lockdown capture probes used in this study. 
 

ENDOV(338371)_3_1;GAACAGGTGGTTGCAGCCAGCATCTGACCTGTCCCTGCTGCCTCGCTGTCAGGTGGTGTATGAGGACAGCCG
CATGGTTGGCCTGAAGGCCCCCTATGTGTCAGGCTTCCTGGCCTTCCG 
ENDOV(338371)_3_2;AGAGGTCCCTTTCCTGGTGGAGTTGGTACAGCGGCTGCAAGAGAAGGAACCAGATCTCATGCCCCAGGTAG
GTGCCTCCTAAGGTGAGGAGAACCCCTCTGCTTGTGCTTAGGGAGGGAA 
ENDOV(338371)_5_1;GCAGGCTTCGGGGTGGCCTGCCACCTTGGTGTCCTTACAGAGCTGCCATGCATCGGGGTGGCCAAGAAGCT
CCTGCAGGTGGATGGACTGGAGAACAATGCTCTGCACAAGGAGAAGGTG 
ENDOV(338371)_6.1_1;TTTACAGTTTTTTTCTGTTTCCCAGATTGTGCTCCTGCAGGCCGGAGGAGACACATTTCCTCTGATAGGCAG
CTCTGGGACTGTCCTGGGAATGGTGAGTGGCCAGAAAGCTGTGCCTTG 
ENDOV(338371)_7.1_1;ACATCCTCACAGCCTCAGTCCTGAGGCTGGTCCTGCTCCACAGCAACGTTGCCCATCCATGCTTGTCCTCCT
TCCACAGGCCCTGAGGAGCCATGACCACAGCACCAAGCCCCTCTATGT 
ENDOV(338371)_7.1_2;CTCTGTGGGCCACAGAATAAGCCTGGAGGTCGCTGTGCGCCTCACCCACCACTGCTGTAGGTTCCGGATCC
CAGAACCTATACGCCAGGTATGGGGCTGTGGTGGGAGTGGGAGAGTTG 
ENDOV(338371)_9.1_1;TCGGCCTTCCCTCTAGGCTGGGCCCTTCATCAGGCCTCAGAGACCCCTGGAGAACAAGGGGACTTCTGACA
CACCCTGGCTTTTTATGTTTCCTGTTTCTTGGTGTCATTACCAGGAGCC 
ENDOV(338371)_9.1_3;GCTTCCAGGAGCAGAAGGACCAGCAGTTGGAGGGAACCGGGCATCAGGAAGACTCGGACCTCTGGCCTC
CTTCTCCAGCCTGGGTACAGTCACCACCCTGAGAAGATGATCTCTAGGAGC 
ENDOV(338371)_9.1_5;AGCCTCCTCCATCACTGGCTAGTCAGTGTGGTCACCATGCCCCAGCAGGACCATATTCCAGACCAGGAAGC
ACACACAAGCACCAAGAGTACATGAAGGACTTCAGGCCTCGGGTGCCCA 
ENDOV(338371)_9.1_7;AGACTGTCATCCGTGTCATAGCCAGGCTGCAGCCCCCAAGGTGCCTGTCCTCAAGCTTGTTTGCCGCTGAG
CTTGAGGGACCTGCAGTTGGGAAAGCCTCAATCCTGGAGCAGGCTCAAG 
ENDOV(338371)_9.1_9;GCGTCAAAATCCCATCCCACTAAGAAGGCGGGTCTGTTCTAGCCTGGTGGCTTCTTGTCTGGGTGGCCTTG
AAGGGGCTGCTGAGGCAGGCCAACAGCAGGGCTGCAGTGCCCTCCCTGT 
ENDOV(338371)_9.1_11;AGATGGTGGGGAAGCTAGCTACTAAGTCCTGTGGATACCCACAGGGGGTGGTCAGGATGGGATGACGG
TCGGTGATGGGGAAGGACAGACGGGTGGTTCTCCTGTGATACCCAGGCCCAT 
ENDOV(338371)_9.1_13;TTTCAGGTTTTGGATATAAGGAAGATAGATATGTGGTTCTGTCACCCAGTAAATGAAGTGTGGGGCAGG
AGGCAGCCTCCCCACCACACACCTGGTATGTATAGGCCAGCCTCCATGGGC 
ENDOV(338371)_9.1_14;AAGAACCCCACGGCCACCCAGGGTGTCCGAGCAGGACATTCCTGCAGTGTCCACATCCACCCACTGGCCC
TCCGCAGTCTCTCACAAACATTCTGTGCACACACACACAACCACACATA 
ENDOV(338371)_9.2_1;CACTCTCTCTCTCTCTCTCTTCATATTCCCTGACACTCTTGTGGAAGCCAGAGCTGGAGGGCCTACAGCTGG
CCCCACCATCTGCCTTCCCAACTTCCAGACCTCTCCCTTCTCAAGCCC 
ENDOV(338371)_9.2_3;CAGCCGAGCTTGAGGGCCAGCACACAGCATCCTTGTTTGAAGGGAAGCTGTTTAGAGAAGTAGGGCCCCA
GAGGCCAAGGCCATCAGTCCTTAAGACCATCCTCACAGATGTGGAGGAAA 
ENDOV(338371)_9.2_5;TCAACTCTTAACAGAAGACCTTCCCCAAGACACAGAAGTCAGGCCTGATGCTGCTCAGCTTGGCACCTTCC
AACACTCAGACTCTCCTCAGCCTGGGCAGAGTAGCTCTCCAGGCTGCTG 
ENDOV(338371)_9.2_6;GCTGTACAGGCAGACACTGCCAGGGGCCCACTCCCCACATACTGAGGAGCAGGGCAGAACCTGAACGTG
GCCTTCTAGACAACTTTTATGTGATTTGTTCTGAAAGAAAATCCTTTCAGT 
ENDOV(338371)_9.2_9;CAAGGGCCTGTCAGCCCAGCTGCCCCGCTGGGTGTGTGTGGCAGCCCAGATTTTACCTGGCTGAGCTGCTA
CAGGGAGCTAAGATAGTGAGGTGCCAGGGCCAGGGGGATGCAAACTGAA 
ENDOV(338371)_9.2_10;TGAAGGAGCAGGGTGGATAGAACATAGAGTGTGGGCAAGTCTGGGGTGGGGCGTTCAGACACCCCAGA
CACCGGTGCTTGAGGGCAGGGGGCCCTAAGTGCAGTGGCGTCTCAGCTCCTT 
ENDOV(338371)_9.2_12;ATTTTCATATTCATCTGCAGTTTCTGTGCCCCTTCCCAGCATCCCTACCCCTGTCCGGCAGCTGGGAGAAGT
TGGCTTCCAGGGGGAGGCAACCTAAACTAGCTGCTGTGTCTGTCACTC 
ENDOV(338371)_9.2_14;AAGCCATCATGGTTCCTACATACCAGACAGGCCAGGCTAGGGAACCTTGACCCTTCCTCAACACCTCAAG
AGAGCCAATTGCTGTCTCCTGGCTTCTGGGGAGCCCATATGCTCCTTAGA 
ENDOV(338371)_9.2_15;TAGACCCCAATGGGAGCATACTGTCCTGCCTCCTCAGAAGAGTCCTTGAAGGGCTAGGTCTCGGGTTGAG
ACCTGGGGATTGCATCTGTACAGGGCTCCAGCCCCAGGTCTCTG 
ENDOV(338371)_9.3_1;GGTGTAGTGTCTCCAGAGTCAGCAGGATATCAGCCTGGACCACCTTCCCCTCCCGAGAGTGCCAGGGTGA
ACACCCCCCCCCCAAAAACCCACTTGTCAGCCAAAGATCTGGTATCGAAG 
ENDOV(338371)_9.3_3;ATCCCCACTGCACTGCCCTAACCAATTGATTAATTAAAAGCAGAGGCACAGAACAGCGGCACGGGACCACT
GACTTGCAGATGAATGGCCCAAGAAGTAGTCAGGTGGGTGTCGCCGTGG 
ENDOV(338371)_9.3_5;AATGGGAAGATAAAGTGCAGGAGCCGGGACTCCAGGCAGAGGCACCTGGATCAGGTCTTGATGGAGAG
GGTGTAGTTTGGGCTTGGGCTGGGATTTTGTCTTGTTTTGTTTTAACAGGGT 
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Supplementary Table 5. List of primers used in this study. 
 

