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ABSTRACT OF THE DISSERTATION 
 

Molecular and Structural insights into Splice Site Selection 
 

By  
 

Hossein Shenasa 
 

Doctor of Philosophy in Biomedical Sciences 
 

University of California, Irvine, 2020 
 

Professor Klemens J. Hertel, Ph.D., Chair 
 

 The process of pre-mRNA splicing is conserved from yeast to humans. Alternative 

splicing drives transcriptomic and proteomic diversity in higher eukaryotes through the creation 

of multiple unique mRNA transcripts from one gene encoded pre-mRNA. Alternative splicing is 

under combinatorial control meaning that many cis-acting sequence elements and trans-acting 

protein factors affect splice site usage. A thorough understanding of the factors that drive 

alternative splicing is essential in order to understand normal and aberrant splicing in the cell.  

 Splicing regulatory proteins often drive tissue specific alternative splicing. The two most 

well characterized classes of splicing regulatory proteins are the SR proteins and hnRNPs. These 

two classes of proteins were shown to have a position-dependent activity on splicing efficiency 

when bound upstream or downstream of a regulated 5' splice site. To test the hypothesis that 

splicing regulators affect splicing efficiency by altering the structure of U1 snRNA, a pulldown 

approach was designed to isolate native U1 snRNPs bound to activated or repressed E-

complexes. SHAPE chemistry and psoralen crosslinking were used to show that the core of U1 

snRNA does not undergo structural rearrangements, however the 5' end of U1 snRNA is more 

base paired to the 5' splice site when splicing activators are bound. This study helped to elucidate 

the mechanism of position-dependent splicing activation and repression.  
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 Splice site strength and intron-exon architecture are the primary drivers of the innate 

ability of an exon to undergo alternative splicing. Previous work had shown that the proximity of 

the 5' and 3' splice site dictate splice site usage under intron definition. It was hypothesized that 

the proximity of the 5' and 3' splice sites across the exon influence splice site usage under exon 

definition. A data base of alternative splicing events comprised of exons with two competing 5' 

splice sites and one constant 3' splice site was created. Filtering of data to account for differences 

in MaxEnt scores (computational scores that predict 5' and 3' splice site usage) showed that a 

genome-wide exon centric proximity rule exists. Observations from the computational studies 

were confirmed with in vivo minigene analysis. This thesis expands upon the molecular 

mechanisms of splice site selection in the context of combinatorial alternative splicing. The 

findings presented herein will aid in the understanding of normal and aberrant alternative 

splicing programs. 
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Chapter 1:Combinatorial regulation of alternative splicing 
 
1.1 Publication Note: 
This paper was originally published in Biochimica et Biophysica Acta (BBA) - Gene Regulatory 
Mechanisms 
 
1.2 Abstract 
 
The generation of protein coding mRNAs from pre-mRNA is a fundamental biological process 

that is required for gene expression. Alternative pre-mRNA splicing is responsible for much of 

the transcriptomic and proteomic diversity observed in higher order eukaryotes. Aberrations that 

disrupt regular alternative splicing patterns are known to cause human diseases, including 

various cancers. Alternative splicing is a combinatorial process, meaning many factors affect 

which two splice sites are ligated together. The features that dictate exon inclusion are comprised 

of splice site strength, intron-exon architecture, RNA secondary structure, splicing regulatory 

elements, promoter use and transcription speed by RNA polymerase and the presence of post-

transcriptional nucleotide modifications. A comprehensive view of all of the factors that 

influence alternative splicing decisions is necessary to predict splicing outcomes and to 

understand the molecular basis of disease.   

1.3 Introduction 

Pre-mRNA splicing entails the simultaneous excision of introns and ligation of exons to form a 

contiguous stretch of mRNA (Moore et al. 1993; Wahl et al. 2009). Alternative pre-mRNA 

splicing is a process in which various exons are included, sometimes in different forms, while 

other exons are excluded. This process is responsible for much of the transcriptomic and 

proteomic diversity in higher order eukaryotes (Nilsen and Graveley 2010). Because alternative 

splicing generates so many different mRNA isoforms, there must be sufficient flexibility in the 

splicing code to allow for different isoforms to be generated, while maintaining an astonishingly 
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high level of fidelity (Fox-Walsh and Hertel 2009). Thus, the regulation of alternative splicing is 

a highly combinatorial process, where many inputs dictate the splicing outcome of each exon 

(Hertel 2008). The selection of alternative splice sites is influenced by a multitude of cis- and 

trans-acting features. These can be categorized by the strength of splice sites flanking exons, the 

presence or absence of splicing regulatory elements that recruit splicing activators or repressors, 

the propensity for RNA secondary structure formation, the influence of transcription kinetics by 

RNA polymerase, the length of introns and exons and the presence of modified RNA 

nucleotides, which in turn can modulate protein binding or RNA secondary structure formation 

(Shepard et al. 2011; Erkelenz et al. 2013; Fu and Ares 2014; Hertel and Maniatis 1998; Shepard 

and Hertel 2008; Buratti and Baralle 2004; Warf and Berglund 2010; McManus and Graveley 

2011; de la Mata et al. 2003; Cramer et al. 1997; Sterner et al. 1996; Fox-Walsh et al. 2005; 

Busch and Hertel 2015; Roundtree et al. 2017; Zhao et al. 2014; Liu et al. 2015, 2017). Given the 

sequence and context differences between annotated exons, it is expected that the splicing 

outcome of most exons is regulated through a unique set of parameters. This review will focus 

on the alternative splicing mechanisms of metazoans and in particular humans, which have a 

greater degree of splicing and a more complex splicing machinery.  

1.4 The role of splice sites in mediating alternative splicing 

The fundamental sequences that direct the spliceosome to the pre-mRNA are the splice site 

sequence elements. These cis-elements in the pre-mRNA distinguish intron/exon boundaries and 

recruit components of the spliceosome. The 5' splice site is a nine-nucleotide consensus sequence 

that demarcates the 5' intron/exon boundary and recruits the U1 snRNP (Figure 1.1). The 5' end 

of U1 snRNA base pairs with the 5' splice site consensus sequence and this complementarity is 
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Figure 1.1 Splice site sequence elements that mediate spliceosomal assembly and 
action. The 5' splice site (5'ss) is a nine-nucleotide consensus sequence with a high 
degree of degeneracy. The 5' end of U1 snRNA base pairs with the 5' splice site and 
this base pairing promotes splice site selection. The 3' splice site is defined by three 
sequence elements, the branch point sequence (BP), the polypyrimidine tract (Py) and 
the AG dinucleotide at the intron/exon junction (3'ss). The Py tract is a binding site for 
U2AF, which assists in the recruitment of U2 snRNP to the branch point sequence. 
The distance between the branch point and the exon/intron junction is indicated below. 
The size of the letters indicates their importance with smaller letters representing 
nucleotide positions with a higher degree of degeneracy. The letter Y symbolizes 
pyrimidine nucleotides C and U. The letter R symbolizes purine nucleotides A and G. 
The letter N represents any nucleotide: A, C, G or U. 
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 the basis of efficient U1 snRNP recruitment (Matera and Wang 2014; Wang and Cooper 2007; 

Wahl et al. 2009). The greater the complementarity, the more efficient U1 snRNP binding is to a 

5' splice site. By analogy, lower complementarity between the 5' splice site sequence and the 5' 

end of U1 snRNA leads to weaker binding of U1 snRNP to the pre-mRNA (Hicks et al. 2010). 

The 3' splice site is composed of an AG dinucleotide that delineates the downstream exon from 

the intron (Figure 1.1). The 3' splice site is preceded by a polypyrimidine tract, another essential 

sequence element, which recruits the heterodimer U2AF. While U2AF65 preferentially binds 

stretches of pyrimidines, the U2AF35 subunit has been demonstrated to recognize the AG 

dinucleotide at the intron/exon junction (Wu et al. 1999). U2AF bound to the intron/exon 

junction assists in the subsequent recruitment of U2 snRNP, which recognizes the intronic 

branch point sequence through base pairing interactions (Wahl et al. 2009; Wang and Cooper 

2007; Moore et al. 1993; Valcárcel et al. 1996). In the human genome, the distance between the 

intron/exon junction and the branch point ranges between 15 and 50 nucleotides (Taggart et al. 

2012). It is well appreciated that the strength of these splice junction signals dictates the rate and 

efficiency at which they recruit spliceosomal components. As such, the splice sites are essential 

pre-mRNA elements that direct splicing through base pairing and RNA-protein interactions and 

modulate alternative splicing through their affinity for U1 and U2 snRNP. Given their central 

role in directing the spliceosome to the pre-mRNA several approaches have been implemented to 

derive numerical scores that describe the strength of a given splice site. The most frequently used 

approach uses a maximum entropy principle to calculate the likelihood of a sequence to act as a 

5' or 3' intron/exon junction (Yeo and Burge 2004). Using this scoring scheme, it has been shown 

that the 5' and 3' splice site strengths play a near equal role in the promotion of cassette exon 

inclusion (Shepard et al. 2011). Thus, neither the 5' nor the 3' splice site exhibit a dominant 
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influence on exon inclusion. Furthermore, the sum of the splice site scores is a much better 

predictor of exon inclusion compared to the 5' or the 3' splice site score alone (Shepard et al. 

2011). Interestingly, the splice site score analysis also demonstrated that the difference between 

preferential exon inclusion and exon exclusion is strikingly narrow suggesting cooperative 

mechanisms of exon recognition. As expected from such splice site score analysis the use of both 

splice sites in splicing prediction algorithms significantly improves the accuracy of splicing 

predictions.  

1.5 The influence of RNA secondary structure in mediating exon recognition  

RNA secondary structure has been shown to play an important role in pre-mRNA splicing (Warf 

and Berglund 2010; McManus and Graveley 2011; Buratti and Baralle 2004). While pre-mRNAs 

are often depicted in a linear fashion, local RNA secondary structures can form and influence 

pre-mRNA splicing. On a theoretical level it is easy to envision how RNA secondary structure 

modulates alternative splicing. This is based on the verified notion that spliceosomal components 

and splicing regulators interact with single-stranded RNA (Jin et al. 2011). For example, the 

formation of an RNA helix could mask splice sites or the binding sites for splicing regulators 

(Figure 1.2). As a consequence, pre-mRNA binding by spliceosomal components or regulators 

would be hindered, inhibiting the splicing of certain isoforms. This has been observed in exon 7 

of the SMN genes, where the weak 5' splice site is partially sequestered by an RNA helix that 

interferes with U1 snRNA base pairing (Singh et al. 2007). Using similar logic, RNA secondary 

structure can theoretically promote splicing by masking repressive splicing regulatory elements 

or by decreasing the distance between two splice sites. An in silico analysis of RNA secondary 

structure potential around intron/exon junctions showed that alternative splicing correlated with 

the ability to form RNA secondary structures at the junction. Furthermore, up to 4% of  
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Figure 1.2 The influence of RNA secondary structure on alternative splicing: 
terminal stem-loop 2. RNA secondary structure can repress splicing by masking splice 
sites or the binding sites for splicing activators in double stranded helical regions. This is 
illustrated for exon 7 of SMN2, where a stem loop structure sequesters a weak 5'ss. This 
structure is termed terminal stem-loop 2 (TSL2) and mutations that weaken it promote 
exon 7 inclusion while mutations that strengthen it promote exon 7 exclusion. The 5' splice 
site is highlighted in grey.	
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phylogenetically conserved alternative splicing events were shown to be correlated with 

conserved RNA secondary structure formation in silico. These results point to a generic role for 

RNA secondary structure in alternative splicing (Shepard and Hertel 2008). There are also 

examples of RNA secondary structure being the primary driver of alternative splicing. For 

example, in the Drosophila Dscam exon cluster 6, alternative splicing is driven by RNA duplexes 

forming between a RNA docking sequence and various RNA selector sequences (Graveley 

2005). Furthermore, it was shown that the strength of the RNA-RNA duplex formed between the 

docking site and the selector sequence plays a role in the level of exon inclusion (May et al. 

2011). The Dscam exon 6 cluster is one example of RNA secondary structure modulating 

alternative splicing in a mutually exclusive way.   

An additional elegant example of RNA secondary structure modulating alterative splicing 

can be seen in the NMT1 gene of N. Crassa (Figure 1.3). The intron of the NMT1 gene contains a 

thiamine pyrophosphate (TPP) binding riboswitch, which senses levels of TPP. In the absence of 

TPP the intronic RNA secondary structure masks an alternative 5’ splice site (Cheah et al. 2007). 

However, in presence of TPP the aptamer domain of the riboswitch binds TPP and causes 

structural rearrangements in the intron, which promote usage of the alternative 5' splice site. This 

structural switch results in mRNA transcripts that have competing upstream open reading frames 

and repress NMT1 expression (Cheah et al. 2007).  

Another way in which RNA secondary structure affects alternative splicing is through 

protein-mediated RNA structural changes. For example, the protein hnRNPA1 has been shown 

to promote distal (upstream) 5' splice site activation by looping out an internal exon (Figure 1.4). 

Importantly, these splicing effects were replicated when hnRNPA1 binding sites were replaced 

with inverted repeats that could form RNA duplexes and were predicated to loop out the internal 
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Figure 1.3 The influence of RNA secondary structure on alternative splicing: TPP 
Riboswitch. The NMT1 gene of N. crassa contains a TPP binding riboswitch, shown here 
as a structured intronic region. When TPP concentrations are low the riboswitch in the 
intron adopts a conformation that masks the proximal 5' splice site. However, when TPP 
concentrations are high the aptamer domain of the TPP riboswitch binds TPP, causing 
allosteric changes that unmask the proximal 5' splice site. TPP binding results in increased 
proximal 5' splice site usage. Preferred splice patterns are indicated by dotted lines. 
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Figure 1.4 Changes in RNA structure due to proteins. Protein mediated RNA structural 
rearrangements can modulate alternative splicing, as demonstrated by hnRNP A1-mediated exon 
repression. In this mechanism, hnRNP A1 proteins bind flanking sites near an exon and loop it out, 
which inhibits its selection. 
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exon (Nasim et al. 2002). A similar looping mechanism has been proposed for the 

polypyrimidine tract binding protein (PTB), which is often associated with exon repression. It 

has been shown that the third and fourth RNA binding domains of PTB can simultaneously bind 

separate pyrimidine tracts separated by a linker and bring their 3' and 5' ends together, 

presumably verifying PTB’s ability to loop exons out (Lamichhane et al. 2010). While some 

clear-cut examples of RNA secondary structure driving alternative splicing decisions have been 

described here, RNA secondary structure often has a more peripheral albeit understated effect on 

alternative pre-mRNA splicing.  

