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Abstract At its most fundamental level the goal of genetics is to connect genotype 
to phenotype. This question is asked at a basic level evaluating the role of genes and 
pathways in genetic model organism. Increasingly, this question is being asked in 
the clinic. Genomes of individuals and populations are being sequenced and com-
pared. The challenge often comes at the stage of analysis. The variant positions are 
analyzed with the hope of understanding human disease. However after a genome 
or exome has been sequenced, the researcher is often deluged with hundreds of 
potentially relevant variations. Traditionally, amino-acid changing mutations were 
considered the tractable class of disease-causing mutations; however, mutations that 
disrupt noncoding elements are the subject of growing interest. These noncoding 
changes are a major avenue of disease (e.g., one in three hereditary disease alleles 
are predicted to affect splicing). Here, we review some current practices of medical 
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genetics, the basic theory behind biochemical binding and functional assays, and 
then explore technical advances in how variations that alter RNA protein  recognition 
events are detected and studied. These advances are advances in scale— 
high- throughput implementations of traditional biochemical assays that are feasible 
to perform in any molecular biology laboratory. This chapter utilizes a case study 
approach to illustrate some methods for analyzing polymorphisms. The first charac-
terizes a functional intronic SNP that deletes a high affinity PTB site using tradi-
tional low-throughput biochemical and functional assays. From here we demonstrate 
the utility of high-throughput splicing and spliceosome assembly assays for screen-
ing large sets of SNPs and disease alleles for allelic differences in gene expression. 
Finally we perform three pilot drug screens with small molecules (G418, tetracy-
cline, and valproic acid) that illustrate how compounds that rescue specific instances 
of differential pre-mRNA processing can be discovered.

Keywords Pre-mRNA splicing • Human genetic variation • Single nucleotide poly-
morphism (SNP) • RNA binding protein • Polypyrimidine track binding protein (PTB)

1  Introduction

1.1  Brief History of Medical Genetics

Until recently, hereditary diseases were analyzed by classical genetic methods. 
These approaches were remarkably similar to the original, unrecognized work of 
Gregor Mendel that was published in an obscure journal in 1865 where it lay dor-
mant for 35 years before being rediscovered independently by multiple labs in 1900. 
An early medical application of the science of transmission of genetic traits was 
provided by the characterization of ABO blood groups by Landsteiner (Jorde et al. 
1996). The modes of inheritance of diseases such as phenylketonuria, Huntington’s 
disease, cystic fibrosis, and sickle-cell anemia were all understood before the recog-
nition of DNA as the hereditary molecule. The degree to which our recognition of 
the chemical basis of hereditary lagged behind our understanding of genetic mecha-
nisms of transmission is difficult to appreciate today. It was not until 1955 that the 
structure of DNA was reported; in 1956 the correct number of human chromosomes 
identified. The genetic code was deduced in the 1960s and in the 1970s the complex 
intron–exon architecture of genes was reported. The completion of the human 
genome sequencing project in 2003 marked the completion of an era of raw discov-
ery and the development of a new genomic-scale in science that leverages this infor-
mation (Lander et al. 2001). One type of experiment that leverages the existence of 
a reference genome is deeper sampling within the human population to study varia-
tion and reconstruct the events of recent human evolution (Sabeti et al. 2002; Reich 
et al. 2002; Sachidanandam et al. 2001).

R. Soemedi et al.
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1.2  Population Genetics: The Landscape of Variation 
in Humans

Following the publication of the human reference genome sequence, the promise of 
the genomic era has been to make personalized medicine—where diagnoses and 
therapies for patients are tailored towards their genome—a reality (Manolio et al. 
2013). Mutations underlying Mendelian diseases have been identified based on 
patients presenting with a phenotype and the patients’ pedigrees being examined to 
identify candidate loci for gene mapping experiments. Complex diseases (diseases 
influenced by multiple mutations of varying effect size such as heart disease and 
diabetes) also segregate in families. One hypothesis, The Common Disease/
Common Variant hypothesis predicts that genetic risk for common diseases will be 
due to disease-predisposing alleles with relatively high frequencies (e.g., (Lander 
1996)). This hypothesis underlies the genome-wide association (GWA) study 
framework, where disease state (i.e., 0 implies healthy control, 1 implies patient for 
a disease of interest) is regressed onto the number of copies of a SNP allele and 
principal components representing genome-wide ancestry (Price et al. 2006) and 
SNPs explaining disease status are identified after correcting for the multiple tests 
carried out.

Over 1,600 GWA studies have been conducted since 2005 (see www.genome.
gov/gwastudies), but, disappointingly, most variants identified in GWA studies 
 confer small increments in disease risk (Manolio et al. 2009; Dickson et al. 2010). 
A further problem is that 96 % of individuals genotyped for GWA studies were of 
European descent (Bustamante et al. 2011). Since very few studies have been repli-
cated in individuals of multiple ancestries (Casto and Feldman 2011), it is unknown 
whether risk alleles identified in those studies are relevant for the human population 
as a whole. As population geneticists turn from GWA studies with common variants 
(frequency >5 %) to studying the association of rare variants with complex diseases, 
a biased focus on individuals of European descent will limit the impact of associa-
tion studies and their applicability to all humans. Rare variants tend to be population- 
specific, and a rare variant in one population is likely to have an even smaller 
frequency in another population (Gravel et al. 2011).

Much of what we know and will learn about genomic variation comes from the 
industrial scale sequencing of individual genomes, which are then compared to the 
reference sequence. This flood of data has ushered in renaissance for population 
genetics, association studies and created a new field of personalized medicine.

1.3  Personalized Genomics: The Variation Landscape 
in a Typical Human Being

High-throughput sequencing is performed by a rapidly changing suite of technolo-
gies. At the time of this writing, individual genomes are characterized by either 
whole genome sequencing (WGS) or by exome sequencing—a capture approach 
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that utilizes a library of biotinylated capture probes designed to enrich exon 
reads(Gonzaga-Jauregui et al. 2012). Data summarized from the sequencing of indi-
vidual genomes and the large scale pilot analysis from the 1,000 genome project 
illustrate several general features of genetic variation in humans(Abecasis et al. 
2010, 2012). Although the degree of variation with respect to the reference genome 
varies with loci and ancestry, a single individual will have, in total, about three mil-
lion positions of variation with respect to the reference sequence. While most of 
these variants are selectively neutral, some fractions of this total represent func-
tional polymorphisms. As predicted by models of purifying selection, exonic varia-
tions and variations predicted to disrupt gene function are rare relative to neutral 
variants. However, an average human carries 50–100 variants classified by the 
Human Gene Mutation Database as causing a hereditary disease. Each individual 
carries 340–400 alleles that would be expected to result in a loss of function (e.g., 
nonsense mutations, splice site disruptions, frameshift mutations). On average, an 
individual would be a compound heterozygote for about five of these loss-of- 
function mutations. In addition, there are 10,000–11,000 non-synonymous and 
10,000–12,000 synonymous variations that could alter protein or gene expression 
and cause disease or affect fitness. Frequently, genome wide association studies can 
be useful in identifying regions that contain causal disease alleles (GWAs). However 
because of the extended haplotype structure observed in the human population, a 
GWAs study does not necessarily identify the causal allele but rather, narrows the 
search to the GWAs SNPs and the several dozen neighboring SNPs in strong linkage 
disequilibrium with the GWAs SNP. The need to sort through a set of variants and 
prioritize them by likelihood of being functional is a very important problem in 
medical genetics.