qP3081_Agap1_uni_F;CAGGACGGAACTCTTTCCCC 
qP3082_Agap1_uni_R;CCGTTGTCGTGTGCTATCCT 
qP3083_Agap1_ext_F;CCAGTTTTTGCCGTGCTGAA 
qP3084_Agap1_ext_R;AAACCCTGGAGGCTCCGATA 
qP3085_Agap1_AS_F;ACAGAAAGAAGCACCGGAGG 
qP3086_Agap1_in_R;CTTTGCGTTTGGCTTCAGCA 
qP3104_Endov_uni_F;GGCAACAGTGCATGGAACTC 
qP3105_Endov_uni_R;GCATGGTGACCACACTGACTA 
qP3106_Endov_ext_F;CAGGGGGAGGCAACCTAAAC 
qP3107_Endov_ext_R;CCTGGCAGTCCACCATTCTT 
qP3108_Endov_AS_F;TGAAGGCCCCCTATGTGTCAG 
qP3109_Endov_in_R;CAAGAACGACCTGGGGCATGA 
qP3221_Dctn4_uni_F;CATCAAAGTCACCCCACAGC 
qP3222_Dctn4_uni_R;TGGTCACCTTCTTCCACTGG 
qP3223_Dctn4_ext_F;CTCAGTATCTTTTGGCCGGG 
qP3224_Dctn4_ext_R;aaGGCAGGCAGACAGGTAAC 
qP3225_Dctn4_in_F;CTCACACACAACGGATGAACAAG 
qP3226_Dctn4_in_R;CACTACATGAATAGTGTGTTGCG 
qP3227_Meaf6_uni_F;TTTTGGGTCATTCGCTGCTG 
qP3228_Meaf6_uni_R;AAATGCACAGTTAGCCACCC 
qP3229_Meaf6_ext_F;GGGGAAGGGAGAGAGTGTTT 
qP3230_Meaf6_ext_R;ATGGGAGGGTTTCAACGTGT 
qP3231_Meaf6_in_F;ACGTGATGGAGGATTGATCTGA 
qP3232_Meaf6_in_R;GGACATTTGTGGCTGTGAGG 
qP3233_Ralgapb_uni_F;CGGAATAAGCAGTTGGAGCC 
qP3234_Ralgapb_uni_R;GGAGTTCACTGACCTGGACA 
qP3235_Ralgapb_ext_F;CCCCTTCATTTGGCTCTAATTTC 
qP3236_Ralgapb_ext_R;TGCATGCCCCAGATTTCAAA 
qP3237_Ralgapb_in_F;GACAACAGCATGACTGCATCTTTTATCC 
qP3238_Ralgapb_in_R;CCATGGTGTCTGTTGACATTTGG 
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General discussion  