1.6 The influence of splicing regulatory elements on alternative splicing 

Splicing regulatory elements (SREs) are cis-acting sequence elements that are often located 

adjacent to the splice sites. They represent binding sites that recruit trans-acting splicing 

regulatory proteins to the pre-mRNA, which then modulate spliceosomal assembly (Figure 1.5). 

The two major classes of splicing regulatory proteins include SR proteins and heterogeneous 

nuclear ribonucleoproteins (hnRNPs) (Fu and Ares 2014; Matera and Wang 2014; Wahl et al. 

2009; Wang and Cooper 2007; Hertel 2008). SR proteins are multidomain proteins characterized 

by the presence of serine arginine repeats and at least one RNA recognition motif (RRM). While 

the RRM is responsible for RNA interactions, which can be specific as demonstrated for dsx 

alternative exon 4 inclusion (Figure 1.6), the SR domain is thought to mediate protein/protein 

interactions (Hedley and Maniatis 1991; Lynch and Maniatis 1996; Wu and Maniatis 1993). 

Interestingly, U1 snRNP and the heterodimer U2AF also contain RS domains (Cao and Garcia-

Blanco 1998; Hertel and Graveley 2005). It has been proposed that SR proteins interact directly 

with these core spliceosomal particles through RS-RS domain contacts to mediate splice site 

recognition (Shepard and Hertel 2009). Aside from assisting pre-mRNA splicing, SR proteins are  
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Figure 1.5 Splicing regulatory elements are involved in modulating alternative splicing. 
Splicing regulatory elements recruit splicing activators or repressors, which in turn modulate 
spliceosomal assembly by recruiting or inhibiting individual components of the spliceosome such 
as U1 snRNP, U2AF and U2 snRNP. ISE represents intronic splicing enhancer elements, ESS 
represents exonic splicing silencer elements, ESE represents exonic splicing enhancer elements and 
ISS represents intronic splicing silencer elements. 
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Figure 1.6 Depiction of specific and cooperative binding within enhancer complexes. The dsx 
splicing enhancer complex is illustrated. Tra, Tra2 and SRSF7 bind cooperatively to the 13 nt repeat 
element. 
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known to contribute to other gene expression steps, such as mRNA export, transcription and 

translation. The phosphorylation status of the RS domain is likely key to transitioning between 

the multiple roles SR proteins play in gene expression (Shepard and Hertel 2009).  

HnRNPs also contain RRM domains, however they are not characterized by a unique 

amino acid residue or motif. HnRNPs often contain RGG motifs known as RGG boxes, glycine 

rich, proline rich or acidic residues. Like SR proteins, hnRNPs are known to interact with 

spliceosomal core particles to enhance or repress splicing (Busch and Hertel 2012).  

Based on their influence on pre-mRNA splicing and their location relative to the 

regulated exon, splicing regulatory elements can be categorized into four categories: exonic 

splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs) 

and intronic splicing silencers (ISSs) (Matera and Wang 2014; Hertel 2008; Fu and Ares 2014). 

ESEs are best characterized as recruiting SR proteins to exonic positions. SR proteins are known 

to localize spliceosomal components to adjacent introns through protein-protein contacts. 

Detailed in vitro studies have shown that unlike transcription factors, splicing activation by SR 

proteins leads to additive increases in intron removal efficiency (Hertel and Maniatis 1998). In 

addition, there is a distance relationship between the activated splice site and pre-mRNA-bound 

SR proteins and the activity of SR proteins is correlated to the number RS repeats they contain 

(Graveley et al. 1998). Interestingly, in vitro assays have also demonstrated that SR proteins 

have an important function in pre-mRNA splicing that does not entail binding exons (Hertel and 

Maniatis 1999). Thus, it is possible that SR proteins have an active role in mediating the many 

rearrangements that ultimately lead to the activated spliceosome.  

ESS sequences have traditionally been shown to recruit hnRNP proteins (Matera and 

Wang 2014; Wahl et al. 2009; Wang and Cooper 2007). For example, hnRNP L has been shown 
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to bind the ESS on CD45 exon 4 and recruit hnRNP A1 to repress exon inclusion (Chiou et al. 

2013). Many other examples of SRE functions and mechanisms have been detailed in the 

literature. Genome-wide interaction and function studies suggest that some splicing regulatory 

proteins may exhibit position-dependent activities (Huelga et al. 2012). A comprehensive study 

demonstrated that this is indeed the case for almost all SR and hnRNP proteins tested (Erkelenz 

et al. 2013). SR proteins were shown to activate splicing when bound exonically upstream of the 

regulated 5' splice site but repress splicing when bound intronically, downstream of the 5' splice 

site. The opposite effect was demonstrated for hnRNPs, which were shown to repress splicing 

when bound exonically, upstream of the 5' splice site, but activate splicing when bound 

intronically downstream of the 5' splice site. This study demonstrates that splicing regulators can 

exert opposite effects on splice site recognition in a position-dependent manner and highlights 

the flexibility of splicing regulatory elements in modulating splicing (Erkelenz et al. 2013). It is 

accepted that changes in alternative splicing are often mediated through the differential 

expression of SR proteins and hnRNPs as seen when analyzing various tissues or cells exposed 

to different external conditions (Zahler et al. 1993; Kamma et al. 1995).  

1.7 The influence of transcription by RNA polymerase II on splice site 

selection 

Pre-mRNA splicing has been shown to be coupled to 5' end capping, transcription by RNA 

polymerase II and 3' end processing. The process of synthesizing pre-mRNAs suggests multiple 

forms of possible regulation (Maniatis and Reed 2002). For example, a faster polymerase that 

reaches downstream constitutive splice sites more quickly may promote alternative exon 

skipping (Figure 1.7). Experimentally, it has been shown that the promoter architecture is 

important in alternative pre-mRNA splicing. Different promoters affect the ratio of the 



	

	 15 

fibronectin EDI exon inclusion, and this differential exon usage is independent of promoter 

strength (Cramer et al. 1997). Additionally, it has been demonstrated that the elongation speed of 

RNA polymerase influences alternative splicing. A mutation (R749H) in the large subunit of 

RNA polymerase II causes a slower elongation rate, which modulates the alternative splicing of 

the EDI exon or the adenovirus E1a pre-mRNA under conditions where endogenous RNA 

polymerase II is inactivated by α-amanitin (de la Mata et al. 2003). However, the splicing of 

other transcripts, such as the hnRNP A1 pre-mRNA, was unaffected by the elongation rate of 

RNA polymerase II. In Drosophila embryos the slow polymerase promotes re-splicing in the 

Ultrabithorax gene (de la Mata et al. 2003). The C-terminal domain of RNA polymerase II 

(CTD) is known to have both conserved and degenerate heptad repeats that become 

phosphorylated during the transcription cycle. The deletion of RNA polymerase II’s CTD can 

also lead to changes in alternative splicing that are independent of the elongation rate. As an 

example, deletion of RNA polymerase II’s C-terminal domain leads to increased levels of 

fibronectin EDI cassette exon inclusion. This deletion of the CTD causes a loss of SRSF3 

(SRp20) function, which inhibits EDI exclusion (de la Mata and Kornblihtt 2006). Two different 

models that are not mutually exclusive have been proposed for transcriptional control of 

alternative pre-mRNA splicing. In the first model the primary driver of alternative splicing is the 

elongation rate, where slower polymerases allow recognition of suboptimal splice sites or the 

formation of RNA secondary structures that modulate alternative splicing. In the second model 

unique promoters or post-transcriptional states of RNA polymerase II’s CTD are proposed to 

recruit different trans-acting protein factors that interact with the splicing machinery (de la Mata 

and Kornblihtt 2006). The coordinated assembly of the spliceosome is then believed to modulate 

splice site recognition. Recent genome-wide approaches have demonstrated that the majority of  
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Figure 1.7 The kinetics of transcription influence alternative splicing. Slow transcription 
elongation (left panel) results in the preferential inclusion of the alternative exon (red box) because 
competing downstream exons are not generated fast enough. Fast elongation kinetics (right panel) 
results in more frequent exon skipping because competing downstream exons are synthesized more 
quickly. Pre-mRNA exons and introns are depicted by open boxes and black lines. The DNA 
template is represented by a thick light brown line. Pol II and its CTD domain are shown in green.  
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splice sites in eukaryotes are defined co-transcriptionally, meaning that spliceosomal 

components such as U1 or U2 snRNP assemble onto the nascent pre-mRNA while it is being 

transcribed (Tilgner et al. 2012; Nojima et al. 2015; Kotovic et al. 2003; Lacadie and Rosbash 

2005). The co-transcriptional assembly of spliceosomal factors increases the efficiency of the 

splicing reaction and ensures that most pre-mRNAs are destined for nuclear export and 

translation (Maniatis and Reed 2002). It is important to note that the majority of in vitro splicing 

assays uncouple splicing from transcription, which may heavily influence results and 

interpretations. To address this potential limitation, methods have been described to analyze co-

transcriptional splicing in the test tube (Hicks et al. 2006; Das et al. 2006). These approaches 

show that RNA polymerase II couples transcription to spliceosomal assembly in vitro, thereby 

increasing the overall splicing efficiency. 

1.8 The influence of the intron-exon architecture on alternative splicing  

The intron-exon architecture refers to the length of introns and exons within particular genomes 

and genes. Two models for splice site recognition have been suggested entailing recognition 

across the intron, which would be favored for genes with short introns (intron definition) (Figure 

1.8, left panel), and recognition across the exon, which would be favored in genes with long 

introns (exon definition)(Figure 1.8, right panel) (Berget 1995). The influence of the intron-exon 

architecture on exon skipping has been demonstrated in vivo. For example, large exons (>500 

nucleotides) are skipped when flanked by long introns (>500 nucleotides), but the same large 

exons are efficiently recognized when flanked by short introns (<500 nucleotides). Short exons 

can be efficiently recognized by the splicing machinery, even when flanked by large introns 

(Sterner et al. 1996). In vitro analyses have revealed that the intron recognition mechanism 

employed by the spliceosome is more efficient and leads to higher levels of exon inclusion.  
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Figure 1.8 Intron length influences the mechanisms of splice site recognition. When 
introns are short (<250 nts in length) spliceosomal assembly occurs across the intron. This 
mode of splice site recognition is referred to as intron definition (left panel). Splice sites of 
exons that are flanked by larger introns (>250 nts) are recognized through exon definition 
(right panel). It is not known how spliceosomal components assembled across exons are 
combined to define the intron that will be excised.  
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 Furthermore, it has been shown that intron recognition is employed for introns that are 200-250 

nucleotides (nts) or shorter (Fox-Walsh et al. 2005). Interestingly, the intron-exon architecture of 

multiple model organisms has been studied. A weak, but significant correlation has been shown 

between increasing genome size and intron length per kilobase of coding sequence. There is also 

a global shift in the intron-exon architecture of model organisms, with yeast, fungi and 

Drosophila having on average shorter introns and longer exons relative to vertebrates; this is in 

contrast to humans and other vertebrates having shorter exons and longer introns (Deutsch and 

Long 1999). Intriguingly, in species where gene architecture is mainly defined by intron 

definition (Drosophila), the length of flanking introns is a significant predictor of alternative 

splicing. In agreement with model investigations, Drosophila exons flanked by large introns 

(>1000 nucleotides) are much more likely to undergo alternative splicing than exons that are 

flanked by short introns (<250) (Fox-Walsh et al. 2005). Surprisingly, this alternative splicing 

correlation is almost nonexistent in human, where the vast majority of the intron-exon 

architecture is defined by exon definition. Presumably, intron expansion was accompanied by 

additional regulatory sequences to ensure efficient intron removal. These observations 

demonstrate that the intron-exon architecture of genomes and genes can play a fundamental role 

in alternative splicing.  

1.9 The influence of modified nucleotides and RNA editing on alternative 

splicing  

Modified nucleotides and the emergence of a functional epitranscriptome is a rapidly developing 

area of RNA biology. Post-transcriptionally modified nucleotides have been identified in U-

snRNPs, ribosomal RNA, mRNA, long non-coding RNA (lncRNA) and transfer RNAs (tRNA) 

(Roundtree et al. 2017). While some modified nucleotides have well defined functions, such as 
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N6-methyladenosine (m6A) and its critical role in XIST mediated X-chromosome transcriptional 

repression, the function of other modified nucleotides remains unclear (Patil et al. 2016). Within 

the context of pre-mRNA splicing, modified nucleotides can be divided into two categories: 

nucleotide modifications that are located within the snRNA components of the spliceosome and 

those that are located within the pre-mRNA. It has long been known that snRNAs contain a 

modified trimethylated guanosine cap (m3G) (except for U6 snRNA), 2'-O-methyl residues and 

pseudouridine residues (Fischer and Lührmann 1990; Karijolich and Yu 2010; Roundtree et al. 

2017). Pseudouridine and 2'-O-methyl residues within U2 snRNA have been shown to be critical 

for E-complex formation and the splicing reaction, while the m3G cap of U-snRNPs has been 

shown to be critical for nuclear import (Dönmez et al. 2004; Fischer and Lührmann 1990). The 

other category of emerging modified nucleotides includes those within the pre-mRNA that can 

modulate pre-mRNA splicing (Roundtree et al. 2017). For example, it has been shown that the 

Fat Mass and Obesity associated protein (FTO) decreases m6A levels. Increases in m6A mRNA 

levels due to FTO knockdown increase SRSF2 recruitment to the pre-mRNA and promote exon 

inclusion on a genome-wide level (Zhao et al. 2014). This study highlights how the 

epitranscriptome can also act as a cis-regulatory element. Interestingly, hnRNP C and hnRNP G 

were demonstrated to be recruited by a m6A switch mechanism in which m6A nucleotides 

disrupt local RNA secondary structures and allow for the binding of these two RNA binding 

proteins (RBPs)(Figure 1.9). In general, m6A modifications destabilize RNA structure and their 

presence induces single-strandedness, which could make unique RNA binding motifs more 

accessible. Both hnRNP C and hnRNP G modulate alternative splicing of a unique, non-

overlapping set of genes (Liu et al. 2015, 2017). Finally, hnRNP G was shown to bind m6A 

modified RNA using its low complexity domain rather than its canonical globular RNA 
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recognition motif, highlighting an interesting interaction between m6A sites and hnRNP G. 

These results demonstrate that m6A modifications expand hnRNP G’s RNA target specificity 

(Liu et al. 2017).  

Another nucleotide modification that has been verified to occur in pre-mRNA and 

influence alternative splicing is the conversion of adenosine to inosine through ADAR 

(adenosine deaminase acting on RNA) mediated RNA editing (Keegan et al. 2001; Rueter et al. 