Perhaps the most straightforward situation is the variant that can be reliably pre-
dicted to alter or eliminates the coding potential of an expressed gene. An individual 
is typically heterozygous for 67–100 SNPs that create nonsense mutations, 192–280 
small frameshifting indels and several large deletions that encompass 33–49 genes 
(Abecasis et al. 2010, 2012). A great many more non-synonymous variations alter 
the coding region with a less certain effect on gene function. For synonymous vari-
ants and other transcript changes that occur outside the CDS, a biological effect 
could be mediated by an alteration in gene expression (e.g., a change in transcript 
level, stability, translatability or isoform usage). For these types of molecular phe-
notypes, it is likely that the variants effect is mediated by an allelic difference in the 
binding of a trans-acting factor. While about three quarters of the population varia-
tion in human transcript level is estimated to be explained by transcriptional differ-
ences, noncoding variants that function through an RNA-based mechanism like 
splicing have an additional potential to not only change the transcript level but to 
create new isoforms that are more deleterious than modest changes in transcript 
level. While splice altering variants make a minority of polymorphisms, they com-
prise more than 90 % of the noncoding hereditary disease-causing alleles reported 
in the Human Gene Mutation Database (HGMD) (Stenson et al. 2003). Typically 
the identification of such variants comes after a series of filters and annotations set 
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in place to process deep sequencing data. Such an analysis pipeline is often limited 
to a set of candidate genes involved in biological processes relevant to the disease. 
Although one in three mutations are thought to have some effect on splicing, in most 
workflows only the most obvious class of RNA functional variations, the splice site 
mutations, are considered to be potential causal variants(Lim et al. 2011).

1.4  Specific Considerations for RNA Variations

In the next section, we discuss an overview of in silico screens for noncoding 
 functional RNA variants that can be used to narrow a list of observed variants to a 
set of candidate causal SNPs. To validate the effect of variation on RNA–protein 
interactions, protein binding and function assays need to be applied to both allelic 
version of the region of interest. High-throughput implementations of these bio-
chemical assays will be discussed alongside recent computational approaches of 
characterizing RNA-level variation. Both the computational and biochemical meth-
ods are largely adaptations of earlier techniques to characterize protein–DNA bind-
ing methods (Das and Dai 2007; Siddharthan 2007). Despite the obvious similarities 
between DNA and RNA, the different properties and biological roles of RNA create 
several very important distinctions.

1.4.1  Functional Noncoding Variants in DNA Disrupt Protein  
Binding but for RNA, Not Always

Variations that have some sort of noncoding biological impact that is mediated 
through DNA almost always involve the creation or disruption of DNA protein rec-
ognition events. For RNA, this is not necessary the case. There are noncoding RNAs 
where variations in RNA could directly affect a catalytic function. A variation could 
also alter the structure of an RNA, changing the access of a RBP to its binding site. 
This indirect mechanism could potentially alter binding some distance away from 
the position of variation. High-throughput binding assays that record the relative 
affinity of PTB on thousands of oligos demonstrate a preference for PTB binding 
oligos with the high affinity sites in open conformations (Reid et al. 2009). For RBP 
ligands, the additional parameter of structure along with sequence likely reduces the 
effectiveness of traditional motif finding and binding target prediction. Below we 
address this issue by presenting a computational framework for including structural 
and sequence information into binding models. There is some indication that siR-
NAs and miRNAs accessibility to their targets are also modulated by secondary 
structure (Long et al. 2007). There are online tools that predict secondary structure, 
explore its effect on access and the potential for sequence variations to alter second-
ary structure (see Table 7.1).

7 Genetic Variation and RNA Binding Proteins…
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Table 7.1 Online tools to predict splicing elements

Tools Description URL

Program to evaluate canonical splice sites
Spliceman (Lim and 
Fairbrother 2012)

Spliceman is used to predict 
the likelihood that distant 
mutations around annotated 
splice sites were to disrupt 
splicing based on the 
concept that splicing 
elements have signature 
positional distributions 
around constitutively spliced 
exons. Mutations that exhibit 
higher distances disrupted 
splicing, and those with 
smaller distances have no 
effect on splicing.

http://fairbrother.biomed.
brown.edu/spliceman/index.
cgi

MaxEntScan  
(Yeo and Burge 2004)

MaxEntScan is used to score 
exon–intron junctions by 
simultaneously accounts for 
non-adjacent and adjacent 
dependencies between 
positions. It is based on the 
“Maximum Entropy 
Principle” and generalizes 
probabilistic models of 
sequence motifs such as 
position weight matrix and 
inhomogeneous Markov 
models.

http://genes.mit.edu/burgelab/
maxent/Xmaxentscan_
scoreseq.html

ASSEDA (Goren et al. 2006) Automated Splice Site And 
Exon Definition Analyses is 
used to predict the effects of 
mutations that cause aberrant 
splicing in human diseases. 
The program evaluates 
changes in splice site 
strength based on 
information theory-based 
models of donor and 
acceptor splice sites.

http://splice.uwo.ca

NetGene2 (Hebsgaard et al. 
1996; Brunak et al. 1991)

The NetGene2 server 
provides neural network 
splice site predictions in 
human, C. elegans, and A. 
thaliana.

http://www.cbs.dtu.dk/
services/NetGene2/

HSF (Desmet et al. 2009) The Human Splicing Finder 
is an online bioinformatics 
tool to predict the effects of 
mutations on splicing as well 
as to identify splicing motifs 
in any human sequence.

http://www.umd.be/HSF/

(continued)
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Table 7.1 (continued)

Tools Description URL

Cryp-Skip (Divina et al. 
2009; Kralovicova and 
Vorechovsky 2007; Buratti 
et al. 2007; Vorechovsky 
2006)

CRYP-SKIP uses multiple 
logistic regression to predict 
the two aberrant transcripts 
from the primary sequence. 
It takes sequence of the 
mutated exon together with 
flanking intronic sequences 
and provides the overall 
probability of cryptic 
splice-site activation as 
opposed to exon skipping.

http://cryp-skip.img.cas.cz

NNSplice (Reese et al. 1997) Splice Site Prediction by 
Neural Network for 
drosophila and human.

http://www.fruitfly.org/seq_
tools/splice.html

Program to evaluate splicing regulatory elements
RESCUE-ESE (Fairbrother 
et al. 2004)

RESCUE-ESE is a tool to 
identify exonic sequence 
enhancer (ESE) activity. A 
given hexanucleotide is 
predicted to be an ESE if it 
has a significantly higher 
occurrence in the exons than 
in introns as well as in exons 
with weak splice sites as 
compared to exons with 
strong splice sites.

http://genes.mit.edu/burgelab/
rescue-ese/

ESEFinder (Smith et al. 
2006; Cartegni et al. 2003)

ESEfinder is a Web-based 
resource that facilitates rapid 
identification of exon 
sequences to identify 
putative ESEs responsive to 
the human SR proteins SF2/
ASF, SC35, SRp40, and 
SRp55, and to predict 
whether exonic mutations 
disrupt such elements.

http://rulai.cshl.edu/cgi-bin/
tools/ESE3/esefinder.
cgi?process = home

PESX (Zhang and Chasin 
2004; Zhang et al. 2005b)

PESX (Putative Exonic 
Splicing Enhancers/
Silencers) is a tool to predict 
exonic splicing signals.

http://cubweb.biology.
columbia.edu/pesx/

ExonScan ExonScan is a Web tool that 
takes primary transcript 
sequence as input. It scores 
splice sites using 
MaxEntScan (Yeo and Burge 
2004), predict ESE ESS 
using previously established 
datasets (Wang et al. 2004; 
Fairbrother et al. 2004).

http://genes.mit.edu/exonscan/

(continued)
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Table 7.1 (continued)

Tools Description URL

ESRsearch ESRsearch is used to identify 
putative ESRs (exonic 
splicing regulatory elements) 
in the input sequence by 
using four previously 
published datasets (Wang 
et al. 2004; Fairbrother et al. 
2004; Goren et al. 2006; 
Zhang and Chasin 2004).

http://esrsearch.tau.ac.il

Programs to evaluate RNA secondary structure
Mfold (Reese et al. 1997) Mfold is a Web application 

to predict the secondary 
structure of single stranded 
nucleic acids.

http://mfold.rna.albany.
edu/?q=mfold/
RNA-Folding-Form

Pfold (Knudsen and Hein 
1999, 2003)

Pfold takes an alignment of 
RNA sequences as input and 
predicts a common structure 
for all the input sequences.