Gene regulation involves multi-level mechanisms including structural and 

epigenetic changes at the genome level, transcriptional activation/repression, protein 

translation regulation and post-translational modifications. Post-transcriptional regulation 

is another layer of gene regulation that influences RNA metabolism once transcription is 

completed. Post-transcriptional regulation mediates gene expression via stabilization or 

degradation, transportation to subcellular compartment, or translation efficiency of mRNAs. 

In post-transcriptional regulation, the 3′ UTR is a region of particular relevance. Sequence 

or structure motifs found in 3′ UTRs recruit trans-factors, such as miRNAs and RBPs, to 

modulate the fate of transcripts (Figure 1). In this sense, APA has a significant impact on 

post-transcriptional regulation. This RNA processing event can give rise to two or more 

transcript molecules with distinct 3′ UTR contexts; thus, these transcripts isoforms are 

potentially subject to differential post-transcriptional regulation.  

Deep transcriptomic analyses presented strong evidence that APA is pervasive, 

promoting longer 3′ UTR transcript isoform expression in the nervous system (Smibert et 

al., 2012; Miura et al., 2013). Transcriptome-wide findings that mRNAs are asymmetrically 

distributed within the human or rodent CNS and sensory neurons (Gumy et al., 2011; Minis 

et al., 2014; Bigler et al., 2017) and evidence that 3′ UTR harbors localizing motifs have 

strengthened the hypothesis that the 3′ UTR is involved in subcellular localization (Tushev 

et al., 2018; Ciolli Mattioli et al., 2019). Differential transcript localization coupled with 

localized translation confers asymmetrical protein distribution and local concentration. 

Additionally, it implies that translating proteins are exposed to different cellular contexts 

where distantly localized proteins can interact with different protein partners to regulate 

cellular functions (Figure 4A, C). On some occasions, transcript isoforms localized to the 

same subcellular compartment yet can mediate gene expression distinctly. For instance, 
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long 3′ UTR can serve as a scaffold to recruit diverse proteins to enhance their interaction 

with translating proteins (Figure 4B, D).  