1999). This process, which requires a double stranded RNA substrate containing the adenosine 

nucleotide to be edited, was first discovered to regulate alternative splicing in rat mRNAs. Rat 

ADAR2 (rADAR2)-mediated RNA editing of rADAR2 pre-mRNA creates a proximal 3' splice 

site by converting an AA dinucleotide to an AI dinucleotide. The resulting AI dinucleotide is 

recognized by the spliceosome as a functional 3' splice site, thereby activating alternative 

splicing. The use of the proximal alternative splice site adds 47 nucleotides to rADAR2 mRNA, 

and this sequence addition is predicted to change the reading frame. Interestingly, leaky 

ribosome scanning allows for use of a downstream initiation codon and the production of 

functional protein, albeit at lower efficiency. Given the activity of rADAR2 on its own pre-

mRNA, it has been proposed that the editing of rADAR2 pre-mRNA is an auto-regulatory 

mechanism that tunes the level of rADAR2 expression (Keegan et al. 2001; Rueter et al. 1999). 

While editing adenosine to inosine can create new splice sites, this type of conversion has not 

been observed as a broad mechanism. A global study of alternative splicing changes due to 

ADAR-mediated RNA editing showed that this is rarely the case (Solomon et al. 2013). In silico 

analyses suggest that the effects of ADAR-mediated RNA editing are partially modulated 

through the creation or destruction of SREs. Knockdown RNA-seq and exon specific 

microarrays were used to show trans-acting pre-mRNA processing factors are enriched among 
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Figure 1.9 The influence of m6A modifications on alternative splicing. m6A modifications 
destabilize double stranded regions of RNA. Such RNA secondary structure disruptions can 
promote binding of RBPs, which typically prefer single stranded RNAs. Shown here is the m6A-
mediated recruitment of hnRNP C to an RNA binding site that is usually less accessible due to 
secondary structure.  
	



	

	 23 

transcripts that undergo alternative splicing upon ADAR knockdown. This observation suggests 

a mechanism where the alternative splicing of a trans-acting factor due to RNA editing affects 

multiple downstream alternative splicing events (Solomon et al. 2013). It is remains to be seen 

whether other nucleotide modifications play such significant roles in mediating alternative 

splicing either in gene-specific instances or on a global scale as demonstrated for m6A and 

ADAR-mediated A to I editing.  

1.10 Combinatorial exon recognition and alternative splicing predictors 

Alternative splicing is an extremely complex process that usually cannot be explained by the 

influence of any single mechanism or class of splicing regulators. While the presence of splicing 

regulatory elements is a strong determinant in the final outcome of spliced products, other factors 

such as intron-exon architecture, splice site strength, RNA secondary structure, RNA 

modification and transcription significantly influence the final splice pattern and, in many 

specific examples, are the primary drivers of alternative splicing. In the face of the remarkable 

complexity of splicing regulation, the chances of predicting splicing outcomes in different 

cellular or experimental contexts appear to be low. However, recent computational approaches 

have demonstrated that the type and direction of alternative splicing can be anticipated. These 

splicing code algorithms rely on defining hundreds of RNA sequence features that are tested 

alone or in combination using machine learning approaches to define sets of RNA elements that 

guide predictive success. One approach intended to determine whether a particular exon is prone 

to undergo one or multiple types of alternative splicing. The results suggest that exons have an 

innate ability to undergo alternative splicing that is primarily due to the strength of present and 

competing splice sites and the intron-exon architecture (Busch and Hertel 2015). The presence of 

cis-acting sequence elements that often serve as binding sites for splicing regulators such as SR 
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or hnRNP proteins are responsible for most tissue- and species-specific alternative splicing 

patterns (Wang and Burge 2008; Pan et al. 2008; Barbosa-Morais et al. 2012). Presumably, 

variable expression of trans-acting splicing factors in different cell types or at different external 

conditions mediate differential recognition of exons, thus generating alternative mRNA isoforms. 

Interestingly, the predictive success of many splicing code approaches hinges on a feature that 

defines the conservation of nucleotide sequences surrounding the splice junctions. The increased 

level of conservation strongly suggests that additional functional cis-acting elements are 

positioned within the area of analyzed conservation. However, the identity and mechanism of 

action for these hidden RNA elements have yet to be determined. In summary, the splicing code 

results suggest that type of alternative splicing is controlled primarily by the core splicing signals 

and intron-exon architecture, but the magnitude of alternative splicing is modulated by trans-

acting splicing regulatory proteins in a tissue and species dependent manner (Busch and Hertel 

2015; Wang et al. 2008; Pan et al. 2008; Barbosa-Morais et al. 2012; Wang and Burge 2008).   

1.11 Perspectives and novel technologies 

Alternative pre-mRNA splicing is an extremely complicated process that historically has been 

mostly studied at the single transcript level. While experiments that study the mechanisms of 

splicing for a particular transcript have been highly informative, they are often performed using 

in vitro approaches, such as the nuclear extract splicing system, and are limited in the number of 

transcripts investigated. Recent advances have led to enhanced crosslinking and 

immunoprecipitation (eCLIP) methodologies, which allow RBP binding site discovery at a single 

nucleotide resolution (Van Nostrand et al. 2016). eCLIP will allow scientists to create RBP 

binding maps that show where RBPs bind specific transcripts across the entire transcriptome. In 

combination with knock-down RNA-seq approaches, this technology will allow scientists to 
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discover where RBPs bind and what effect they have on splicing (Huelga et al. 2012; Pandit et 

al. 2013). A wonderful resource to create such binding and activity maps is the RNA binding 

protein interaction and function arm of the ENCODE project (https://www.encodeproject.org), 

an open source undertaking, which offers complete RNA-seq and eCLIP datasets for hundreds 

RBPs.  

There has also been a renaissance in RNA structure probing technologies (Carlson et al. 

2018). Selective 2'-hydroxyl acylation analyzed by primer extension (SHAPE) allows for the 

interrogation of RNA flexibility and dynamics at every residue (Wilkinson et al. 2006; McGinnis 

et al. 2012). SHAPE reagents are amenable to use inside cells and can be used to interrogate 

transcriptome structure (Spitale et al. 2013, 2015; Flynn et al. 2016). Dimethyl sulfate, which 

reacts with the Watson-Crick side adenosine and cytosine and the unpaired face of guanosine 

residues, has also been used to probe RNA base pairing interactions in vivo (Tijerina et al. 2007; 

Zubradt et al. 2017). Lastly, nicotinoyl azide (NAz) is a reagent that can be used to probe the 

solvent accessibility of guanosine and adenosine residues inside cells in order to “footprint” 

RNA-protein binding interactions (Feng et al. 2018). All of these reagents have been combined 

with next generation sequencing and will enable scientists to study changes in pre-mRNA 

flexibility, base-pairing and solvent accessibility in vitro and in vivo at the single transcript level 

or at a transcriptome-wide level (Zubradt et al. 2017; Lucks et al. 2011; Smola et al. 2015; 

Rouskin et al. 2014; Ding et al. 2014; Zinshteyn et al. 2019). These tools will help elucidate and 

validate additional structural mechanisms that govern pre-mRNA splicing in vivo. For example, 

in vivo click selective 2'-hydroxyl acylation analyzed by primer extension (icSHAPE) was used 

to compare the in vivo profile vs the in vitro profile of RBfox2 binding motifs as determined by 

iCLIP (Spitale et al. 2015). The unique icSHAPE profiles of RBfox2 binding sites were deemed 
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indicative of RBP binding and used to further increase the accuracy of machine learning 

algorithms. icSHAPE profiles were also utilized for de novo prediction of HuR binding sites with 

a high rate of accuracy (Spitale et al. 2015). Given the technical improvements in monitoring 

RNA structures in vivo it is likely that RNA secondary structure will emerge as a more 

significant contributor to alternative splicing, perhaps even explaining some of the as of yet 

uncharacterized splicing code contributions that are currently categorized by high levels of 

sequence conservation.  

The tremendous improvement in resolution obtained by cryo-electron microscopy has 

also led to a revolution in structural biology and the field of RNA splicing (Frank 2017). High 

resolution structures of the human spliceosomal B and C complex have been solved at previously 

unimaginable resolutions (Bertram et al. 2017a, 2017b). The inevitable solving of human 

spliceosomal complex E and A will further expand our understanding of the mechanisms of 

splice site selection and pairing. Furthermore, high resolution structures of proteins that have 

historically been difficult to solve, such as SR proteins (which have eluded scientists for many 

years) may now become solvable when in complex with the splicing machinery. It is certain that 

with the recent technological advances the next decade will be an exciting time in the alternative 

splicing field. 

  



	

	 27 

Chapter 2: Allosteric regulation of U1 snRNP by splicing regulatory proteins 

controls spliceosomal assembly 

2.1 Publication Note: 

This article has been accepted to RNA. Copyright © 2020, published by Cold Spring Harbor 

Laboratory Press for the RNA Society. 

2.2 Contribution Statement:  

Hossein Shenasa performed all of the pull-downs, SHAPE structure-probing and psoralen 

crosslinking experiments. Maliheh Movassat and Hossein Shenasa preformed the western blot 

analysis and Elmira Forouzmand assisted Hossein Shenasa with data analysis.  

2.3 Abstract:  

Alternative splicing is responsible for much of the transcriptomic and proteomic diversity 

observed in eukaryotes and involves combinatorial regulation by many cis-acting elements and 

trans-acting factors. SR and hnRNP splicing regulatory proteins often have opposing effects on 

splicing efficiency depending on where they bind the pre-mRNA relative to the splice site. 

Position-dependent splicing repression occurs at spliceosomal E-complex, suggesting that U1 

snRNP binds but cannot facilitate higher order spliceosomal assembly. To test the hypothesis 

that the structure of U1 snRNA changes during activation or repression, we developed a method 

to structure-probe native U1 snRNP in enriched conformations that mimic activated or repressed 

spliceosomal E-complexes. While the core of U1 snRNA is highly structured, the 5' end of U1 

snRNA shows different SHAPE reactivities and psoralen crosslinking efficiencies depending on 

where splicing regulatory elements are located relative to the 5' splice site. A motif within the 5' 

splice site binding region of U1 snRNA is more reactive towards SHAPE electrophiles when 
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repressors are bound, suggesting U1 snRNA is bound, but less base paired. These observations 

demonstrate that splicing regulators modulate splice site selection allosterically.  

2.4 Introduction  

Pre-mRNA splicing is a fundamental RNA processing step that is common to all eukaryotes 

(Matera and Wang 2014). The combinatorial control that drives alternative pre-mRNA splicing 

can generate over 200,000 mRNA transcripts from roughly 20,000 human genes and accounts 

for much of the transcriptomic and proteomic diversity observed in humans and other higher 

eukaryotes (Hertel 2008; Shenasa and Hertel 2019; Park et al. 2018; Nilsen and Graveley 2010). 

There are many factors that influence alternative splice site usage which include the strength of 

splice sites, RNA secondary structure and the presence or absence of splicing regulatory 

elements (SREs) that recruit trans-acting splicing activators and repressors (Shepard et al. 2011; 

Shepard and Hertel 2008; Buratti and Baralle 2004; Warf and Berglund 2010; McManus and 

Graveley 2011; Erkelenz et al. 2013; Fu and Ares 2014; Hertel and Maniatis 1998). All of these 

features affect which splice sites are selected in any given transcript. There are also examples of 

each of these factors being the primary drivers of alternative splicing in different cellular and 

experimental contexts (Shenasa and Hertel 2019). 

The spliceosome is a large dynamic macromolecular machine that is composed of small 

nuclear ribonucleoprotein (snRNP) components, which assemble onto the pre-mRNA in a 

stepwise fashion, along with other protein factors (Wahl et al. 2009). U1 snRNP recognizes the 

pre-mRNA through base pairing interactions between the 5' end of U1 snRNA and the 9 

nucleotide consensus sequence that defines the 5' splice site. This RNA-RNA base pairing is the 

basis for 5' splice site selection (Wang and Cooper 2007; Wahl et al. 2009; Matera and Wang 

2014). The 3' splice site is initially recognized by the heterodimer U2AF, which binds the 
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polypyrimidine tract and contacts the AG dinucleotide at the 3' splice site (Wu et al. 1999). 

Subsequent ATP-dependent rearrangements lead to higher order spliceosomal complex 

formation, intron excision and exon ligation (Moore et al. 1993; Wahl et al. 2009).   

It is known that U1 snRNA participates in splice site pairing and can be the target of 

splicing regulators. For example, stem loop IV of U1 snRNA interacts with the U2 snRNP 

component SF3A1 or the polypyrimidine tract-binding protein to modulate splicing (Sharma et 

al. 2014, 2011) and mutagenesis of stem loop IV causes exon skipping in vivo (Sharma et al. 

2014). Furthermore, hnRNP L and A1 mediated splicing repression can promote the formation of 

extended U1 snRNA base pairing with an exonic pre-mRNA sequence, which is predicted to 

block U6 snRNA base pairing (Chiou et al. 2013).  

 Tissue specific alternative splicing often depends on SREs that recruit differentially 

expressed splicing regulatory proteins (Zahler et al. 1993; Kamma et al. 1995). These splicing 

regulators can be divided into two large families that include serine/arginine-rich proteins (SR 

proteins) and heterogeneous nuclear ribonucleoproteins (hnRNPs). Although SR proteins are 

best known for splicing activation through binding exonic splicing enhancers (ESEs) and 

hnRNPs have traditionally been associated with exonic splicing silencers (ESSs), both SR 

proteins and hnRNPs have been shown to act as activators and repressors in different splicing 

contexts (Wang and Cooper 2007; Wahl et al. 2009; Matera and Wang 2014). A systematic study 

showed that SR proteins and hnRNPs display a position-dependent activity at the 5' splice site 

(Erkelenz et al. 2013). SR proteins activate splicing when bound upstream of the 5' splice site, 

but repress splicing when bound intronically, downstream of the 5' splice site. An opposite effect 

was observed for hnRNPs, which repress splicing when bound upstream of the 5' splice site, but 

activate splicing when bound intronically, downstream of the 5' splice site (Figure 2.1). 
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Figure 2.1 Position-dependent splicing activation 
and repression. Schematic of the position-
dependent activity of SR proteins and hnRNPs. 
Green arrows indicate splicing activation and red 
signs indicate splicing repression.  
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The  molecular mechanism for this position-dependent and antagonistic activity by SR proteins 

and hnRNPs has yet to be elucidated (Erkelenz et al. 2013).  

Three related hypotheses can be proposed to explain position-dependent splicing 

regulation by SREs. It can be postulated that the binding of SR proteins and hnRNPs at 

activating or repressing positions leads to the recruitment of additional proteins that subsequently 

cause activation or repression. Alternatively, the interaction of splicing regulators at different 

positions relative to the 5' splice site may change the binding affinity of U1 snRNP or U1snRNP-

specific proteins with the 5' splice site of the pre-mRNA. Lastly, it can be hypothesized that 

splicing regulators change the structure of U1 snRNA in such a way that U1 snRNP binding at 

the 5' splice site can occur, but splice site selection or splice site pairing, which is associated with 

spliceosomal A-complex formation, cannot occur (Lim and Hertel 2004). This last hypothesis is 

the focus of the present study.  