http://daimi.au.dk/~compbio/
pfold/

Sfold (Ding et al. 2004) Sfold is a Web tool that 
predicts RNA secondary 
structure. It offers multiple 
modules including Sirna for 
siRNAs prediction, Soligo for 
antisense oligos, Sribo for 
ribozymes, Srna for 
comprehensive features for 
statistical representation of 
sampled structures.

http://sfold.wadsworth.org/
cgi-bin/index.pl

SNPfold (Halvorsen et al. 
2010)

SNPfold is a Web 
application that computes 
the potential effect of SNPs 
on RNA structure.

http://ribosnitch.bio.unc.edu/
snpfold/SNPfold.html

1.4.2  RNA Binding Proteins Bind with Low Specificity

RNA binding proteins are generally perceived as binding with lower specificity than 
DNA binding proteins. Double stranded DNA presents a rigid, well-defined surface 
for protein contact through which distinct binding specificities can arise. Many 
DNA binding proteins bind palindromic sequence as dimers, an arrangement that 
extends the region of contact between the nucleic acid and the protein. Typically 
RNA is at least partially structured and can adopt multiple conformations. 
Biochemically, the conformational flexibility of single stranded RNA creates a 
degenerate set of surfaces for protein–nucleic acid interactions. This lack of a single 
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stable conformation in the target RNA combined with the flexibility of off-target 
RNAs presumably narrows the difference between the binding energies of specific 
versus nonspecific interactions and likely accounts for the lower specificity of RNA 
binding proteins.

1.4.3  DNA Is Present in Fixed Stoichiometry, RNA Is Ephemeral

Finally RNAs are a transient unstable species that are expressed to different copy 
number levels in different cells. RNAs are in constant turnover and so RNA protein 
complexes have no analogy for the long term chromatin states observed on DNA. In 
addition to its stability, all sites in DNA are represented in a fixed stoichiometry. 
Chip-seq signal can serve as a reasonable proxy measurement for occupancy at a 
particular locus. For RNA, this is not the case—mRNA sequence is often hundreds 
of times more abundant than pre-mRNA. Weak interactions in the exon may return 
more signal than stronger binding to a less abundant intronic site (Reid et al. 2009). 
This difference also seems to have implications for how a nucleic acid binding pro-
tein is distributed amongst the ensemble of potential sites in a cell. The landscape of 
DNA binding sites is static in the sense that the DNA binding surfaces available to 
proteins in a cell is more or less constant. The cellular pool of bound protein will 
partition across the defined set of all possible genomic sites according to (a) the 
affinity, (b) accessibility of the DNA. In contrast, the cellular ligand reservoir for 
RBPs is not defined but can vary dramatically across tissues, timepoints and condi-
tions with the differential expression RNA transcripts. Taking this scenario to an 
extreme, it is possible for a “sponge” RNAs to titrate RNA binding proteins away 
from other sites without changing the overall level of protein.

1.5  The Signals and Mechanisms of Pre-mRNA Splicing: 
The Largest Class of RNA-Level Functional Variants

Pre-mRNA splicing is an essential feature of eukaryotic gene regulation, whereby 
introns are excised and exons are joined together to make meaningful transcripts 
that can be translated into functional proteins. The majority of human transcrip-
tome is alternatively spliced in highly regulated cell-specific or developmental 
 stage- specific manner (Pan et al. 2008; Wang et al. 2008). The core splicing sig-
nals comprise of consensus sequences that span the intron–exon junction at −14 to 
+1 position (termed 3′ splice site; 3′ss), the exon–intron junction at −3 to +6 posi-
tion (termed 5′ splice site; 5′ss) and the branch point sequence. However, these 
core signals are extremely diverse. With the exception of the AG and GU dinucleo-
tides that precede and follow the exon, respectively, the highest frequency of 
occurrence of a particular base in any given position is in the range of 35–80 %. 

7 Genetic Variation and RNA Binding Proteins…
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Therefore, pseudo splice sites occur in greater abundance than the actual splice 
sites (Sun and Chasin 2000; Roca et al. 2012). This problem is thought to be 
mostly overcome by the auxiliary splicing signals in the form of a complex inter-
lay of enhancing and silencing elements that are recognized mainly by two protein 
families: SR proteins and hnRNPs, which exert antagonistic effects; the balance of 
which determines the fate of splicing. These secondary signals are embedded in 
the exons (i.e., exonic splicing enhancer or silencer; ESE or ESS) as well as in the 
introns (i.e., intronic splicing enhancer and silencer; ISE and ISS) (Fairbrother and 
Chasin 2000; Fairbrother et al. 2002; Wang et al. 2004). They mostly occur within 
50 nucleotides of the splice site boundaries, but long distance elements also exist. 
For example, a 4-base deletion in intron 20 of the ATM gene that is situated 2 and 
0.6 kb from the flanking splice sites causes ataxia telangiectasia and led to the 
discovery of an unknown splicing element that when mutated activates a nearby 
pseudo exon (Zhang et al. 2005a; Pagani et al. 2002). These auxiliary splicing 
signals are known to be composite, context-dependent and position-dependent 
(Pagani et al. 2003; Ule et al. 2006; Kanopka et al. 1996). There is also compelling 
evidence suggesting that the architecture of the genes further determines how all 
these core and auxiliary splicing elements play their roles in the assembly of the 
splicing machinery. When a given exon is considerably shorter than its flanking 
introns, as in the case of most human genes, the splicing machinery is thought to 
assemble across the exon, and splicing is called to be “exon defined.” The opposite 
happens in the case of large exons that are flanked by short introns, in which case 
they are called to be “intron defined” (Berget 1995; Robberson et al. 1990; Chen 
and Chasin 1994; Fox-Walsh et al. 2005).

The splicing reaction of most human introns is catalyzed by the spliceosome, 
arguably the most complex and dynamic macromolecular machine. The majority 
of the human spliceosome consists of five small nuclear RNAs (U1, U2, U4, U5, 
and U6) and over 300 different proteins (Jurica and Moore 2003). A secondary 
splicing apparatus has also been identified in human. This minor form of the human 
spliceosome contains U11, U12, U4atac, U5 and U6atac snRNAs (Steitz et al. 
2008). Biochemical studies of the major human and yeast spliceosomes assembled 
in vitro revealed an ordered and stepwise formation of five distinct subcomplexes. 
The H (heterogenous) complex contains different hnRNP proteins that can bind on 
any largely single-stranded RNAs. The E (early) complex is formed when U1 
snRNA binds to the consensus 5′ splice site sequence in an ATP-independent man-
ner. This is followed by the formation of an ATP-dependent A complex with the 
base-pairing of U2 snRNA with the branchpoint sequence. Then the tri-snRNP 
(U5, U4, and U6) is recruited and form the B complex, which further catalyzes 
multiple structural rearrangements needed to form the activated B* spliceosome, 
where the two chemical steps of splicing are to occur. First, the branch point 
sequence carries out a nucleophilic attack on the 5′ splice site and generate a free 
5′ exon and a lariat intermediate; this forms the C1 complex. In the second step, the 
free 3′ hydroxyl group of the 5′ exon attacks the phosphodiester bond at the 3′ splice 
site in the C2 complex and generates ligated exons and an intronic lariat species. 
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These spliceosomal complexes are recycled after each round of splicing (Hoskins 
and Moore 2012; Jurica and Moore 2002).