The contribution of the 3′ UTR in gene regulation becomes clearer as more cellular 

and physiological roles of 3′ UTR isoforms are being uncovered. The work presented in 

Chapter 2 showed differential post-transcriptional regulation of the Calm1 3′ UTR isoforms, 

Calm1-S and Calm1-L, in CNS and PNS neurons. Subcellular localization pattern varies 

for each isoform between different neuron types (Figure 6). More importantly, Calm1-L 

plays a critical role in both neuron types by mediating axon development in DRG neurons 

and neuronal activation in the hippocampus (Figure 8,10). In the future, we can reinforce 

this finding by performing a rescue experiment. In the context of Calm1ΔL/ΔL mice or 

primary neurons, we could transduce Calm1-S or Calm1-L expression construct using a 

viral vector. If the phenotypes observed above are due to an exclusive role of Calm1-L, 

and not Calm1-S, only the viral delivery of Calm1-L will restore the axon fasciculation and 

neuronal activation defects.   

In our analysis, the steady-state Calm1 mRNA and CaM proteins levels do not 

appear to vary in the WT and Calm1ΔL/ΔL tissues (Figure 8g, 9a-b). The overall unchanged 

mRNA levels upon the distal poly(A) site deletion, which was also observed independently 

in the Mprip gene (Figure 14C), suggested to us that in the absence of the alternative 

polyadenylation options, i.e. no distal poly(A) signal, the 3′ end processing machinery acts 

on the proximal poly(A) site to compensate the total Calm1 expression by generating 

Calm1-S. The unchanged steady-state protein level would also support this assertion. 

Having in mind that the role of the Calm1 long 3′ UTR might not be directly associated with 

translational control, what is still lacking is the exact mechanism by which Calm1-L loss 

causes the identified phenotypes. Independent of 3′ UTR-mediated translational 

regulation, 3′ UTRs can play a role as protein scaffolds. A plausible speculation is that 
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Calm1-L is necessary for the regulation of a particular signaling pathway downstream of 

CaM. In both PNS axonal phenotype and CNS neuron activation phenotype, CaM-

dependent activation of CREB is likely involved. Mice lacking CREB displayed impaired 

axonal growth and projection in DRG (Lonze et al., 2002). Neuronal activation increased 

CREB phosphorylation and subsequence expression of cFos (Moore et al., 1996). Since 

nuclear translocation of CaM influences CREB activation (Deisseroth et al., 1998; 

Mermelstein et al., 2001; Cohen et al., 2018), it would be intriguing to determine whether 

Calm1ΔL/ΔL can directly impair this signaling pathway by reducing CaM nuclear 

translocation. Does Calm1-L, and not Calm1-S, recruit specific CaM binding partners, 

such as γCaMKII (Ma et al., 2014), via the long 3′ UTR scaffold to mediate its nuclear 

translocation?  

Impaired cFos induction upon enrichment environment exposure has more 

implications in synaptic plasticity. Rapid induction of IEG expression leads to plasticity-

associated gene reprogramming which is necessary during diverse learning paradigms 

(Minatohara et al. 2016; Yap and Greenberg, 2018). Thus, it would be interesting to 

expand on the impact of Calm1-L loss on postsynaptic plasticity. It is intriguing whether 

the hippocampal activation phenotype in Calm1ΔL/ΔL can further impact spine density or 

spine morphology changes in Calm1ΔL/ΔL hippocampal neurons. Assessing for deficits in 

synaptic transmission and plasticity, such as long-term potentiation and long-term 

depression, could also potentialize the role of Calm1-L in synaptic plasticity.  

Despite clear interest in the molecular and physiological roles of 3′ UTRs, only a 

very small fraction of APA genes is known for their 3′ UTR function. Why are the functional 

studies so limited to a couple of genes? Generating a knockout mouse would take a great 

deal of time in terms of establishing the line. Having the knockout strategy setup in a 

cultured system might substantially improve the pace of functional screening. Given that 
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the long 3′ UTRs expression is particularly extensive in neurons, a cultured neuron system 

would be ideal. However, neuroblast cell lines, like N2A, are not an optimal system in 

mimicking long 3′ UTRs expression patterns found in brain tissues. Primary neurons, on 

the other hand, do exhibit the same APA patterns as brain tissues (data not shown), but 

unfortunately are not amenable for CRISPR genetic manipulation. Thus, we reasoned 

mES-neurons would be favorable for studying long 3′ UTR isoforms. As shown in Chapter 

3, the combination of CRISPR and mES-neurons enables endogenous locus study. Given 

these neurons’ polarized morphology, localization of 3′ UTR isoforms can be easily 

assessed. Then, a loss-of-function experiment needs to be performed to confirm that long 

3′ UTR is indeed necessary to localize transcripts into the neuronal processes.  