To test whether splicing regulators change the structure of U1 snRNA, we developed a 

U1 snRNP enrichment and SHAPE (selective 2'-hydroxyl acylation analyzed by primer 

extension) structure-probing approach (Wilkinson et al. 2006; Spitale et al. 2013). The method 

reliably identifies the binding of the U1 snRNP-specific proteins U1-70K and U1-A. We found 

the core of U1 snRNA (nucleotides 26-108) to be highly structured across all conditions tested. 

However, we discovered a motif within the 5' end of U1 snRNA, referred to as the junction 

motif, which is predicted to base pair with the intron-exon junction and is less reactive to 

SHAPE electrophiles when SRSF7 or TIA-1 bind the pre-mRNA from activating positions. 

These results suggest that activating splicing regulators promote U1 snRNA base pairing with 

the 5' splice site of the pre-mRNA, a proposal supported by psoralen crosslinking experiments. 

By contrast, splicing regulators bound at repressive positions prevent base pairing with the 5' 
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splice site, thus providing a mechanistic framework for position-dependent splicing activation 

and repression. 

2.5 Results 

U1 snRNA structure-probing design  

We developed an approach to enrich and structure-probe native U1 snRNPs from HeLa cell 

nuclear extract. Substrate RNAs were derived from pre-mRNAs that were shown to undergo 

activated or repressed splicing (Erkelenz et al. 2013). Each RNA contained a functional 5' splice 

site in addition to verified binding sites for SRSF7 or TIA-1, either upstream or downstream of 

the 5' splice site (Figure 2.2, Table 2.1). The designed substrates were short, excluded a 3' splice 

site and a downstream exon to ensure that the 5' splice site was the only U1 snRNP binding site 

present and to stall spliceosomal assembly at E-complex without the need to deplete nuclear 

extract of ATP or use spliceosomal inhibitors (Erkelenz et al. 2013). To confirm the pull-down 

approach enriches fully assembled U1 snRNP, western blot analysis was used to verify the 

presence of U1-specifc proteins U1-70K and U1-C (Figure 2.3A). Additionally, enrichment of 

SRSF7 and TIA-1 binding on substrate RNAs that contain their respective binding sites was also 

verified (Figure 2.3B, Table 2.1). 

Comparison between in vitro transcribed U1 snRNA and nuclear extract derived U1 

snRNA 

To verify that the structure-probing protocol allows for the identification of U1 snRNA regions 

that interact with U1-specific proteins, we compared the SHAPE reactivity of in vitro transcribed 

U1 snRNA (in vitro U1 snRNA) with the reactivity of U1 snRNA present in nuclear extract 

(nuclear extract U1 snRNA) (Figure 2.4A Lane 1 vs 3, 2.4B-C). Loop regions of stem loop I and 

II, which are the known interaction sites of U1-70K and U1-A, should be more reactive for  
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Figure 2.2 Schematic and definition of substrate RNAs used in this study. 
Exons are depicted as a blue box and introns are depicted as black lines. Binding 
sites for SRSF7 and TIA-1 are depicted as small white and gray boxes respectively. 
For visual aid, green texts indicate substrate RNAs with activators bound and red 
text indicates substrate RNAs with repressors bound. U = upstream, D = 
downstream.	
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Substrate 5' ss sequence SRE sequence Length (nt) 
N CUG/GUGAGU CCAAACAA (3x) 107  
SR U CUG/GUGAGU AGACAACGAUUGAUCGACUA (2x) 94 
SR D CUG/GUGAGU AGACAACGAUUGAUCGACUA (2x) 118 
TIA U CUG/GUGAGU UCUUUUUAAGUCGUACCUAA (2x) 94 
TIA D CUG/GUGAGU UCUUUUUAAGUCGUACCUAA (2x) 118 
	
Table 2.1 Substrate RNAs used in pull-down experiments	
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Figure 2.3 Confirmation of U1 snRNP assembly and splicing 
regulatory protein enrichment on substrate RNAs. (A) U1 
snRNPs bound to substrate RNAs contain both U1-70K and U1-
C; hnRNP A1 was used as a loading control. Beads sample 
contains no RNA, and β-globin RNA was used as a positive 
control. (B) SRSF7 and TIA-1 are enriched on substrate RNAs 
containing their respective binding sites. U = upstream, D = 
downstream, SR = SRSF7 and TIA = TIA-1. 
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Figure 2.4 SHAPE reactivity comparison of in vitro transcribed U1 snRNA and U1 snRNA 
from HeLa cell nuclear extract. (A) The two enlarged segments of the gel show regions of U1 
snRNA that display different SHAPE reactivities between the conditions tested. The nucleotide 
sequences on the left correspond to the SHAPE reactivity of the nucleotide. The binding sites for 
U1-70K and U1-A are indicated on the right. IVT refers to in vitro transcribed U1 snRNA, NE to 
nuclear extract U1 snRNA. NAI indicates probing with SHAPE chemistry, DMSO are control lanes. 
(B) Reactivity plots of in vitro transcribed U1 snRNA and nuclear extract U1 snRNA. Black bars 
(0-0.3) signify background reactivity, orange bars (0.3-0.7) signify intermediate reactivity and red 
bars (≥ 0.7) indicate highly reactive nucleotides. The Y-axis represents the normalized SHAPE 
reactivity, the X-axis indicates the nucleotide position from 5' to 3' in the U1 snRNA sequence. 
Loop nucleotides for stem loop I and II are indicated in addition to nucleotides that display different 
SHAPE reactivities between the IVT and NE condition. The reactive nucleotides for stem loop III 
are also indicated. (C) Summary of SHAPE reactivity for in vitro U1 snRNA (top) and nuclear 
extract U1 snRNA (bottom) plotted onto the secondary structure of U1 snRNA. Loop definitions 
and protein binding sites are as indicated. Green boxes denote the binding site for Sm proteins. 
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in vitro U1 snRNA when compared to nuclear extract U1 snRNA, which is bound by U1-specific 

proteins (Kondo et al. 2015). In agreement with these expectations, stem loop I nucleotides U27-

G38 of nuclear extract U1 snRNA show no SHAPE reactivity, whereas many of the same 

nucleotides of in vitro U1 snRNA display increased reactivity (Figure 2.4A-C).  

Based on a published high-resolution substructure of U1 snRNA bound by the RNA 

recognition motifs (RRMs) of U1-70K and U1-A, the first 7 loop nucleotides of stem loop II are 

known to be ordered by the RRM of U1-A (Kondo et al. 2015). In agreement with U1-A binding, 

we observe reduced SHAPE reactivity for nucleotides G68 and C69 when comparing nuclear 

extract U1 snRNA with in vitro transcribed U1 snRNA and increased reactivity for C73 and C74 

as they are shown to be single stranded and not interacting with the RRM of U1-A (Kondo et al. 

2015) (Figure 2.4A-C). Interestingly, U66 is the only nucleotide that is reactive in the first 7 loop 

nucleotides of stem loop II in nuclear extract U1 snRNA. This observation is plausible when 

considering the crystal structure, because the 2' hydroxyl of U66 participates in the coordination 

of a water molecule between the amide carbonyl oxygen of leucine 49 and N3 of G68, which 

may activate it toward SHAPE electrophiles (Kondo et al. 2015).  

Nucleotides U60, U62 and C86 display slightly elevated SHAPE reactivity in nuclear 

extract U1 snRNA compared to in vitro U1 snRNA (Figure 2.4B-C). Several considerations 

could provide an explanation for these observations. It is possible that the bulged nucleotide 

preceding U60 adopts a unique conformation that enhances the SHAPE reactivity of its 

immediately downstream nucleotide. Nucleotide C86 is predicted to be bulged out and it is 

possible that protein interactions stabilize a conformation that also enhances its SHAPE 

reactivity in nuclear extract. Nucleotides C86 and U60 are adjacent to strong SHAPE-



	

	 38 

independent stops in the nuclear extract lanes. Thus, it is also plausible that the quantitation of 

nucleotides C86 and U60 is artificially influenced by these SHAPE-independent stops. 

Loop nucleotides of stem loop III, which are predicted to be single stranded and unbound 

by proteins across all conditions, are highly reactive towards 2-methylnicotinic acid imidazolide 

(NAI). The results obtained by SHAPE structure-probing are consistent with the crystallographic 

data for protein-associated U1 snRNA, and they demonstrate that the use of SHAPE 

electrophiles, such as NAI (Spitale et al. 2013), can be used in conjunction with our pull-down 

approach to detect changes in the physical state of U1 snRNA. 

Comparison between nuclear extract U1 snRNA versus enriched U1 snRNA  

 To determine whether the interaction of U1 snRNP with a 5' splice sites changes the 

structure or dynamics of the U1 snRNA, we compared the SHAPE reactivity of enriched U1 

snRNAs, defined as those bound to substrate RNAs, to nuclear extract U1 snRNA, defined as 

those unbound to RNA. The majority of U1 snRNPs in nuclear extract are assumed to be in an 

unbound state, with a minority of U1 snRNPs bound to genuine 5' splice sites and other non-

canonical sequences. The SHAPE analysis of nucleotides 26-108 showed minimal differences 

between nuclear extract U1 snRNA and enriched U1 snRNAs, suggestive of minimal changes in 

the protein bound core of U1 snRNA upon 5' splice site binding (Figure 2.5: compare lanes 5, 7, 

9, 11 and 13 to lane 17, Figure 2.6 nuclear extract compared to enriched conditions). As stated 

above, we observe that nucleotides U60, U62 and C86 are reactive in nuclear extract U1 snRNA. 

Interestingly, however these nucleotides do not display SHAPE reactivity in U1 snRNA bound to 

the 5' splice site sequence (Figure 2.6, compare nuclear extract to enriched conditions). The loss 

of SHAPE reactivity for U60, U62 and C86 may therefore be an indication of 5' splice site 

binding. Despite these small differences in SHAPE reactivity upon 5' splice site binding, the  
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Figure 2.5 SHAPE reactivity of enriched U1 snRNAs bound to five different 
substrate RNAs, in vitro transcribed U1 snRNA and nuclear extract U1 snRNA. 
SHAPE chemistry performed on enriched U1 snRNPs. Loop I, II and III regions are 
indicated on the left in addition to nucleotides that display differential SHAPE 
reactivities. N refers to neutral RNA sequence, SR U to SRSF7 bound upstream, SR D 
to SRSF7 bound downstream, TIA U to TIA-1 bound upstream, TIA D to TIA-1 bound 
downstream, IVT to in vitro transcribed U1 snRNA and NE to nuclear extract U1 
snRNA. NAI indicates probing with SHAPE chemistry, DMSO are control lanes. 
Lanes 1-4 are sequencing lanes. The SHAPE stops correspond to the immediately 
upstream nucleotide in the sequencing lanes.  
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Figure 2.6 Reactivity plots of enriched U1 snRNAs and nuclear extract U1 snRNA. 
Black bars (0-0.3) signify background reactivity, orange bars (0.3-0.7) signify 
intermediate reactivity and red bars (≥ 0.7) indicate highly reactive nucleotides. The Y-
axis represents the normalized SHAPE reactivity and the X-axis indicates the nucleotide 
position from 5' to 3' in the U1 snRNA sequence. Loop nucleotides for stem loop I and 
II are indicated in addition to nucleotides that display different SHAPE reactivities 
between enriched conditions and the NE condition. The reactive nucleotides for stem 
loop III are also indicated. 
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 overall lack of differences is largely consistent with expectations given that U1 snRNA is a 

highly structured RNA that forms its secondary structure even in the absence of U1 specific 

proteins. Therefore, 5' splice site binding is not expected to significantly change the overall 

structure of U1 snRNA. We conclude that the core of U1 snRNA maintains a near uniform 

SHAPE reactivity regardless of its interactions with pre-mRNAs.  

 We also compared the 5' splice site binding region of U1 snRNA, defined as nucleotides 

2-11, between nuclear extract U1 snRNA and enriched U1 snRNAs. We identified a 6 nucleotide 

junction motif (5'-UACCUG -3'), which is more reactive to NAI in nuclear extract U1 snRNA 

compared to U1 snRNAs bound adjacent to activators (Figure 2.7). This result shows that the 

SHAPE reactivity of the junction motif correlates with enhanced 5' splice site binding.  

Impact of splicing activation and repression on SHAPE reactivity of U1 snRNA  

A detailed analysis of the SHAPE reactivities of U1 snRNP bound to different substrate 

RNAs (activated versus repressed) was performed (Figure 2.5, compare lanes 5, 7, 9, 11 and 13; 

Figure 2.6, compare between enriched conditions). The core of U1 snRNA (nucleotides 26-108) 

has a uniform SHAPE reactivity regardless of whether it is in an activated or repressed state, 

suggesting that U1 snRNA structural changes that promote spliceosomal assembly are not 

mediated through this region. However, the junction motif is consistently observed to be less 

reactive towards NAI when splicing regulators are bound at activating positions (Figure 2.8A-B, 

2.9). This result suggests that SRSF7 and TIA-1 promote more rigid base pairing between U1 

snRNA and the 5' splice site when bound at activating positions (Figure 2.8A-B, 2.9, Table 2.2). 

The increased SHAPE reactivity of the junction motif when splicing regulatory proteins are 

bound at repressive positions suggests that repressor/U1 snRNP interactions interfere with 

efficient base pairing between the 5' splice site and U1 snRNA. Interestingly, the average  
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Figure 2.7 SHAPE reactivity of U1 snRNA junction motif (U6 to G11) upon 
RNA binding. The SHAPE reactivity of U1 snRNA enriched on substrate SR U 
is compared with the SHAPE reactivity of nuclear extract U1 snRNA (NE), 
which is not bound to substrate RNA. The Y-axis represents the normalized 
SHAPE reactivity and the X-axis indicates the nucleotide position from 5' to 3' in 
the U1 snRNA sequence.  
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Figure 2.8 SHAPE reactivity of the 5' end of U1 snRNA. (A) The U1 snRNA sequence is 
indicated on the left. N refers to neutral RNA sequence, SR U to SRSF7 bound upstream, 
SR D to SRSF7 bound downstream, TIA U to TIA-1 bound upstream, TIA D to TIA-1 
bound downstream, IVT to in vitro transcribed U1 snRNA and NE to nuclear extract U1 
snRNA. NAI indicates probing with SHAPE chemistry, DMSO are control lanes. Lanes 1-4 
are sequencing lanes. (B) Representative reactivity plots of nucleotides 2-11 plotted for the 
data depicted in (A). Nucleotides 2-11 represent the U1 snRNA sequence and the 
underlined nucleotides correspond to the junction motif (U6 to G11). The Y-axis denotes 
the normalized SHAPE reactivity and the X-axis defines the nucleotide position in the 
direction of 5' to 3'.	
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Figure 2.9 Fold change in junction motif SHAPE reactivity. The graph shows the 

average sum of SHAPE reactivities for the junction motif normalized to the TIA D 

condition across three biological replicates. N refers to neutral RNA sequence, SR U to 

SRSF7 bound upstream, SR D to SRSF7 bound downstream, TIA U to TIA-1 bound 

upstream, TIA D to TIA-1 bound downstream and NE to nuclear extract U1 snRNA. 