An increasing number of studies have indicated an unexpectedly high fraction of 
diseases being caused by genetic variations that alter splicing (Cartegni et al. 2002; 
Wang and Cooper 2007). Aberrant splicing is the most common cause of some 
Mendelian diseases, such as neurofibromatosis type 1 (NF1) and ataxia telangiecta-
sia (ATM) (Ars et al. 2000; Teraoka et al. 1999). Genetic variations that act as dis-
ease modifiers or as disease susceptibility factors have also been identified; most of 
them do so by altering splicing efficiency of specific exons (Kralovicova et al. 2004; 
Steiner et al. 2004; Nielsen et al. 2007). Variants that disrupt GU or AG dinucleo-
tides of the consensus splice signals constitute ~15 % of disease-causing point 
mutations that have been reported at HGMD (Krawczak et al. 1992). Causative vari-
ants that disrupt the branchpoint sequence likewise have been reported in a number 
of congenital disorders (Burrows et al. 1998; Crotti et al. 2009; Maslen et al. 1997; 
Webb et al. 1996), although large-scale studies of such variants are not yet visible 
due to the limited number of branch sites that have been characterized in humans 
(Taggart et al. 2012). But the greatest fraction of splice-altering variants can be 
expected to result from disruption of auxiliary splicing codes, which represent a 
much larger mutational target (more base coverage). A recent survey examined ESE 
and ESS gains/losses that result from 27,681 causative exonic mutations that have 
been reported at HGMD and 8,601 exonic SNPs with minor allele frequency 
(MAF) > 0.18. Significant enrichment for ESE loss and ESS gain was found in dis-
ease causing variants as compared to common SNPs that are assumed to be neutral 
(Sterne-Weiler et al. 2011). The authors concluded that 25 % of the reported mis-
sense and nonsense mutations known to cause Mendelian inherited disorders are 
functional splice-altering variants that exert their effects by obliterating or  weakening 
existing ESEs or by creating de novo ESSs. Furthermore, as mentioned in Sect. 1.3, 
while synonymous mutations are routinely classified as non-disease- causing in clin-
ical genetics practices, some of them may also be functional splicing variants. 
Comprehensive analysis of exon 9 and 12 of CFTR, the causative gene for cystic 
fibrosis, revealed that a quarter of the synonymous substitutions resulted in splicing 
defects (Pagani et al. 2005). Mutations that disrupt highly regulated developmental 
stage-specific alternative splicing likewise can cause human hereditary disorders. 
CUG repeat expansion in the 3′ UTR of DMPK or CCTG repeat expansion in intron 
1 of ZNF9 cause myotonic dystrophy by generating “toxic RNAs” that disrupt the 
activities of the splicing factors that regulate the expression of postnatal splicing 
patterns of a subset of developmentally regulated genes (Ranum and Cooper 2006; 
Cho and Tapscott 2007). In addition, recent data showed that approximately 80 % 
of pre-mRNA splicing occur co-transcriptionally (Girard et al. 2012). Therefore it 
is not surprising that nucleosome positioning and histone modifications, factors that 
determine the rate of RNA polymerase II elongation, were found to significantly 
influence the efficiency of splice site recognition (Schwartz and Ast 2010). These 
represent another class of mutational target that may cause aberrant splicing that can 
lead to human disease.
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2  Computational Methods for Studying Variation  
that Function at the RNA Level

There are a variety of mechanisms through which variants could alter gene function 
at the RNA level. The general approach most often applied to considering the effect 
of a variant involves annotating wild type and variant alleles with models of splicing 
elements. Biochemical dissection of the sequence determinants of splicing has 
revealed a 5′ss (recognized by U1snRNP), a branchpoint (recognized first by SF1, 
then U2snRNP), a polypyrimidine site (recognized by U2AF65) and the 3′ss AG 
(recognized by U2AF35 and then u6snRNA) (Hastings and Krainer 2001; Auweter 
et al. 2006; Matlin and Moore 2007). The best defined signals are the splice sites 
themselves—each intron contains a 5′ss and 3′ss motif. Initially identified as a GT 
in the first two and an AG in the last two intronic positions, the splice sites are now 
defined by more sophisticated probabilistic binding models. Hidden Markov mod-
els are used to capture context effects that greatly improve the performance of these 
classifiers. There are often physical explanation to these context effects. For  example 
if the penultimate base in the region of complementarity between the 5′ss and u1sn-
RNP is disrupted the last position of complementarity is unimportant because an 
isolated Watson–Crick base pair is not stable (Carmel et al. 2004). Several Web 
implementations of these algorithms allow for batch submission of sequences for 
annotation (Table 7.1). Most programs output a log odd score where a value of zero 
indicates an input sequence that is as equally likely to derive from the set of real 
sites as from the background, a positive score indicates input that is more likely to 
derive from the set of real sites. Scores can be evaluated by comparison to the dis-
tribution of scores observed from real sites or as the probability of occurring in the 
background (i.e., P values).

We have suggested that predictions of secondary structure for pre-mRNA can be 
used to improve models of RNA–protein binding by incorporating structure and 
motif combinations into a predictive model. One form that such a predictive model 
could take is to extend the model used by pattern search programs such as Patser 
(Hertz and Stormo 1999) with an additional scoring component related to the degree 
of single strandedness of the target site. For example,
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where l is the length of the site, pn(i + w), pB(i + w) are the probabilities of the nucleotide 
from a position weight matrix and background model, respectively, at relative posi-
tion w in the site starting at i. N(i) is the number of unpaired bases in the site starting 
at i and pu(N(i)) represents the probability of N(i)unpaired bases. Po(N(i)) represents a 
similar probability for the overall collection of motif sites. For example, Pu(N(i)) 
can be obtained from the counts of unpaired bases in the motif sites in experimen-
tally verified binding substrates.
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In addition, to splice sites there is a host of auxiliary elements that modulate 
splice site usage. There are a variety of enhancer elements required for high fidelity 
splicing that represent a mutational target. Estimates for the fraction of exonic 
mutations that alter splicing range from 22 to 25 % (Lim et al. 2011; Sterne-Weiler 
et al. 2011). Unlike transcriptional control elements, RNA elements tend to function 
in a highly position specific manner. This behavior can be seen in the major class of 
splicing activator proteins, the SR proteins. The SR proteins increase splicing by 
binding purine-rich exonic splicing enhancers (Manley and Tacke 1996; Sciabica 
and Hertel 2006; Lin and Fu 2007). Interestingly, these factors repress splicing 
when bound at intronic loci presumably through a decoy process that recruits other 
factors like U2AF or U1snRNP into nonproductive complexes (Kanopka et al. 
1996; McNally and McNally 1996; Lareau et al. 2007). Another class of  trans- acting 
factors, the hnRNP proteins bind pre-mRNA at intronic positions. While some of 
these factors can enhance splicing from the intron, they have been implicated in 
repressing splicing when bound at exonic locations (Damgaard et al. 2002; Martinez-
Contreras et al. 2006; Wang et al. 2006). Binding specificities have been determined 
for some individual SR and hnRNP proteins and there are some online tools devel-
oped to score input sequences for their agreement to these sequences (Table 7.1 
(Cartegni et al. 2003)). However, by themselves, these tools developed to character-
ize the ligand of a particular trans-acting factor are limited by their inability to 
evaluate all variants for any kind of splicing defect.