A transcriptome-wide screen of all APA genes would be still complex due to the 

dual-sgRNA nature of our strategy where a pair of sgRNA need to be cloned into a single 

construct and HDR donor need to be prepared for each of the individual target genes. 

Precise optimization at each step might be required. For instance, massive cloning of dual 

sgRNAs can be facilitated by using cloning strategies based on type IIS endonucleases 

(Adikusuma et al., 2017). A shorter HDR homology arm can be tested so that shorter DNA 

oligos can be synthesized instead of PCR amplification from the genomic DNA. 

Alternatively, the HDR can be completely omitted by relying on the clonal selection using 

the Cas9-GFP tag and flow cytometry. In this case, the cell recovery strategy needs to be 

carefully established so that it minimized cellular stress and maximizes individual cell 

growth in isolation.  

 Having an easily manageable system expands our ability to explore more 

regulatory aspects of 3′ UTRs. Based on a previous report showing a coregulation of AS 

and APA in the Dscam1 gene in Drosophila melanogaster (Zhang et al., 2019; also 

describes in Chapter 1 Figure 4E), we extended the search for AS and APA coupling 
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genes in mES-neurons. In Chapter 4, our findings on AS pattern bias between Endov 3′ 

UTR isoforms are described. How these alternative AS and APA isoforms post-

transcriptionally modulate gene expression is an important question that remains elusive. 

The long 3′ UTR isoform associated with neuronal exon 4 splicing originates one of the 

key features of NMD, a premature termination codon. In addition, harboring longer 3′ UTRs 

has been regarded as an attribute that distinguishes a transcript as a likely NMD target 

(Hogg and Goff, 2010). Thus, it is intriguing if Endov-L is subject to NMD-mediated post-

transcriptional regulation.  

 RNAs undergo extensive structural changes during neuronal differentiation (Wang 

et al., 2021), which might be associated, at least in part, with the emergence of longer 3′ 

UTRs during differentiation. RNA structure changes are associated with differential RBP 

binding dynamics and changes in RNA processing, such as alternative splicing (Taliaferro 

et al., 2016; Wang et al., 2021). Thus, it is intriguing whether the association of pre-mRNA 

or mRNA molecules with longer 3′ UTRs induces changes in their intermolecular 

interaction and RNA structure and could lead to splicing changes. Investigating whether 

upstream splicing of exon 4 in Endov transcripts is affected by the structural changes 

caused by long 3′ UTR would be interesting. 

 The role of 3′ UTRs in regulating gene expression has been well regarded. Our 

work on Calm1 further supported the physiological importance of the 3′ UTR-mediated 

post-transcriptional regulation. Some neurological disease states, such as Huntington’s 

and Parkinson’s disease, have been associated with altered 3′ UTR isoform ratios of HTT 

and SNCA genes. Multiple SNPs have been found in 3′ UTRs of genes associated with 

Tourette syndrome, Parkinson’s, and Alzheimer’s disease (Chapter 1 section 8). 

Investigating the impact of 3′ UTR isoform ratios and SNPs on gene regulation is 

necessary to understand whether these factors influence etiopathogenesis. Probing the 
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implication of 3′ UTR SNPs, such as the ones found in the neuronal genes, DAT1, 

CHNRNA6, and SNCA, or in the disease genes, APP and HTT, in disease susceptibility 

or pathogenesis would be a goal. Along the same lines, validation of genome-wide 

association study results, e.g. association of 3′ APA QTLs and Alzheimer’s disease (Li et 

al., 2021), would corroborate the role of 3′ UTR-mediated gene regulation in disease. 

SNPs identified in patients can be simulated in mES-neurons and mouse models, or 

perhaps in human induced pluripotent cells, using gene-editing tools to systematically 

examine the molecular and cellular roles of the 3′ UTRs. The causal implication of these 

genetic features will offer a better understanding of how 3′ UTRs contribute to disease 

pathology.  
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