Table 2.2 details statistical significance between conditions. The Y-axis indicates the 

fold change of the junction motif SHAPE reactivities and the X-axis defines the source 

of U1 snRNA.  
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Junction Motif SHAPE Reactivity Significance 
 SR U SR D TIA U TIA D NE 
N 0.243 0.209 0.183 0.339 0.105 
SR U  0.012 0.052 0.217 0.036 
SR D   0.318 0.001 0.156 
TIA U    0.054 0.290 
TIA D     0.042 

 
Table 2.2 Junction motif SHAPE reactivity significance shows P-values 
obtained by performing one-tailed t-tests in a pair wise manner to 
compare the SHAPE reactivity of the junction motif bound to different 
substrate RNAs.  
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SHAPE reactivity of U1 snRNA bound to a neutral control substrate RNA lies between those 

observed for the activated and repressed substrates, suggesting that neutral sequences adopt an 

intermediate base pairing state (Figure 2.9). 

To determine whether the observed differences in SHAPE reactivity are due to a lack of 

base pairing between U1 snRNA and the 5' splice site in repressed conditions or differences in 

base pairing efficiency, we carried out psoralen crosslinking experiments of U1 snRNPs to 

activated or repressed substrates (Figure 2.10A-B). The results show that U1 snRNA base pairs 

with the 5' splice site in all substrate configurations, however at varying levels of crosslinking 

efficiency. Activated substrate RNAs crosslink to U1 snRNA more efficiently than repressed or 

the neutral substrate RNAs (Figure 2.10A, compare lanes 3 and 9 to lanes 1,5 and 7, Figure 

2.10B, Table 2.3). One notable anomaly is the increased crosslinking efficiency of the SRSF7 

bound downstream (SR D) substrate relative to the neutral substrate (N). Overall, the 

crosslinking results converge with the SHAPE structure-probing data, providing additional 

evidence that activators and repressors modulate the efficiency of 5' splice site base pairing 

interactions. U1 snRNP binds the 5' splice site in various contexts, but splicing activators 

increase base pairing whereas splicing repressors decrease base pairing. 

2.6 Discussion 

SR proteins and hnRNPs have dual and antagonistic activities depending on where they 

bind relative to a regulated 5' splice site. Upon splicing repression, U1 snRNP is recruited to the 

pre-mRNA and forms E-complex; however the formation of higher order complexes is severely 

hindered (Erkelenz et al. 2013). U1 snRNP is the only stably associated snRNP at E-complex  

(Das et al. 2000; Hong et al. 1997). In this study, we carried out a thorough investigation of the 

U1 snRNA secondary structure in different contexts of splicing regulation. Importantly, we show  
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Figure 2.10 U1 snRNA psoralen crosslinking efficiency to the 5' splice site of 
substrate RNAs. (A) Representative psoralen crosslinking gel. +UV lanes were 
irradiated with 365nm light, -UV lanes were not irradiated. The lightning bolts 
indicate U1 snRNA-substrate RNA crosslinks. (B) Quantitation of the psoralen 
crosslinking efficiency. The graph indicates the average fraction of each substrate 
RNA that was crosslinked to U1 snRNA across three biological replicates. Table 2.3 
details statistical significance between conditions.    
	



	

	 48 

  
Psoralen Crosslinking Efficiency Significance 
 SR U SR D TIA U TIA D 
N 0.078 0.088 0.289 0.040 
SR U  0.294 0.012 0.570 
SR D   0.087 0.011 
TIA U    0.039 

	
Table 2.3 Psoralen crosslinking efficiency significance shows P-values 
obtained by performing two-tailed t-tests in a pair wise manner for 
psoralen crosslinking experiments.  
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that the junction motif of U1 snRNA is more reactive for U1 snRNPs not engaged in RNA 

binding and repressed U1 snRNPs when compared to activated U1 snRNPs bound to RNA 

(Figure 2.7). This result highlights two important points. First, the enriched SHAPE method is 

sensitive enough to detect changes in base pairing efficiency, such as splice site activation by 

splicing regulatory proteins. Secondly, the method used herein can be a useful tool for 

researchers probing dynamic RNAs or RNPs. While the use of cell permeable structure probes 

such as DMS, NAI and NAz is extremely useful and permits RNA structure-probing in native 

environments, RNPs such as the spliceosome are known to be highly dynamic (Rouskin et al. 

2014; Zubradt et al. 2017; Spitale et al. 2013; Feng et al. 2018). In specific instances it may be 

essential to probe an RNP in one unique context. For example, this study focuses on the 

functional role of U1 snRNP in the context of pre-mRNA splicing and not on its functional role 

in the context of inhibiting premature polyadenylation (Kaida et al. 2010; Gunderson et al. 

1998). SHAPE carried out on whole cells would not be able to distinguish between U1 snRNAs 

that are bound to canonical 5' splice sites, those that are preventing pre-mature polyadenylation, 

or those that are not bound to RNA. It would also be unable to distinguish between U1 snRNPs 

in activated versus repressed states. As a result, an average SHAPE reactivity would be collected 

for in cell SHAPE. 

Our findings add to previous U1 snRNP structure-probing studies, which include 

chemical and enzymatic probing of deproteinized U1 snRNA, hydroxyl radical probing of U1 

snRNP in E and A complex and SHAPE chemistry performed on in vitro transcribed U1 snRNA 

as a validation method for the SHAPE probe FAI-N3 (Krol et al. 1990; Dönmez et al. 2007; Chan 

et al. 2018). The structure-probing performed with FAI-N3 is largely consistent with our SHAPE 

data. However, because FAI-N3 can undergo a click chemistry-mediated biotin-streptavidin 
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enrichment step, it has a higher signal to noise ratio and shows all nucleotides within loop 

regions to be reactive towards SHAPE electrophiles (Chan et al. 2018). The hydroxyl radical 

probing data shows that U1 snRNA does not undergo any major structural rearrangements that 

lead to differences in solvent accessibility, from E to A complex (Dönmez et al. 2007). We also 

observe that the core of U1 snRNP maintains a near uniform SHAPE reactivity when not 

associated with RNA or when bound to different substrate RNAs that mimic activated or 

repressed states. Both of these observations suggest that U1 snRNP maintains a uniform structure 

and protein composition in the early spliceosome.  

The most striking differences in SHAPE reactivity that correlate with splicing activation 

and repression were detected when we compared SHAPE profiles of the U1 snRNA 5' splice site 

binding region, in particular the intron-exon spanning junction motif (Figure 2.8A-B, 2.9). These 

results provide evidence that splicing activation promotes base pairing and splicing repression 

interferes with base pairing between the junction motif and the 5' splice site pre-mRNA 

nucleotides, a proposal that is supported by psoralen crosslinking (Figure 2.10A-B) and 

consistent with functional splicing data for these RNAs (Erkelenz et al. 2013). 

It is plausible that the conformation of the junction motif acts as a switch where increased 

base pairing with the 5' splice site promotes splice site pairing, while U1 snRNAs with less base 

paired junction motifs cannot promote splice site pairing. The fact that the junction motif shows 

increased SHAPE reactivity and decreased psoralen crosslinking when both SRSF7 and TIA-1 

are bound at repressive positions further suggests that its base pairing state can be modulated by 

inputs from both faces of U1 snRNP (Figure 2.1).  

The “bind and activate” mode of 5' splice site selection could be a safeguard mechanism 

to differentiate between U1 snRNPs functional roles in spliceosomal recruitment and prevention 
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of premature polyadenylation. It is possible that U1 snRNP binds the pre-mRNA in an inactive 

conformation that is allosterically activated by splicing regulators bound at activating positions. 

Such a mechanism may be necessary because U1 snRNP is known to not only interact with 

genuine 5' splice sites, but also with cryptic 5' splice sites that frequently inhibit premature 

polyadenylation (Kaida et al. 2010). Thus, enhanced 5' splice site base pairing with U1 snRNP 

may act as an allosteric switch for spliceosomal assembly. U1 snRNP binding to a 5' splice site 

triggers E-complex formation regardless of where splicing regulatory proteins are bound 

(Erkelenz et al. 2013). However, locking in base pairing between U1 snRNA and the 5' splice 

site occurs only in the presence of splicing activators. This activated conformation may then 

allow U1 snRNP to engage in cross intron activities, which include U1 snRNA stem loop IV-

mediated contacts with the U2 snRNP component SF3A1 during A complex formation (Sharma 

et al. 2014).  

The proposed allosteric mechanism for the initiation of splice site pairing does not rule 

out any of the other potential mechanisms of position-dependent splicing activation/repression. 

The conformation of U1 snRNA could be regulated through U1- specific proteins such as U1-C, 

which is known to enhance 5' splice site binding (Kondo et al. 2015). It is possible that TIA-1, 

which has been demonstrated to contact U1-C and recruit U1 snRNP to the 5' splice site when 

bound intronically, can disrupt U1 snRNP’s structural integrity when bound exonically (Förch et 

al. 2002). A similar mode of action could be envisioned for SRSF7, which is likely to mediate its 

effect on the junction motif through U1-70K. Lastly, the recruitment of additional proteins 

cannot be ruled out. It is possible that splicing regulators recruit different proteins to the two 

different faces of U1 snRNP depending on where they bind the pre-mRNA. 
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We have developed a targeted SHAPE methodology, which allows for probing U1 

snRNP in the context of position-dependent splicing activation or repression. This method can be 

adapted to probe other snRNPs/spliceosomal complexes and possibly other dynamic RNPs. 

Importantly, we have demonstrated that the SHAPE reactivity of the U1 snRNA junction motif is 

altered during splicing activation and repression. These results provide molecular insights into 

the mechanism of position-dependent splicing activation and repression. 

 2.7 Methods 

In Vitro transcription of substrate RNAs 

Sequences for substrate RNAs were simultaneously linearized and amplified using standard PCR 

in 50µL reactions. Subsequently 40µL of PCR product was transcribed in vitro using the 

RiboMax RNA transcription kit (Promega). DNase treatment was performed according to the 

RiboMax protocol and RNAs were purified with the RNA Clean and Concentrator Kit (Zymo 

Research). A Nanodrop 2000 instrument was used to obtain RNA concentration values.  

U1 snRNP enrichment approach 

U1 snRNP was enriched through a pull-down assay using various substrate RNAs that 

contained verified binding sites for SRSF7 or TIA-1 at activating or repressing positions (Figure 

1B). Enriched U1 snRNPs within the context of activated or repressed E-complex were then 

probed using NAI, a SHAPE reagent (Spitale et al. 2013). SHAPE electrophiles acylate the 2'OH 

of RNA nucleotides based on their flexibility and dynamics (Wilkinson et al. 2006; McGinnis et 

al. 2012). Unstructured regions of RNA are more likely to be modified by SHAPE reagents, 

which cause reverse transcription to terminate one nucleotide before the acylated nucleotide. To 

detect structural changes within U1 snRNA including stem loop IV, an LNA modified primer 

was designed to bind the 3' end of U1 snRNA stem loop IV. SHAPE reactivities of stem loop IV 



	

	 53 

were poor due to structure stops. Despite the poor SHAPE reactivities obtained for stem loop IV, 

the LNA primer provided excellent reverse transcription (RT) signal and high-resolution data for 

the rest of U1 snRNA. Dideoxy sequencing was performed on enriched U1 snRNAs and nuclear 

extract U1 snRNA to confirm that the reverse transcription signal obtained from RNAs was 

generated from U1 snRNA (Figure 2.11).  

Oxidation of substrate RNAs and RNA affinity pull-down 

300 picomoles of each substrate RNA was incubated with 5mM NaIO4 (sodium [meta]periodate) 

and 0.1M NaOAc (sodium acetate) for 1 hour in the dark. Substrate RNAs were subsequently 

precipitated with 100% ethanol (EtOH). Adipic acid dihydrazide agarose beads were prepared by 

washing 125µL of beads per reaction 4 times with two volumes of 0.1M NaOAc. After the final 

wash, the bead volume was adjusted to 250µL beads per reaction and 250µL of beads were 

added to each substrate RNA pellet. Beads were subsequently incubated at 4°C on a rotator 

overnight. Beads were washed two times with 1mL 2M NaCl and 3 times with Buffer D (20mM 

HEPES-KOH (pH 7.6), 20%, glycerol, 0.1M KCl, 0.2mM EDTA and 0.5 mM DTT. 200µl of 

30% nuclear extract diluted with Buffer D containing 1mM MgCl2 was added to each sample 

and incubated on a rotator for 15 minutes at 30°C. All samples were subsequently washed five 

times with 1ml Buffer D containing 1mM MgCl2. 

RNA acylation and isolation 

After the final wash 5µL of 1M NAI or DMSO was added to 45µL of evenly mixed beads and 

samples were incubated at 30°C for 15 minutes. After incubation with NAI, 150µL of H2O was 

added followed by the addition of 200µL of formamide. Samples were mixed by pipetting and 

then heated at 95°C for 1 minute. RNA was separated from beads using 0.45µm cellulose acetate  
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Figure 2.11 Dideoxy sequencing of enriched and nuclear extract U1 snRNAs. Lanes 
1 and 2 correspond to the U and G sequences in U1 snRNA. N refers to neutral RNA 
sequence, SR U to SRSF7 bound upstream, SR D to SRSF7 bound downstream, TIA U 
to TIA-1 bound upstream, TIA D to TIA-1 bound downstream, NE to nuclear extract U1 
snRNA and Beads to eluate from beads that had no substrate RNAs attached to pull down 
U1 snRNA.  
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Corning® Costar® SpinX® columns, spun at 6000 rpm for 8 minutes. Final volumes were 

adjusted to 600µL with H2O and subsequently 600uL of premixed phenol:chloroform:isoamyl 

alcohol (25:24:1) pH 6.6 (Ambion®) was added. The aqueous phase was extracted and washed 

with chloroform. For nuclear extract U1 snRNA, 5µL of 1M NAI or DMSO was added to 45µL 

of 30% nuclear extract and incubated for 15 minutes at 30°C. Samples were directly 

phenol:chloroform extracted as described above. For in vitro U1 snRNA, U1 snRNA was folded 

and probed as described by Spitale and colleagues (Spitale et al. 2013). In vitro U1 snRNA was 

phenol:chloroform extracted as described above. All samples were precipitated with 300mM 

NaOAc, 3 volumes of 100% EtOH and 2µL of GlycoBlueä (Invitrogen). All samples were 

washed twice with 70% EtOH and resuspended in 5µL of water. 