There are several computational tools that enable a more complete annotation of 
splicing substrates. The first such tool, RESCUE-ESE scores sequence for exonic 
splicing enhancers(Fairbrother et al. 2002). This algorithm assumes exonic splicing 
enhancers will be more enriched in exons with sub-optimal splice sites than exons 
with strong splice sites. Hexamers that were simultaneously enriched in (a) exons 
relative to introns and in (b) exons adjacent to weak sites relative to exons adjacent 
to strong sites. This method produced k-mer motifs that were predictive of known 
splicing mutants in the hprt gene. The 238 hexamers identified as ESEs were later 
shown to be under purifying selection especially near exon boundaries in human 
transcripts (Fairbrother et al. 2004). Additional approaches utilized k-mers enriched 
in real exons relative to pseudoexons (intronic regions adjacent to strong matches to 
splice sites) to identify putative exonic splicing enhancers (PESE) and also nega-
tively acting putative exonic splicing silencers (pESS) (Zhang and Chasin 2004). 
High-throughput minigene experiments similar to a functional SELEX approach 
were used to derive k-mer motifs that functioned negatively from an exonic context 
(Wang et al. 2004). It has been observed that, due to the proliferation of studies that 
define splicing control elements, three quarters of all exonic sequences are predicted 
to be an enhancer by at least one of these methods (Chasin 2007). This underscores 
the need for unified approaches that attempts to integrate different motif sets and the 
diverse modes that sequence determinants can function in splicing. One such tool, 
exon scan integrates several of these exonic k-mer sets and one type of intronic 
enhancer element along with splice sites models to direct an in silico spliceosome 
(Table 7.1). The output of this program is a prediction of whether the spliceosome 
would recognize an internal segment in the input string as an exon—for positive 
predictions the boundaries are returned.
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Another comprehensive approach, Spliceman, is a specific tool to assay the 
 difference between the affect two allelic variants can have on splicing. Spliceman 
exploits the observation that many elements that function in splicing are highly 
position dependent—ESE relocated to introns are inhibitory and vice versa. As 
splicing motifs function at particular positions relative to splice sites, it may be use-
ful to organize k-mers according to their positional distribution (i.e., their distribu-
tion around splice sites in the genome). The Spliceman algorithm assumes that 
k-mers with a similar distribution will play a similar role in splicing. Spliceman 
considers a variation and compares the global positional distribution of the k-mers 
in the reference sequence to the k-mer in the variant sequence. In vivo testing of 
mutations demonstrated that this approach was predictive of exonic splicing 
 mutations (Lim et al. 2011). In a small scale validation of Spliceman’s predictions 
of exonic splicing mutants, four out of six human disease alleles originally classi-
fied as “missense” in the literature exhibited splicing defects when tested in vivo. 
Spliceman returns two types of output (Lim and Fairbrother 2012). The raw output 
of Spliceman is L1 distance score which is an indicator of the difference in posi-
tional distribution between the wild type and mutant allele (i.e., the area between 
two normalized distribution plots). In addition, Spliceman outputs relative measure 
of allelic differences (percentile ranks of the input variation relative to all possible 
single nucleotide changes in sequences). The latter allows the researcher to priori-
tize a dataset of variations for their likelihood of disrupting splicing. It is often 
necessary to confirm these predictions with a biochemical and functional assays 
some of which are described below.

3  Experimental Methods for Studying Variation  
that Function at the RNA Level

3.1  Low-Throughput RNA Binding Assay

There are several different methods for analyzing protein nucleic acid interactions 
that can be effectively used to assay allele specific binding: (a) electrophoretic 
mobility shift assay, (b) filter binding assay, and (c) various co-immunoprecipitation 
and label transfer approaches (Chodosh 2001). While in vivo assays of endogenous 
transcripts are more likely to offer more physiological models of variant function, 
they occur in complex genetic backgrounds which sometimes obscure which variant 
is causing the phenotype. In vitro binding assays are a useful reductionist tool to 
control for these effects and detect any intrinsic difference in affinity between RNA 
alleles. Many of the variants of interest affect fitness and are often quite rare in the 
human population and so another benefit of an in vitro binding assay is the conve-
nience of being able to engineer the variant into a synthetic oligonucleotide rather 
than trying to obtain a biopsied sample with the rare genotype. Another common 
situation where the availability of an appropriate sample is limiting for in vivo 
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assays are variants in genes that are only expressed in human tissues that cannot be 
readily sampled. An example of such a situation is the in/del, rs3215227 that 
 encompasses a perfect match to a PTB binding site in intron 13 of the neuronally 
expressed RGS9 gene.

3.1.1  Case Study: rs3215227 Deletes an Intronic PTB Binding  
Site in the RGS9 Gene

This case study considers a polymorphism that encompasses a perfect five nucleo-
tide deletion of a PTB binding site, TTTCT, in intron 13 of the RGS9 gene (Reid 
et al. 2009). Alignment to other primate genomes (e.g., chimpanzee, rhesus 
macaque) indicates that the polymorphism arose through a deletion that occurred in 
the human lineage sometime prior to the human–chimpanzee divergence (5 Mya). 
While most mutations that negatively affect fitness are rapidly eliminated from the 
population other variants are adaptive or are maintained through complex modes of 
selection. To explore a potential biological function for rs3215227, we assayed 
RNA transcribed from both alleles for differences in binding to PTB in nuclear 
extract. The binding affinity can be measured through a variety of technologies.  
A gel shift (also called gel retardation or electrophoretic mobility shift assay 
(EMSA)) is an option for measuring protein RNA affinity. Because of the intrinsic 
flexibility of RNA this leads to a loss of resolution during electrophoresis and can 
be a problematic choice for probes longer than 50 nucleotides. Filter binding assays 
would involve the incubation of PTB with radiolabelled RNA probe. Passing the 
mixture through a protein binding nitrocellulose filter retains only the RNA that is 
in complex with PTB. While this is a rapid and convenient assay, it must be per-
formed with isolated recombinant proteins and does not allow for the combinatorial 
interactions that occur in extract. The binding affinity of PTB to these allelic RNA 
substrates was determined with a standard UV cross-linking reaction. Briefly this 
assay captures RNA-protein binding events through a label transfer strategy. RNA 
is transcribed with incorporating P32 labeled and incubated in HeLa nuclear extract 
to allow RNA protein complexes to form. UV exposure triggers covalent attachment 
between the internally labeled RNA and proteins in the complex. After cross- 
linking, RNAses are used to “trim” the covalently attached RNA to a few nucleo-
tides effectively serving as a radiolabel for interacting proteins. The mobility of 
these labeled factors can be measured by PAGE and their identity can be confirmed 
by immuno-precipitation. Both the RNA alleles bound a 58 kDa protein—the wild 
type sequence more strongly than the deletion variant (Fig. 7.1a). As the cross- 
linking efficiency and degree of label transfer can vary from substrate to substrate a 
quantitative estimate of alleles can only be achieved by using a single 
 well- characterized ligand of PTB for the binding assay and then testing the ability 
of each (unlabeled) RNA to compete with this binding. We implemented this strat-
egy with a previously published PTB ligand, S11, in the presence of a 5–50 molar 
excess of unlabeled wild type and deletion allele competitor (Fig. 7.1b). 
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Cross-linking followed by immunoprecipitation confirmed that PTB is dominant 
binding protein for S11 in complex extract (note the prominent 58 kDa is precipi-
tated by anti-PTB) Repeating this binding assay with progressively higher concen-
trations of unlabeled wild type and deletion variant of RGS9 demonstrates that a 
tenfold higher concentration of the deletion variant is required to achieve the same 
amount of competition as the wild type allele (Fig. 7.1b, compare lane 5 with 9). 
This data suggests that the wild type sequence binds PTB with a tenfold higher 
affinity than the deletion variant.

Fig. 7.1 (a) The reference genome (reference allele) at rs3215527 contains a match to the binding 
site of the splicing repressor, PTB, while the ΔTTTCT allele represents a complete deletion of the 
predicted site. (b) Generalized scheme for UV cross-linking in vitro binding assay between a pro-
tein extract and RNA oligos 32P radiolabelled at internal positions (red stars). (c) In vitro PTB 
binding assay detects allelic bias in PTB binding: The well-characterized PTB ligand, “S11” was 
radiolabelled, incubated in HeLa extract and UV cross-linked. A prominent 58KD band can be 
immunoprecipitated with antibodies against PTB (lanes 1 and 2). This binding reaction serves as a 
standardized PTB cross-linking assay in lanes 3–9. The relative strength of REF or the ΔTTTCT 
allele’s ability to bind PTB is inferred from its ability to compete with the S11 ligand in the stan-
dardized PTB cross-linking assay
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3.2  Low-Throughput Minigene Splicing Assay