Reverse transcription  

Four picomoles of a gene specific LNA modified primer were added to each reaction. Primers 

were 5' end phosphorylated with T4 polynucleatide kinase (New England Biolabs® [NEB]) 

using standard procedures from NEB and yielded 9,000-10,000 CPM/µL. To anneal the primer 

samples were heated to 95°C for 2 minutes and then cooled to 50°C. A master mix containing 

dNTPs, DTT, water (to 20µL), 5X FS Buffer (250 mM Tris-HCl, (pH 8.3), 375mM KCl, 15mM 

MgCl2) and Superscript III Reverse Transcriptase™ (Invitrogen) was added according to the 

superscript III protocol. For dideoxy (dd) sequencing samples, 2µL of 10mM ddNTPs (TriLink 

Biotechnologies) were added to the RNA and primer mixture before annealing. All samples were 

reverse transcribed for 50 minutes at 50°C. The RNA template was hydrolyzed with addition of 

2µL (one tenth volume) of 4M NaOH and incubation at 95°C for 5 minutes. Samples were 

ethanol precipitated as previously described and washed two times as previously described. 
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Samples were resuspended in 95% formamide, 18mM EDTA, 0.025% xylene cyanol and 

bromophenol blue. 

Gel electrophoresis, visualization and quantification 

Samples were run on 10% polyacrylamide (19:1 acrylamide:bisacrylamide) 7M urea gels, see 

reference for detailed gel casting protocol (Movassat et al. 2017). Gels were pre-run at 20 watts 

for 1 hour, followed by 50 watts for 4-6 hours depending on the desired resolution. Gels were 

dried for 1 hour under vacuum at 80°C and exposed to a phosphor screen overnight. Images were 

obtained using GE Typhoon imager and peaks were integrated using SAFA software (Das et al. 

2005). Results from junction motif analysis were independently verified using ImageJ software 

(Schneider et al. 2012). For the reactivity plots, the counts at each position in the NAI lane were 

subtracted by counts in the corresponding DMSO control lane. The counts at each nucleotide 

position were then divided by the average of the top 92-98% most reactive nucleotides within 

that lane to obtain reactivity plots. The value obtained for each nucleotide was then averaged 

across three biological replicates. For the fold change of the junction motif (Figure 2.9) the 

SHAPE reactivity of the junction motif was normalized to the SHAPE reactivity of nucleotide 

U22, which stays constant across all conditions. Normalized SHAPE reactivities were divided by 

the TIA D SHAPE reactivity to obtain a fold change. Fold changes were averaged across three 

biological replicates. One tailed t-tests were performed in a pair wise manner to determine 

statistical significance. Comparisons to the crystal structure reference PDB code=4PKD. Each 

experiment was performed in triplicate.  

Western blot assay 

Protein samples from RNA pull-down experiments were separated on pre-cast 12% Tris-

Glycine SDS-PAGE gels (Bio-Rad) at 125V for 50-60 min at room temperature. Gels were 
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transferred to methanol activated Immun-BlotÒ PVDF membrane (Bio-Rad) using tris-glycine 

transfer buffer at 60V, 2hrs, 4°C, with an ice pack and stirring of transfer buffer. The membrane 

was blocked for 1 hour, at room temperature with 5% non-fat milk in tris-buffered saline with 

Tween-20 (TBS-T), followed by an overnight incubation with primary antibody at 4°C. Primary 

antibody was diluted in 2.5% non-fat milk in TBS-T. Primary antibody conditions in this work 

were the following: U1-70K at 1:100 (Santa Cruz Biotechnology, clone C-18 or Millipore mouse 

monoclonal, clone 9C4.1), U1-C at 1:200 (Sigma, rat monoclonal, clone 4H12), , hnRNP A1 at 

1:250 (Santa Cruz Biotechnology, mouse monoclonal, clone 9H10), SRSF7 at 1:1000 (MBL, 

rabbit polyclonal) and TIA-1 at 1:100 (Santa Cruz Biotechnology, goat polyclonal, clone C-20). 

The membrane was washed with TBS-T prior to incubation with the secondary antibody. 

Secondary antibodies were diluted in 2.5% non-fat milk in TBS-T and incubated for 1 hour at 

room temperature. The membrane was washed further with TBS-T and then developed for 1 

minute using SuperSignalÔ West Pico Chemiluminescent Substrate (ThermoFisher Scientific). 

Blots were imaged on a GE Typhoon imaging station. 

Psoralen crosslinking 

300 picomoles of the five different substrate RNAs were dephosphorylated using NEB 

Quick Dephosphorylation Kit in 20µL reactions. Reactions contained 20 units NEB quick CIP 

(calf intestinal phosphatase), 1X NEB CutSmart Buffer® (50mM postassium acetate, 20mM Tris-

acetate, 10mM Magnesium acetate, 100µg/mL BSA, pH 7.9) and were incubated at 37°C for 2 

hours. The CIP enzyme was heat inactivated at 80°C for 5 minutes. Substrate RNAs were 5' end 

labeled with the addition of 20 units NEB T4 PNK (polynucleotide kinase), 2µL gamma-ATP, 

and DTT (final concentration 5mM). Kinase reactions were incubated at 37°C for 3 hours and 

heat inactivated at 65°C for 20 minutes. Substrate RNAs were purified using ZYMO RNA Clean 
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and Concentrator kits, resuspended in 25µL and yielded a specific activity of ~ 600,000 cpm/µL. 

Crosslinking reactions were carried out using 1µL of radiolabled substrate RNA, 30% nuclear 

extract and mirrored the conditions used in SHAPE experiments. Each reaction contained 

20µg/mL 4'-aminomethyltrioxalen(AMT) and was exposed to 365nm UV for 10 minutes or kept 

in the dark as described by Tarn and colleagues (Tarn and Steitz 1994). Samples were then 

digested with proteinase K, phenol chloroform extracted and resolved on 6% denaturing 

polyacrylamide gels as described previously (Movassat et al. 2017). Crosslinking efficiencies 

were obtained using ImageJ. Briefly, a box was drawn around each band. The intensity in the 

+UV lane was subtracted by the intensity in the –UV lane and the resulting value was divided by 

the intensity of the band corresponding to the full-length substrate RNA in the +UV lane. The 

crosslinking efficiencies were averaged across three biological replicates and two tailed t-tests 

were performed in a pair wise manner to determine statistical significance. 
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Chapter 3: Genome-wide search deconvolutes hierarchical relationship 

between splice site strength and exon architecture to reveal exon defined 

splice sites obey proximity rule 

3.1 Contribution Statement:  

Francisco Carranza created the exon size database. Hossein Shenasa performed transfection 

experiments with minigene constructs created by William Mueller. Hossein Shenasa manipulated 

constructs to create an X-small minigene construct, four constructs with a weak upstream 

proximal 5' splice sites and four constructs that had two medium competing 5' splice sites. 

3.2 Abstract 
	
	 Gene expression is regulated at both transcriptional and post-transcriptional levels. One 

of the most complex and important post-transcriptional processes is alternative pre-mRNA 

splicing. Alternative splicing is under combinatorial control meaning that many cis pre-mRNA 

sequence elements and trans-acting protein factors affect which splice sites are chosen. It has 

been shown that the ability of exons to undergo alternative splicing is dependent primarily on 

splice site strength and intron-exon architecture. The spliceosome recognizes exons using two 

different mechanisms. Exons flanked by short introns are defined in a cross intron manner, while 

exons flanked by long introns are recognized across the exon. Previous work using an in vitro 

splicing system to analyze splice site competition within intron-defined, cassette exons 

demonstrated that the proximity of the competing splice sites across the intron influences splice 

site selection. Downstream 5' splice sites and the upstream 3' splice sites, both of which are 

adjacent to the intervening introns, are favored. We analyzed EST data to see if an analogous 

“proximity rule” exists for exon defined splice sites, which are far more common in the human 

genome. We observe that the previously demonstrated intron-centric proximity rule is a genome- 
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wide determinant in splice site selection for intron-defined exons. Furthermore, we demonstrate 

that a proximity rule exists for exon-defined splice sites that have comparable differences in 

splice site strength. The exon-centric proximity rule is observed genome-wide for competing 5' 

splice sites with differences in splice site strength that can vary up to 1000-fold. These data 

elucidate the relationship between splice site strength and pre-mRNA architecture in the context 

of exon-defined splice site recognition and decipher another layer of the splicing code.   

3.3 Introduction 

One of the hallmarks of eukaryotic gene expression is pre-mRNA splicing, which entails 

the excision of introns and the ligation of exons to create contiguous sequences that code for 

proteins (Moore et al. 1993; Matera and Wang 2014; Wahl et al. 2009). Gene expression in 

higher order eukaryotes such as humans is characterized by extensive alternative pre-mRNA 

splicing, which includes the alternative inclusion of exons and the differential usage of splice 

sites (Nilsen and Graveley 2010). The minimal sequences required for splicing to occur have 

been demonstrated to be short and relatively simple; they include the 5' splice site, the 

polypyrimidine tract, the AG dinucleotide at the 3' splice site, and the branch point sequence 

(Wang and Cooper 2007; Wahl et al. 2009; Matera and Wang 2014). These sequence elements 

alone cannot account for the vast complexity and high fidelity of alternative splicing. 

 Alternative pre-mRNA splicing is a highly combinatorial process that is influenced by 

many cis-sequence elements and different trans-acting protein factors. These include: the 

strength of the splice sites, the intron-exon architecture, RNA secondary structure, splicing 

regulatory elements (SREs) that recruit splicing activators or repressors, promoter architecture, 

the speed of transcription by RNA polymerase II and the presence of modified nucleotides within 

the pre-mRNA (Shepard et al. 2011; Sterner et al. 1996; Fox-Walsh et al. 2005; Busch and 
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Hertel 2015; Shepard and Hertel 2008; Buratti and Baralle 2004; Warf and Berglund 2010; 

McManus and Graveley 2011; Hertel and Maniatis 1998; Erkelenz et al. 2013; Fu and Ares 

2014; Cramer et al. 1997; de la Mata et al. 2003; Roundtree et al. 2017; Zhao et al. 2014; Liu et 

al. 2015, 2017). The complexity and fidelity of alternative splicing is explained by combinatorial 

regulation that integrates information from all of these factors (Shenasa and Hertel 2019). 

Understanding the interplay between all of these factors is a long-standing goal in the field of 

alternative splicing. Deciphering the splicing code will allow for the accurate predication of the 

splicing patterns in a tissue specific manner and possibly elucidate the molecular mechanisms of 

disease. 

 A splicing code algorithm demonstrated that the primary drivers of intrinsic alternative 

splicing are the intron-exon architecture and splice site strength (Busch and Hertel 2015). The 

splice sites are sequence elements that recruit the snRNP components of the early spliceosome 

and their auxiliary protein factors. The 5' splice site recruits U1 snRNP through base pairing 

interactions with the 5' end of U1 snRNA and the polypyrimidine tract recruits U2AF through 

the formation of aromatic side chain and uridine stacking interactions, in addition to direct or 

water mediated hydrogen bonding (Wahl et al. 2009; Moore et al. 1993; Kondo et al. 2015; 

Sickmier et al. 2006). Numerical scores, called Maximum Entropy scores (MaxEnt) have been 

derived that predict splice site usage (Yeo and Burge 2004). These scores were used to show that 

the splice site strength of 5' and 3' splice sites make near equal contributions to internal exon 

recognition and that the sum of both splice site scores is a much greater predictor of exon 

inclusion than either 5' or 3' splice site strength (Shepard et al. 2011).  

 The intron-exon architecture refers to length of exons and intervening introns. It has been 

postulated that the spliceosome recognizes exons flanked by short introns across the introns 



	

	 62 

(intron definition) and exons flanked by long introns across the exon (Berget 1995). This long-

standing hypothesis is intuitive because as introns get longer the frequency of decoy splicing 

signals increases making it less likely that the spliceosome can correctly identify the intron 

boundary. The spliceosome must then switch to recognizing exon boundaries, which is 

presumably less efficient due to the necessity of juxtaposing the recognized exon to upstream 

and downstream splice sites. These hypotheses regarding intron-exon architecture have been 

validated. It has been shown that the intron definition mode of splicing is indeed more efficient 

and that the spliceosome transitions from the intron definition mode of exon recognition to the 

exon definition mode of exon recognition when intron lengths exceed 200-250 nucleotides (Fox-

Walsh et al. 2005). Interestingly, size constraints have also been demonstrated for exons, large 

exons (> 500 nucleotides) are efficiently included when flanked by short introns, however large 

exons (> 500 nucleotides) are skipped when flanked by long introns (> 500 nucleotides) (Sterner 

et al. 1996). These observations, derived from minigene constructs, are supported by genome- 

wide analyses, which suggest the length of most human exons ranges from 50 to 250 nucleotides 

with an average of 120 nucleotides (Movassat et al. 2019). In the human genome the vast 

majority of exons are thought to be recognized through exon definition, with introns having an 

average length of 5419 nucleotides (Sakharkar et al. 2004). 

 A landmark study showed that under intron definition competing 5' and 3' splice sites 

follow an intron-centric proximity rule, meaning that given an isogenic context, the splice sites 

closer to each other across the intron are chosen (Reed and Maniatis 1986). This study was 

carried out using in vitro transcribed RNA and nuclear extracts. The intron-centric proximity rule 

is consistent with the intron definition mode of exon recognition, in which the functional unit 

recognized by the spliceosome is the intron. As introns become longer the unit defined by the 
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Figure 3.1 Depiction of the intron-centric proximity rule and proposed exon-centric 
proximity rule. When exons are flanked by short introns the splice sites closer to the intron 
boundary are selected by the spliceosome. The top panel depicts the downstream 5' splice site 
being chosen over the upstream 5' splice site. The bottom panel shows the proposed exon-
centric proximity rule, in which the splice sites that are located closer together across the exon 
are selected by the spliceosome. The bottom panel shows the upstream 5' splice site that is 
closer to the upstream 3' splice site of the internal exon being selected by the spliceosome. The 
brackets indicate the functional unit the spliceosome recognizes. 	
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spliceosome becomes the exon. Despite the spliceosome recognizing the exon as the functional 

unit, upon transitioning to the exon definition mode of exon recognition, we hypothesize that an 

exon-centirc proximity rule, analogous to the intron-centric proximity rule, is carried over. This 

hypothesis predicts that splice sites closer to each other across the exon will be favored by the 

spliceosome (Figure 3.1). To address this hypothesis, we downloaded HEXEvent, a database of 

human expressed sequence tags (ESTs). We filtered the database to separate alternative splicing 

events that only had one 3' splice site and two competing 5' splice sites within internal exons 

(Busch and Hertel 2013). An additional filter was applied to separate alternative splicing events 

with 10 or more EST counts. We find that the previously described intron-centric proximity rule 

is a determinant in splice site selection genome-wide. We also discovered that an exon-centric 

proximity rule exists when competing 5' splice sites have comparable splice site strengths, 

suggesting that proximity effects are overridden by large differences in splice site strength. To 

provide experimental evidence for our computational results, we preformed minigene analysis 

using constructs that measure 5' splice site usage between two competing 5' splice sites (Figure 

3.2). We observe that our representative minigene constructs use the upstream, proximal 5' splice 

site in instances where both splice sites have equal MaxEnt scores, confirming our computational 

findings. These results undercover a subtle yet significant part of the splicing code.  