While it is important to understand the mechanism of allelic difference in binding 
events, a researcher’s initial goal is usually to determine if a particular variant is 
functional. Often this line of experimentation starts with an observed difference in 
processing of the endogenous transcript. The goal is then to test a SNP in isolation 
of other nearby variants or possible genetic background effects to assign causality 
to a single variant. A minigene splicing reporter construct tests a portion of an 
endogenous gene in a chimeric context. There are many types of reporters designed 
for different purposes (Cooper 2005). Most minigene splicing reporters contain a 
backbone that contains all signals necessary for transcription and proper 3′ end 
formation and an internal cloning site. Some reporters are specially designed to test 
a small region for a particular type of effect on splicing. For example, pSXN tests 
32mer in an exon for an enhancing effect. The test exon has a default skipping 
behavior and so the degree to which the test sequence rescue’s exon inclusion 
becomes the measure of enhancer activity(Coulter et al. 1997). In general it is better 
to test larger insert region to better recapitulate the endogenous transcript—an 
entire exon with flanking introns or an entire intron with flanking exons. A common 
design results in a reporter with a first exon, a last exon and a “test exon” that con-
tains the exon in question along with an appropriate amount of endogenous flanking 
intron sequence. An appropriate insert window would include all the cis-elements 
required to recapitulate the endogenous splicing behavior. While the size of this 
window will vary from loci to loci, it is typically sufficient to include 200 nucleo-
tides on either side of the exon. If insert size is limiting, an asymmetric window may 
be appropriate as the obligatory splicing signals (branchpoints, polypyrimidine 
tract, and 3′ss) are broadly distributed upstream of the exon than downstream. Some 
estimate of the upstream boundary of spliceosome substrate recognition can be 
learned from the location of the branchpoint. About 85 % of all branchpoints are 
within 35 nucleotides of the 3′ss and less than 1 % are further than 100 nucleotides 
away. There are exceptions to this compact arrangement—alternatively spliced 
exons have on average more distal branchpoints with some extreme examples 
located more than 200 nucleotides away from their 3′ss (Gooding et al. 2006). 
Sequence conservation suggests the presence of functional elements further into the 
intron for alternatively spliced exons relative to constitutively spliced elements 
(Yeo et al. 2005). In general, a larger window asymmetric around the exon is more 
conservative than a smaller window. After cloning a reference and variant version 
of the minigene, the constructs are usually transfected in triplicates into a tissue 
culture cell line. In general manufacturer’s transfection protocols are optimized for 
maximum transfection efficiency. As very little signal is required for most splicing 
assays, transfection protocols should be optimized to minimize cellular stress. 
Analysis is typically  performed by RT-PCR with primers in flanking exon regions 
design to give an inclusion product between 300 and 700 nucleotides in length. As 
the most common alternate processing pathway is exon skipping, an alteration in 

7 Genetic Variation and RNA Binding Proteins…



244

splicing usually presents as two spliced product that are differ by length of the exon. 
The convention for reporting the ratio of these two products is “percent spliced in” 
(p.s.i.) often assigned the Greek letter psi (Ψ). While this technique is often called 
semiquantitative PCR, we have found by performing mixing experiments with total 
RNA from transfections of constructs that splice exclusively to inclusion or skip-
ping that the measured ratio of isoforms can be highly quantitative (Fairbrother 
et al. 2002). As with any reporter experiment performed in transient transfection 
experiments in tissue culture, there could be numerous confounding features such 
as promoter effects, tissue specific splicing factors, chromatin effects and intron 
size effects that prevent the minigene from replicating the endogenous behavior. 
However despite this potential for false negatives, the minigene affords the 
researcher the chance to make focused comparisons between two alleles and under-
stand whether there is a potential for allele specific splicing.

3.2.1  Case Study: The Deletion Variant of rs3215227 Exhibits  
Reduced Sensitivity to PTB Suppression in a RGS9 Minigene

In Sect. 3.1.1 we analyzed a five-nucleotide deletion variant, rs3215227, that 
encompassed a perfect copy of a high affinity PTB site and demonstrated the dele-
tion allele had a tenfold lower affinity to PTB than the reference allele. In the second 
part of this case study we use a minigene approach to test the hypothesis that the 
exon downstream of rs3215227 (exon 14, RGS9 gene) is less sensitive to PTB 
mediated repression than the reference allele. To see whether rs3215227’s allelic 
difference in affinity translates into a difference in splicing, we constructed two 
splicing reporter constructs and transfected them into HeLa tissue culture cells. This 
example replicates both alleles of intron 13 in a CMV promoter driven backbone 
(Fig. 7.2). Together the insert and reporter produce a chimeric RGS9 minigene com-
posed of four exons with sequence from intron 13 and portions of exon 13 and 14 of 
the RGS9 gene between reporter exons 2 and 3. These constructs were introduced 
into HeLa cells by transient transfection and total RNA isolated 48 h post transfec-
tion was analyzed by RT-PCR. Exon inclusion corresponded to 451 nt product 
whereas the skipping of exon immediately downstream of the polymorphism would 
result in a ~400 nt band. Our initial comparison between these two constructs 
resulted in near complete exon inclusion suggesting that there is no effect of this 
intronic variant in HeLa cells. However, it possible that the tissues in which RGS9 
is expressed have a higher level of PTB expression or a splicing environment that is 
more sensitized to PTB repression. To increase the assays sensitivity to PTB, we 
repeated the experiment under elevated levels of PTB by co-transfecting PTB over-
expression constructs with the reporters (Fig. 7.2b, lanes 1 and 2). Co-transfection 
of PTB cloned into an expression vector led to a clear allelic difference—two addi-
tional PCR products corresponding to distinct alternatively spliced mRNA products 
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(Fig. 7.2b lane 3 and 4) were seen, mostly in the processing of the reference allele. 
A ~400 bp band was detected consistent with a splicing product in which the adja-
cent exon downstream of the RGS9 intronic sequence was skipped. This would 
result if experimental exons 1 and 2 were spliced correctly but exon 2 was spliced 
to exon 4, skipping exon 3. A third product deleted exon 2 and 3. While both wild 
type and deletion polymorphism splice exclusively to product a while transfected, 
the co-transfection of PTB results in allelic biased repression of splicing. This 
repressive effect of PTB is almost twice as strong on the reference sequence which 
contains an extra PTB binding site than on the deletion variant (Fig. 7.2b). This 
result suggests that the reference allele is disproportionately bound by PTB in vivo 
and can be subject to a greater level of repression by PTB than the deletion allele. 
However, whether this situation is actually occurring in any relevant cell type or 
condition in vivo is a question for future study.

Fig. 7.2 In vivo minigene 
experiment reveals allelic 
difference in sensitivity to 
PTB repression. (a) Two 
minigene reporters are 
designed by cloning both 
allelic versions of intron 13 
of RGS9 gene into PZW4. 
(b) Both of the resulting 
four-exon minigenes are 
transfected into HeLa cells 
where their isoform usage is 
analyzed by RT-PCR 
amplified from total RNA.  
(c) Correct splicing is 
measure from RT-PCR 
following transient 
transfection experiments. 
Arrows label inclusion and 
exon skipping products that 
result from splicing 
repression. Co-transfection of 
PTB overexpression construct 
induces exon skipping in 
REF and to a lesser  
degree in pΔ
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3.3  High-Throughput RNA–Protein Binding Assays

While the above methods are informative about single variations, they are limited to 
case by case analysis. However, when these mechanistic characterizations are 
applied downstream of genomic technologies (like sequencing), the number of can-
didate variants often exceeds the capacity of low-throughput methods. In the fol-
lowing three sections we will review high-throughput in vitro binding assays, 
occupancy assays and splicing/spliceosome assembly assays. In the final segment of 
this section we cover a case study of a high-throughput implementation of the 
in vivo minigene assay that was used to screen 236 disease alleles.