3.4 Results 

Genome-Wide Analysis of Competing 5' Splice Sites 

To validate previous results that demonstrated the intron-centric proximity rule on a 

genome-wide scale, we analyzed splicing events in which the exon of interest was flanked by 

two short introns, <250 (SS, see methods). If the intron-centric proximity rule is a determinant in 

splice site selection genome-wide, we expect that the downstream 5' splice site, proximal to the 
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Figure 3.2 Genome-wide and experimental approaches to validate exon-centric proximity rule 
hypothesis. The top panel depicts the approach taken to test exon centric proximity rule hypothesis 
genome-wide. The bottom panel shows experimental validations that were performed.   
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 downstream 3' splice site to be chosen. In agreement with expectations we observed that the 

downstream 5' splice site constituted the major splice-isoform in 61.7% of events. 

We next investigated whether, in the context of intron definition, the usage of the 

upstream, distal 5' splice site was due to differences in MaxEnt scores between the two 

competing splice sites (ΔMaxEnt). This analysis revealed that for 86.9% of intron-defined exons 

in which upstream 5' splice site usage constituted the dominant isoform, the MaxEnt score of the 

upstream 5' splice site was also higher (Figure 3.3). These results reveal that while the intron 

centric proximity rule is a determinant in 5' splice site selection, large ΔMaxEnt values negate 

the effect of the intron centric proximity rule.  

 To test the hypothesis that an exon-centric proximity rule exists, we analyzed competing 

5' splice site pairs flanked by two long introns (LL category, see Methods). The expectation for 

the exon centric proximity rule is that the upstream 5' splice site, proximal to the upstream 3' 

splice site, will be chosen. Initial analyses revealed that the upstream 5' splice site was the 

dominant splice isoform for only 40.2% of competing 5' splice site pairs, which was inconsistent 

with the proposed hypothesis. However, further analysis of the LL data revealed that for 90.5% 

of competing 5' splice site pairs, in which the downstream 5' splice site constituted the major 

isoform, it also had a higher MaxENT score. This result highlights the dominance of large 

ΔMaxEnt values over the intron-exon architecture; however it important to note that MaxEnt is a 

logarithmic score and the difference of 1 MaxEnt unit between two splice sites signifies that the 

stronger splice site is 10 times more likely to be chosen by the spliceosome. This phenomenon 

can be visualized by plotting the major isoform inclusion levels of all competing 5' splice site 

pairs as a function of ΔMaxEnt (Figure 3.4). Alternative splicing increases as ΔMaxEnt reaches 

0, but major isoform inclusion levels increase as ΔMaxEnt between the major and the minor 
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Figure 3.3 Relationship between ΔMaxEnt and splice site usage for SS exons. 
This graph illustrates the relationship between ΔMaxEnt(MaxEnt upstream - MaxEnt 
downstream 5' splice site)  and 5' splice site usage. As ΔMaxEnt increases the 
upstream 5' splice site usage also increases.  
	

-10	

-5	

0	

5	

10	

15	

20	

25	

30	

35	

0	 50	 100	 150	 200	

Δ	
M
ax
En
t	

5'ss	Upstream	Events	

Upstream	5'		splice	site	
MaxEnt	greater	

Downstream	5'		splice	
site	MaxEnt	greater	



	

	 68 

  

	
Figure 3.4 Alternative splicing as a function of ΔMaxEnt. The major exon inclusion levels of all 
EST counts are plotted as a function of ΔMaxEnt (MaxEnt of major isoform 5' splice – MaxEnt of 
minor isoform 5' splice site).  
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Figure 3.5 Splice site preference genome-wide. The graph shows the log ratio of exons 
where the downstream 5' splice site constitutes the major isoform to exons where the 
upstream 5' splice site constitutes the major isoform with no binning and binning based on 
architecture (SS and LL events). The SS and LL categories were filtered so that ΔMaxEnt = 
±3. The right side of the figure shows schematics, which illustrate that downstream and 
upstream 5' splice site usage are favored for SS and LL respectively. 
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isoform increases. To control for the effect of ΔMaxEnt and view the exon-centric proximity rule 

in the context of architecture a filter was applied to obtain only competing 5' splice site pairs 

with equal MaxEnt scores. This filtering only left 15 events and for 66.7% of competing 5' splice 

sites the upstream, proximal 5' splice site constituted the major splice isoform (data not shown). 

We expanded this analysis by binning SS and LL splicing events based on ΔMaxEnt = ±3, which 

yielded 104 and 851 events respectively. Controlling for differences in ΔMaxEnt does not 

change splice site usage for SS events in a statistically significant manner. Strikingly, we found 

that when the splice site strengths of competing 5' splice sites, under exon recognition, are 

comparable the number of exons in which the upstream 5'ss constitutes the major isoform 

increases from 40.2% to 53.8% (Figure 3.5). A 2x2 contingency table chi-square test showed this 

result to be highly statistically significant (P<0.00001) showing that an exon centric proximity 

rule exists. These results demonstrate that the proximity of the 5' splice site to the 3' splice site is 

an important determinant in splice site selection both in intron-defined and exon-defined exon 

recognition.   

Minigene analysis to validate genome-wide observations in vivo 

 In order to validate genome-wide results, five minigene constructs that contain competing 

5' splice sites of identical strength in their internal exons were transfected into HeLa cells. The 

usage of the upstream, proximal 5' slice site leads to smaller RT-PCR products (Figure 3.6 and 

Table 3.1). The upstream, proximal 5' splice site was chosen for all constructs, confirming an 

exon defined proximity rule exists. Exons as short at 13 nucleotides were selected over 

competing longer exons (Figure 3.7). To investigate whether decreasing the rate of splicing and 

allowing the spliceosome more time to choose between the splice sites would lead to 

downstream, distal 5' splice site usage, we changed the MaxEnt score of both 5' splice sites in the  



	

	 71 

 

  

	
Figure 3.6 Minigene construct design and rationale. The constructs used in this study 
contain three exons and two long introns (The upstream and downstream intron length are 
365 and 367 base pairs respectively). The internal exon contains an internal competing 5' 
splice site that allows for testing the exon centric proximity rule. The competing 5' splice 
sites are separated by 52 base pairs in each construct. The 5' end of the internal exon was 
sequentially removed so that usage of the upstream 5' splice site leads to sequentially 
smaller exons and allows for testing whether the size of an exon is a constraint in splice 
site selection.   
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Product Sizes 

Construct Proximal 5' splice 
site usage exon size 
(nucleotides) 

Distal 5' splice site 
usage exon size 
(nucleotides) 

Proximal 5' splice 
site usage RT-PCR 
product (bp) 

Distal 5' splice site 
usage RT-PCR 
product (bp) 

X-Small 13 65 119 171 

Small 36 88 142 194 

Medium  76 128 182 234 

Large 95 147 201 253 

X-Large 211 263 317 369 

  Table 3.1 Product sizes shows the size of the recognized exon and the size of the RT-PCR product on 
visualized on the gel.  
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Figure 3.7 Experimental validation of genome-wide observations. Minigene constructs were 
transfected into HeLa cells in triplicate. RT-PCR products were run out on a 2% agarose gel. 
Schematic on the right illustrates 5' splice site choice and mRNA products. Dots denote 
upstream 5' splice site usage, downstream 5' splice site usage or exon skipping. Bands not 
labeled with dots indicate intron retention events and cryptic splicing.	

50	BP	

100	BP	

150	BP	

200	BP	
250	BP	
300	BP	
350	BP	
400	BP	
450BP	
500	BP	

XS
	

Sm
al
l	

M
ed

iu
m
	

La
rg
e	

X-
La
rg
e	

Both	5'ss	MaxENT=10.9		

!	 !	
!	 !	

!	

!	
!	 !	

!	 !	 !	
Sm

al
l	

M
ed

iu
m
	

La
rg
e	

X-
La
rg
e	

Both	5'ss	MaxENT=-.5		

!	Yellow	=	upstream	5'ss	usage  	

!	Purple	=	downstream	5'ss	usage  	

!	Black=	exon	skipping	



	

	 74 

  

  	
	
	
	

	
	
Figure 3.8 Validation of competition assay. In order to ensure that the 
downstream, distal 5' splice site is viable the MaxEnt score of upstream, 
proximal 5' splice site was lowered to -5.2. Minigene constructs were transfected 
into HeLa cells in triplicate. RT-PCR products were run out on a 2% agarose 
gel. Schematic on the right illustrates 5' splice site choice and mRNA products. 
Dots denote upstream 5' splice site usage, downstream 5' splice site usage or 
exon skipping. Bands not labeled with dots indicate intron retention events and 
cryptic splicing.	
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small, medium, large and x-large constructs from 10.9 to -.5. (Figure 3.7). We observe a slight 

but reproducible band corresponding to downstream, distal 5' splice site usage for the small 

construct, with the major isoform still using the upstream, proximal 5' splice site. The upstream, 

proximal 5' splice site was also chosen for the medium construct with no indication of a switch to 

the downstream, distal 5' splice site. The large and x-large constructs skipped the internal exon 

entirely (Figure 3.7). To confirm that our constructs were truly in competition we changed the 

MaxEnt score of the upstream, proximal 5' splice sites for the small, medium, large and x-large 

construct from 10.9 to -5.2 with the expectation that the downstream, distal 5' splice site would 

be chosen for all four constructs (Figure 3.8). The distal 5' splice site was chosen for the small, 

medium and x-large constructs. Changing the upstream, proximal 5' splice site MaxEnt score 

from 10.9 to -5.2 in the large construct led to exon skipping, suggesting that the downstream, 

distal 5' splice site is not viable. In silico analysis using minimum free energy algorithms 

suggested that the large construct internal exon had a unique RNA secondary structure, which 

may possibly explain its lack of efficient switching. Overall, these results show that in an 

isogenic context, where competing splice sites have equal MaxEnt scores, the proximity of the 5' 

splice site to the upstream 3' splice site is a strong determinant in splice site selection. These 

observations provide experimental evidence for the conclusions derived from the EST data.  

3.5 Discussion 

 Alternative pre-mRNA splicing is a crucial RNA processing step that occurs in higher 

order eukaryotes and is responsible for transcript and protein isoform diversity (Nilsen and 

Graveley 2010). It has been demonstrated that alternative pre-mRNA splicing is under 

combinatorial control, meaning the spliceosome integrates information from cis-regulatory 

elements and trans-acting protein factors (Shenasa and Hertel 2019). The inherent ability of an 
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exon to undergo alternative splicing is primarily a function of intron-exon architecture and the 

strength of present and competing splice sites (Busch and Hertel 2015). Previous results have 

demonstrated the existence of an intron-centric proximity rule; the splice site that is proximal to 

the intron is favored over the splice site that is distal to the intron. These pioneering studies were 

carried out using nuclear extracts (Reed and Maniatis 1986). We sought to expand upon these 

results by analyzing the intron-centric proximity rule genome-wide. We also hypothesized that 

an analogous proximity rule exists for competing 5' splice sites under exon definition. In this 

case it would be expected that the upstream 5' splice site proximal to the upstream 3' splice site 

will be chosen. We observe that the intron-centric proximity rule exists genome-wide; however 

as ΔMaxEnt increases between the upstream, distal 5' splice site and the downstream, proximal 5' 

splice site, the upstream 5' splice site becomes the major isoform for more events. This is not 

surprising because it has been demonstrated that the transition between usage of different splice 

sites occurs in a narrow window, in which the difference between 2 to 3 MaxEnt units leads to a 

complete shift in splice site usage (Shepard et al. 2011). These results show that splice site 

strength becomes hierarchical to intron-exon architecture as ΔMaxEnt increases. However, this 

does not diminish the importance of intron-centric proximity. Because alternative pre-mRNA 

splicing is a combinatorial process, understanding all of the determinants that dictate splice site 

selection is essential. It has been demonstrated repeatedly that different factors drive alternative 

splicing and that often times a single factor is the primary driver of an alternative splicing event 

(Shenasa and Hertel 2019). Expanding the relevance of the intron-centric proximity rule to a 

general effect on splice site choice further completes the splicing code.  
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Figure 3.9 The interplay between an exon centric proximity rule and splice site strength. 
The schematic illustrates the findings of this chapter. The large bolded arrow signifies 
increases splice site usage. 
	

Upstream	 Downstream	

5'ss	 3'ss	 5'ss	 5'ss	 3'ss	
CAGGUAAGU	 CAGGUAAGU	

CAG	

∆	MaxEnt	=	±3	



	

	 78 

We also demonstrate that an exon-centric proximity rule exists genome-wide using both 

computational approaches and traditional minigene approaches (Figure 3.9). We observe that 

53.8% of exon-defined exons with two competing 5' splice sites that have a ΔMaxEnt of up to ±3 

use the proximal, upstream 5' splice site as the major splice site. This data suggests that the exon 

centric proximity rule has a general influence on splice site selection. It is important to consider 

the large range observed for the exon-centric proximity rule. Despite a potential 1000-fold 

difference in the likelihood of splice site usage an enrichment is observed for upstream proximal 

5' splice site usage. Additionally figure 3.4 shows that the majority of alternative splicing occurs 

in the ΔMaxEnt=±3 range.  These results demonstrate that the exon-centric proximity rule is an 

important determinant in the range of ΔMaxEnt where alternative splicing occurs. Our minigene 

data also show that the exon-centric proximity rule is obeyed in cells. The effect of the exon 

centric proximity rule on splice site usage is striking when ΔMaxEnt and sequence variation are 

controlled for. All constructs with equal MaxEnt scores exclusively use the upstream, proximal 

5' splice site.  Changing both 5' splice site MaxEnt scores to -.5 leads to exon skipping, in the 

large and x-large constructs, which is consistent with exon-definition. Under these conditions, 

the spliceosome can no longer recognize the exon boundary efficiently and large exons are 

skipped. Exon skipping in the x-large construct also provides evidence for the exon-centric 

proximity rule. Small exons have a shorter distance between the splice sites across the exon and 

can tolerate 5' splice sites with weaker MaxEnt scores. However, as the distance between the 

splice sites is increased across the exon the effect of exon-centric proximity is also diminished 

and therefore large exons with weaker MaxEnt scores are skipped. These results also suggest that 

using strong 5' splice sites for this study is ideal. We also observe that the small, medium and x-

large constructs completely switch splice site choice when the upstream, proximal 5' splice site 
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MaxEnt score is changed to -5.2, showing that these splice sites are genuinely in competition. 

Our constructs were designed to also test whether exon size is important in splice site selection. 

The results show that an exon as small as 13 nucleotides is selected over its longer 65 nucleotide 

isoform, suggesting that if exon size is a determinant in splice site selection, it is dominated by 

the proximity rule. Overall these results elucidate a fundamental principle whereby the proximity 

of splice sites and presumably U1 snRNP and U2 snRNP is a determinant in splice site 

recognition regardless of exon definition or intron definition.  

3.6 Methods 

Construction of EST database 

 An EST derived database was created using data from the Human Exon splicing Events 

(HEXEvent) database (Busch and Hertel 2013). HEXEvent contains information regarding the 

location of competing splice sites, the resulting exon sizes, alternative splice site usage levels and 

the gene associated with each mRNA. The HEXEvent data was filtered to obtain a dataset 

comprising of only pairs of competing 5' splice sites. This database was subsequently modified 

to include 5' splice site junction information and MaxENT scores. The programs R and IntronDB 

(a database detailing eukaryotic intron features) were used to add flanking intron lengths (Wang 

2019). Flanking intron lengths were added so that splicing events could be separated into the 

categories LL or SS, which represent exon defined recognition or intron defined recognition 

respectively. Alternative splicing events were further filtered to include only events that had 10 

or more EST counts and yielded a total of 4171 competing 5' splice site pairs. The data was 

filtered into four categories according to intron length and included: both flanking introns around 

the exon of interest being short (<250, SS), both flanking introns being long (>250, LL), the 

upstream intron being short and downstream intron being long (SL) or the upstream intron being 
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long and the downstream intron being short (LS). This led to 380 SS events, 477 SL events, 571 

LS events and 2749 LL events.  

Plasmid Design and Rational 

Four minigene constructs were designed that had three exons and two introns. The 

plasmid design was based primarily on previously validated constructs used to study splice site 

strength (Shepard et al. 2011). The internal exon was designed to contain two functional 

competing 5' splice sites separated by 52 nucleotides. The sequence preceding the upstream 5' 

splice site was progressively shortend (Figure 3.6). This was done in order to determine whether 

exon length is a determinant in splice site choice. Additional constructs were created where the 

MaxEnt score of both competing 5' splice sites was changed from 10.9 to -.5. This was done in 

order determine whether decreased splicing efficiency increased alternative splice site usage. 

Lastly the upstream 5' splice sites were changed from MaxEnt =10.9 to MaxEnt = -5.2 in order to 

validate the competition assay.  

Cloning Protocols to Change Splice Site Strength Sequences.  

In order to linearize plasmids, 10 nanograms (ng) of plasmid DNA obtained by midiprep, 

was amplified using divergent primers. PCR reactions were carried out with NEB® Phusion® 

polymerase in 50µL according to NEB protocols. DH5α midiprep derived plasmids in the PCR 

reaction were digested with 40 units of DpnI according to NEB protocols. Plasmids were 

purified with Zymo DNA clean and concentrator™ kit and concentrations were obtained using a 

nanodrop 2000 instrument. For each construct, .03 picomoles of linearized plasmid DNA was 

mixed with a 10X molar ratio of phosphorylated double stranded DNA inserts, purchased from 

IDT, in 20µL ligation reactions. Synthetic inserts were cloned into linearized vectors using T4 

ligase according to the standard NEB protocol and 10µL of ligation reaction was transformed 
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using in house DH5α cells. Colonies were screened, using PCR in order to detect the correct size 

insert. Colonies with the correct size insert were grown from 3mL cultures to 20mL cultures and 

underwent midiprep DNA extraction. Plasmid DNA from each colony was sequenced in order to 

ensure the correct orientation of inserts.  

Cell Transfections and RT-PCR Analysis 

Transfection experiments were performed in triplicate using HeLa cells. 1mL of 0.1x106 

cells/mL was plated into each well of 12 well plates. Cell confluency was checked 24 hours later 

and 1µg of plasmid DNA was transfected according to BioT protocol. Cells were harvested 48 

hours post-transfection. Each well was washed two times with phosphate buffered saline (PBS) 

and subsequently RNA was extracted with Trizol™. 300µL Trizol™ was added to each well and 

mixed by pipetting. Samples were incubated at room temperature for 5 minutes followed by the 

addition of 60µL of chloroform. Samples were vortexed, incubated at room temperature for 3 

minutes and centrifuged at 12,000xg for 15 minutes at 4ºC. Subsequently, 100µL of the aqueous 

phase was removed and 150µL of isopropnol was added. Samples were mixed and incubated at 

room temperature for 10 minutes, centrifuged at 12,000xg for 15 minutes at 4ºC, decanted, 

washed with 300 µL 75% EtOH and spun again for 5 minutes. RNA pellets were resuspended in 

50µL water and put through ZYMO RNA Clean and Concentrator™ columns. Sample volumes 

were adjusted to 80µL, yielding RNA concentrations of ≤ 200ng/µL. DNase digestion was 

performed with Turbo™ DNase (Ambion®) according to Ambion’s protocol in 100 µL 

reactions. RNA was subsequently extracted with 100µL phenol:choloroform and the aqueous 

phase was put through ZYMO RNA Clean and Concentrator™ columns. DNase digested and 

purified RNA samples were resuspended in 25µL. A nanodrop 2000 instrument was used to 

obtain RNA concentrations. Reverse transcription reactions were carried out in 20µL using 250 
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ng of total RNA and 200ng of OligodT18 primer according to SuperScript™ III protocol. PCR 

primers were designed that bound the flanking exons and thus would detect upstream, proximal 

or downstream, distal 5' splice site usage. PCR reactions contained 5µL cDNA ( 10% vol:vol), 

.2mM dNTPs, .2 µM of each primer, 1.5mM MgCl2 and .25 units taq polymerase ( Apex 

Bioresearch). 25 cycles of PCR were performed and 5 µL was subsequently loaded onto a 2% 

agarose gel. Agarose gels were run at 150V for 1 hour in 1X Tris-Borate EDTA (TBE). 
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Chapter 4: Perspectives  

4.1 An allosteric model for splice site selection 

 The process of alternative splicing is one of the most complex cellular processes both in 

terms of possible mRNA products and in terms of regulation mechanisms. The combinatorial 

nature of alternative splicing allows the cell to fine-tune mRNA ratios with multiple regulatory 

checkpoints (Shenasa and Hertel 2019). One of the most well described modes of splicing 

regulation relies on trans-acting splicing regulatory proteins that bind the pre-mRNA and 

influence splice site selection or spliceosomal assembly. These splicing regulators which consist 

of the SR and hnRNP family of splicing regulatory proteins have a broad range of mechanisms 

that affect spliceosomal assembly (Busch and Hertel 2012; Shepard and Hertel 2009; Shenasa 

and Hertel 2019). For example, hnRNP A1 has been shown to loop exons out so that they are 

skipped, while hnRNP L and A1 were shown to cause extended base pairing between the exonic 

pre-mRNA sequence of the CD45 exon and U1 snRNA in manner predicated to block U6 

snRNA base pairing. PTB was shown to block spliceosomal assembly by binding the internal 

bulge of U1 stem loop IV (Nasim et al. 2002; Chiou et al. 2013; Sharma et al. 2011). SR proteins 

have been shown to interact with the early components of the spliceosome such as U1 snRNP 

and U2AF35 (Wu and Maniatis 1993; Hertel and Graveley 2005). A systematic study showed 

that both SR proteins and hnRNPs have a position dependent effect depending on where they 

bind relative to the regulated 5' splice site. Interestingly, this study also showed that E-complex 

formation was unaffected, but the transition from repressed E-complexes to A-complex was 

severely inhibited (Erkelenz et al. 2013). The findings presented in chapter 2 focused on the 

structure of U1 snRNA within activated and repressed E-complexes. We propose an allostertic 

model in which splicing activators increase the base pairing between the junction motif of U1 



	

	 84 

snRNA and the 5' splice site, while splicing repressors decrease the base pairing between the 

junction motif and the 5' splice site. The results presented in chapter 2 agree with the functional 

splicing data presented by Erkelenz and colleagues (Erkelenz et al. 2013). Interestingly, the 

SHAPE reactivity of the junction motif can be affected by splicing regulatory protein binding 

from the two faces of U1 snRNP, suggesting a very broad mechanism of action that may be 

utilized by many splicing regulatory proteins. The psoralen crosslinking data allow for the subtle 

but important distinction between U1 snRNP binding without base pairing and increased base 

pairing facilitated by splicing activators. These findings are also relevant to the prevention of 

premature polyadenylation and suggest a mechanism in which the base pairing state of U1 

snRNA bound to cryptic 5' splice sites may reflect that of U1 snRNA bound to the neutral or 

repressed substrates discussed in this study. This hypothesis could easily be tested by designing a 

substrate that has a polyadenylation signal but does not undergo splicing or cleavage and 

polyadenylation in vivo and in vitro. It is worth noting that the 5' end of U1 snRNA is an obvious 

target for regulation because it localizes U1 snRNP to the pre-mRNA and decreasing the 

complementarity with the 5' end of U1 snRNA decreases the rate of splicing (Hicks et al. 2010). 

 The previously mentioned example mechanisms are relatively specific to certain 

alternative splicing events, however the results provided in this study are suggestive of a general 

mechanism that could be utilized by a wide range of splicing regulatory proteins. The findings 

presented here could be expanded upon by in cellulo validation. It would be feasible to transfect 

HeLa cells with biotinylated substrate RNAs and perform SHAPE chemistry and psoralen 

crosslinking, both of which are amenable to in vivo studies. Biotinylated substrate RNAs could 

then be isolated, washed and eluted. U1 snRNA could subsequently be reverse transcribed or 

separated on polyacrylamide gels to validate the SHAPE reactivities and psoralen crosslinking 
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efficiencies respectively. These findings may also be expanded upon through cryo-electron 

microscopy. A modified version of the pulldown strategy used in this study could be 

implemented to support downstream use in cryo-em studies, however this is an area that may 

require more optimization.  

4.2 Architectural determinants in competing splice site selection 

While many factors have been shown to affect alternative splicing the fundamental ability 

of an exon to undergo alternative splicing is driven by the strength of its competing splice sites 

and the intron-exon architecture (Busch and Hertel 2015). The spliceosome utilizes two separate 

modes of exon recognition, when introns are short (≤ 250	nucleotides) the intron definition 

mode of exon recognition is employed, which relies on the recognizing the intron boundary. As 

the length of introns increases the spliceosome employs the exon definition mode of exon 

recognition, in which U1 snRNP and U2AF recognize the exon boundary (Berget 1995). A 

landmark study demonstrated that the proximity of competing splice sites across the intron, when 

exons are recognized through intron definition, dictates splice site usage (Reed and Maniatis 

1986). The results presented in chapter 3 expand on these findings and demonstrate that the 

intron centric proximity rule has a general effect on splice site selection. Furthermore, the results 

from chapter 3 demonstrate that an exon-centric proximity rule exists for exons that are 

recognized through exon definition. A data base was created from human alternative splicing 

events to include internal exons that had one 3' splice site and two competing 5' splice sites. 

Exons were separated into two categories, those that are flanked by two long introns (LL) and 

those that are flanked by two short introns (SS), which represent the exon definition and intron 

definition mode of exon recognition respectively. The results demonstrate that when LL exons 

are filtered such that MaxEnt scores become comparable (ΔMaxEnt = ±3), the percentage of 
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exons in which the upstream 5' splice site is the major splice site used increases from 40.2% to 

53.8%. This result is highly statistically significant (P<0.00001).  Furthermore, analysis of exons 

that use the downstream 5' splice site, distal to the upstream 3' splice site revealed that 90.5% of 

these splice sites also had a higher MaxEnt score. Combined these observations suggest that a 

genome-wide exon-centric proximity rule exists under exon definition.  

To validate the genome-wide observations in vivo, minigenes analysis was used. 

Minigenes that contain 3 exons and 2 long introns were used. The internal exon of the minigene 

constructs contains a competing 5' splice site that allows the splice site usage to be measured 

with RT-PCR.  The additional advantage of the minigene analysis is that sequence variation can 

be partially controlled for. The results from the mingene analysis are striking and show that in 

the context of equal MaxEnt scores and isogenic sequences the proximity rule is a dominant 

force. The upstream 5' splice site was used exclusively. Weakening the upstream 5' splice site 

leads to efficient usage of the downstream, distal 5' splice site, proving that the unused 

downstream 5' splice site is viable. The results from chapter 3 demonstrate that the proximity of 

the splice sites across the exon is a determinant in splice site usage under exon definition. 

Furthermore, the exon centric proximity rule becomes completely dominant when the influence 

of splice site strength and sequence variation are negated. Future analysis analyze at exons that 

have two competing 3' splice sites and one 5' splice site. While this group of exons will be 

different than the group that comprised of the 5' splice site data set, the results should converge. 

It is important to point out that analysis of competing 3' splice sites is complicated by the fact 

that the 3' splice site has three separate components, namely the branch point sequence, the 

polypyrimidine tract and the AG dinucleotide that delineates the intron-exon boundary. It is 

possible that proximity to the branch point sequence dictates 3' splice site usage, in which case 
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analysis should focus on events in which the competing 3' splice sites are separated by roughly 

50 nucleotides to ensure different branchpoint sequences are being used. This should allow for 

the verification of the exon centric proximity rule from the standpoint of competing 3' splice sites 

on a genome-wide scale. Additionally, the introns of the minigenes used should be shortened to 

<250 nucleotides. If the shortening of introns in the minigene constructs leads to downstream 5' 

splice site usage, there would be irrefutable evidence that the intron-exon architecture of these 

constructs drives their splice site choice.  

This study, when coupled with results from the proposed additional experiments, will 

elucidate another principle that contributes to the combinatorial regulation of alternative splicing. 

Similar to the position-dependent effects described for splicing regulatory elements, this general 

rule will help guide the current understanding of the many features that dictate splice site 

selection. The exon centric proximity rule may be an understated but relevant contributor to 

thousands of alternative splicing decisions.  
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