In each of the technologies covered below a pool of synthetic oligonucleotides 
are purchased from a vender. They are synthesized on a solid phase in an ordered 
array. Initially, pools were generated from heat treating and scouring custom oligo-
nucleotide arrays (Ferraris et al. 2011a, b; Yajima et al. 2012; Tantin et al. 2008; 
Chang et al. 2009; Reid et al. 2009; Watkins et al. 2009). More recently commer-
cially synthesized mixed pools of custom designed oligonucleotides have become 
available for capture probes or for use as overlapping templates in large scale gene 
synthesis. Oligos can be ordered up to limits of 200-mers in length and 50,000 in 
batch size. Typically oligos are designed with universal primers flanking (variable) 
regions of interest so the pool can be amplified in a single PCR reaction. In certain 
cases library application can be problematic and some practitioners recommend 
high fidelity polymerases (Dr Wilson Agilent, personal communication) (Reid et al. 
2009). Through PCR amplification of the DNA library, T7 promoter is added via 
tailed primers. The resulting amplified product are used as templates for RNA syn-
thesis. These RNA products can then be used as the input for binding studies. In the 
following section we describe a co-immunoprecipitation approach illustrated with a 
case study using PTB (Fig. 7.3b). One downside of this approach is that this tech-
nique requires a candidate factor for immunoprecipitation. Most human genetics 
applications will be concerned with identifying all functional variants, not just the 
subset that act through the differential binding of a specific RBP. To address this 
concern, we also describe an occupancy assay that identifies ligands that form stable 
RNPs without regard for the identity of the proteins in the complex (Fig. 7.3c) 
(Ferraris et al. 2011a). Both of these assays have some similarity to SELEX 
(Djordjevic 2007; Gopinath 2007; Stoltenburg et al. 2007). Large pools of diverse 
sequence are synthesized and allowed to compete for limiting protein. Here the 
similarity ends. While SELEX tries to infer specificity by starting with random 
sequence and trying to detect binding motifs in the selected fraction, the analysis 
described below test a less complex mixture of real sequences and ranks each 
according to their enrichment in the bound fraction. For the analysis of variants, the 
pool consists of thousands of reference and variant alleles synthesized with some 
flanking sequence to present both alleles in their natural sequence context for the 
competitive binding assay. The bound fraction is physically separated from the 
unbound fraction either by magnetic antibody/streptavidin Dynabeads (Fig. 7.3b) or 
by adherence to nitrocellulose filter in a dot blot assay (Fig. 7.3c). Once the bound 
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fraction is reverse-transcribed it can be either analyzed or re-enriched by repeating 
the protocol. The analysis can be performed either by array (as in the case study 
below) or, for a SNP application that requires genotyping at single nucleotide reso-
lution, by deep sequencing (case study 3.5). The library preparation for deep 
sequencing can be facilitated by PCR mediated introduction of Illumina sequencing 
adapters with special tailed primers. While this is fairly straightforward library 

Fig. 7.3 Overview of 
high-throughput binding 
assays. (a) Oligonucleotide 
libraries are chemically 
synthesized and delivered as 
a mixed pool. Oligos 
correspond to short windows 
of genomic sequences 
transcribed to RNA and 
screened for binding  
(black line = ligand; 
grey = non- ligand). Each  
oligo is flanked by regions 
complementary to universal 
primers allowing PCR 
amplification of library.  
(b) Oligo pool is incubated  
in nuclear extract. RNPs are 
immunoprecipitated and 
analyzed by sequencing or 
microarray. Relative 
enrichment of oligos in the 
bound fraction is compared to 
relative enrichment in the 
starting pool. (c) Oligo 
library is incubated in extract 
as above. RNP are retained 
on nitrocellulose filter, eluted 
and analyzed as described 
above

7 Genetic Variation and RNA Binding Proteins…



248

prep, care must be taken to avoid excessive amplification prior to deep sequencing 
and to maintain familiarity with the rapidly changing sequencing protocol. For 
example, it is currently necessary to ensure that the first 4 nucleotides adjacent to 
the Illumina sequencing primer are balanced in sequence. For protocols that require 
the sequencing of PCR products this random 4-mer should be added as part of the 
primer as failure to start a read with a near random 4-mer in Illumina’s current 
approach to establishing clusters can dramatically reduce the read yield of a 
sequencing run.

3.3.1  Case Study: Large Scale Determination PTB Binding  
Affinities on Pre-mRNA

We present a co-immunoprecipitation study (Fig. 7.3a) using oligonucleotides 
designed by tiling through about 4,000 alternatively spliced exon/intron regions 
(“alternate spliced,” Fig. 7.4a) and an oligonucleotide library that tiles through 

Fig. 7.4 Enrichment of the RNA oligonucleotide pool after multiple rounds of PTB binding selec-
tion. An oligonucleotide pool that tiles through ~300 intron–exon–intron alternatively spliced 
exons was enriched for PTB binding activity by multiple rounds of co-immunoprecipitation (lanes 
2, 6 and 7). RT-PCR signal was dependent on antibody in IP (lanes 1 versus 2) and required fewer 
cycles after three rounds of enrichment. Similar enrichment was performed on a oligonucleotide 
pool that tiles through pre-mRNAs identified as in vivo targets of PTB (lanes 4, 9 and 10). 
(b) Oligonucleotides were ranked by microarray determined binding enrichment. Enrichment 
rankings for oligonucleotides cloned from after three rounds of co-IP (i.e., lane 9) were marked as 
blue lines and compared to CONTROL oligos (green lines) cloned from the starting pool and posi-
tive control oligos identified by earlier SELEX studies (magenta)
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in vivo PTB targets identified by RNAi depletion studies (Boutz et al. 2007). We 
have also introduced PTB SELEX winners as “spike-in” positive controls and we 
then enrich over three rounds of selection (Singh et al. 1995). The technique of itera-
tive selection could be introduced to increase the sensitivity of a rank difference 
measurement of two oligonucleotides at the expense of an accurate measure of their 
relative affinities. After three rounds of co-IP the signal amplifies in an entirely anti-
body dependant fashion, requiring five fewer cycles than after only one round of 
co-IP (Fig. 7.4a lanes 4 vs. 9). This demonstrates a rapid increase in the average 
affinity of the pool through the course of this iterative binding enrichment protocol.

Additionally, we compared different measures of oligonucleotide enrichment of 
the oligonucleotide pool. Enrichment of each oligonucleotide in the starting pool 
was compared to its enrichment after three rounds of selection by two color micro-
array. The lookup table generated from these array measurements was used to cal-
culate the enrichment of randomly cloned oligonucleotides after three rounds of 
IP. Eleven of these sixteen randomly cloned oligonucleotides scored above the top 
0.5 % percentile of the entire oligonucleotide pool. Spiking known PTB ligands 
(SELEX) into the starting oligonucleotide pool as internal controls allows the data 
to be related to prior reports in the literature. Interestingly, these top 0.5 % of the 
oligonucleotides that are enriched in the PTB bound fraction scored well above all 
of the SELEX winner oligonucleotides that were generated after 11 rounds of selec-
tion (Perez et al. 1997). While PTB has typically been regarded as an RNA binding 
protein of low specificity, this result demonstrates the existence of a significant 
population of ultra high affinity PTB ligands in natural pre-mRNA sequence.

3.4  High-Throughput In Vitro Functional Assays

While the classic minigene approach to measuring the effect of variation on func-
tion are extremely useful, it does not have the capacity to process genomic scale 
data. To address this, we developed a high-throughput splicing and spliceosome 
assembly assay to investigate the impact of genetic variation in RNA splicing phe-
notype. This assay utilizes RNA substrates that incorporate a library containing 
thousands of potential and known disease causing alleles that can be genotyped with 
next generation sequencing technology

We designed a 200-mer oligo library that contains about 6,000 disease-causing 
sequence variation that have been reported in HGMD as well as polymorphic SNPs 
that may contribute to the susceptibility of disease traits. These library sequences 
are flanked by universal primer pair sequence for PCR manipulation purposes. Each 
of these entries in the library represents an allelic pair—for every mutant allele there 
is a reference sequence. This paired design enables the measurement of wild-type–
mutant allelic ratio in the starting pool and later at various stages of splicing cycle. 
The observation of an allelic skew at some stage of splicing suggests that a variant 
is affecting splicing.
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3.4.1  High-Throughput In Vitro Splicing Assay

In vitro splicing assay has been introduced since in the early 1980s (Furneaux et al. 
1985; Ruskin et al. 1984; Lin et al. 1985) and it has been proven invaluable in allow-
ing biochemical characterization of the splicing components that cannot be achieved 
otherwise and result in our current understanding of the mechanism of pre-mRNA 
splicing. This assay is carried out in a whole cell extract or more commonly, in 
nuclear extract that has been prepared to ensure competence for RNA splicing 
(Dignam et al. 1983; Krainer et al. 1984; Folco et al. 2012). The preparation of 
splicing-viable nuclear extract consists of harvesting the cells, lysing the cells while 
leaving the nuclei intact, followed by nuclei isolation, extraction of salt-soluble 
splicing complexes and dialysis. The pre-mRNA substrate used for this assay is 
normally obtained from in vitro transcription assay that utilizes prokaryotic phage 
promoter (T7, T3, or SP6) with linearized plasmid or PCR product as DNA tem-
plate. This ensures sufficient quantity of pre-mRNA substrates that can be used for 
in vitro splicing assay. Uniform RNA labeling is usually achieved by incorporating 
[α-32P]NTP into the in vitro transcription reaction. Alternatively, RNA can be 
labeled post-transcription. 5′ end RNA labeling can be done by first removing the 5′ 
phosphate using calf intestinal phosphatase, followed by 32P transfer from [γ-32P]
ATP to the 5′ end of the RNA molecule by T4 polynucleotide kinase. 3′ end RNA 
labeling can also be done by ligating [32P]pCp to the 3′ end of the RNA with T4 
RNA ligase. Labeled RNA substrate can then be incubated in nuclear extract to 
allow formation of the intermediates and products of splicing and RNAs are resolved 
in denaturing PAGE for visualization. Figure 7.5a shows in vitro splicing assay of a 
previously described Adenovirus major late derivative substrate (pHMS81; Ad81) 
(Gozani et al. 1994) in HeLa nuclear extract. The products of first step (lariat inter-
mediates and free 5′ exon) and second step of splicing (ligated exons and lariat 
product) can be visualized after 30 min incubation at 30 °C in HeLa nuclear extract 
(Fig. 7.5a).

We have generated library-containing pre-mRNA substrates suitable for splicing 
in HeLa nuclear extract. The DNA template was constructed by adding the first 
exon and part of the intron of Ad81 (Gozani et al. 1994) to the 5′ end of the library 
by PCR. T7 sequence flanking the forward primer was used to amplify the full- 
length library-containing substrate template (see Fig. 7.5b) for subsequent in vitro 
transcription using commercial T7 RNA Polymerase and buffer supplemented with 
[m7G(5′)ppp(5′)G] cap analog and [α-32P]UTP. The transcribed RNA was purified 
in denaturing PAGE, phenol–chloroform-extracted and precipitated in ethanol. The 
purified library-containing pre-mRNA substrate was incubated in HeLa nuclear 
extract to allow splicing reaction to occur. After 30 and 60 min incubation at 30 °C, 
lariat intermediates and the free 5′ exon (the intermediate species resulting from the 
first step of splicing) can be visualized in denaturing PAGE (see Fig. 7.5c). The dif-
ferent splicing intermediates can be further purified and analyzed by deep sequenc-
ing. This allows us to gain insights into how sequence variation affects the efficiency 
of specific steps of splicing. Downstream applications of this assay may also include 
identification of pathogenic variants that can be rescued by small molecules that can 
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then serve as candidates for drug development. The high-throughput in vitro  splicing 
assay can be complemented with the spliceosome assembly assay as described in 
the next section.

3.4.2  High-Throughput In Vitro Spliceosome Assembly Assay

The different spliceosomal complexes can be captured by performing in vitro splic-
ing reaction (as described in Sect. 3.4.1) with increment time points, followed by 
treatment with heparin and visualization in native gel. In Fig. 7.5d, we show that our 
library containing RNA substrate is capable of forming spliceosomal complexes 
in vitro. The library-containing RNA substrate species that are associated with the 
different subcomplexes can be recovered using a variety of methods including glyc-
erol gradient fractionation, column fractionation, as well as gel purification. By 
purifying these spliceosomal subcomplexes and identifying RNA species that are 
associated with them with deep sequencing, we can obtain mechanistic insights in 

Fig. 7.5 High-throughput in vitro splicing and assembly assays. (a) In vitro splicing reaction of 
Ad81 substrate. After 30 min incubation with HeLa nuclear extract, lariat intermediate and free 5′ 
exon (intermediates from the first step of splicing) as well as ligated exons and lariat product (from 
the second step of splicing) can be visualized on 15 % denaturing PAGE. (b) DNA template for 
library-containing in vitro splicing substrate was constructed by PCR. The first exon and part of the 
intron of Ad81 was amplified using T7 sequence flanking forward primer. The green flanking 
sequence in the library indicates the common region that serves as universal primer sequence for 
PCR amplification. Equimolar of Ad81 and library amplification products were joined by PCR to 
generate DNA template for in vitro transcription to generate library-containing pre-mRNA sub-
strate. (c) In vitro splicing reactions of library-containing RNA substrate are shown at various time 
points with varying substrate concentrations, potassium concentrations and two forms of potas-
sium counterions (glutamate and acetate). Heterogeneous species of lariat intermediates are 
formed and can be subsequently gel purified and analyzed with RT-PCR followed by deep sequenc-
ing. (d) In vitro spliceosome assembly assay of Ad81 with its 3′ splice site mutated from AG to 
GG (1) and library containing substrate (2) at 0, 4, 15, 30, and 60 min time points
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the role that sequence variation exerts in inhibiting or promoting splicing. It has 
been shown that the highly dynamic spliceosomal interactions are highly influenced 
by the identity of the pre-mRNA substrates (Clark et al. 2002; Pleiss et al. 2007; 
Meyer et al. 2011). This behavior suggests that assembly may be a sensitive assay 
for detecting mutants. Furthermore, the mechanism of inhibition of a particular 
variant can sometimes be learned—mutated RNA substrates were shown to cause 
spliceosome assembly to halt at B* complex (Bessonov et al. 2010). We demon-
strate a single assembly reaction; however, this assay could be performed iteratively 
isolating and reamplifying shifted bands for additional rounds of enrichment. 
Finally, various compounds that inhibit splicing have been reported to stall the spli-
ceosome at specific stages (Berg et al. 2012; O’Brien et al. 2008). Therefore, treat-
ing the library-containing substrate assembly assay with these known inhibitors can 
further identify substrate-specific effects in the splicing inhibitory activity that is 
exhibited by these compounds.

3.5  High-Throughput In Vivo Functional Assays

An excellent complement to the in vitro splicing and assembly assays is a high- 
throughput implementation of the in vivo minigene reporter assay described in 
Sect. 3.2. This assay is similar to the in vitro splicing assay in that it provides a test 
of the function consequence of variation on gene processing but has the advantage 
of more closely modeling the endogenous splicing reactions. In vitro splicing is 
uncoupled from other processes, so a comparison between the performances of two 
alleles can be regarded as a pure measure of allele specific splicing activity. The 
high-throughput in vivo splicing assay, on the other hand, compares steady state 
exon inclusion levels of alleles in mRNA which is mostly driven by differences in 
splicing but could be influenced by other process like transcription or stability. For 
the purpose of screening variants, this more comprehensive screen may help capture 
changes in expression that would be missed by other methods.

There are a few technical issues that have been discovered through earlier SELEX 
experiments. One issue is the difficulty of maintaining library representation during 
propagation and plasmid amplification in E. coli. It has been observed that minigene 
libraries that contain short inserts tend to undergo a dramatic loss of representation 
for certain sequences during library construction (Chen and Chasin 1994; Ke et al. 
2011). Whether this phenomena occurs in all vectors is poorly understood. An effec-
tive workaround utilizes PCR ligation and overlap techniques to make library with-
out transforming E. coli (Ke et al. 2011). Linear PCR libraries can be transfected 
into tissue culture cells, expressed and spliced. There are a variety of construction 
strategies that add flank to one side of the insert and then the other (Fig. 7.6). After 
construction of the linear minigene library it is necessary to record the initial repre-
sentation of each allele of each loci in the starting library and then compare this 
representation to the spliced library. A skew in the allele ratio observed in the mRNA 
relative to the unspliced RNA (i.e., the input library) can be  interpreted as an allelic 
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Fig. 7.6 Workflow for high-throughput in vivo splicing assay. This scheme cover a pilot experi-
ment that screened 236 wild type/mutant 30-mer windows for allelic differences in their function 
as a splicing element. (a) The pilot library contains wild type and mutant alleles (“a” in notation) 
of 236 regions or loci known to be mutated in hereditary disease (“l” in notation) for a total of 478 
different sequences. The library is transfected into tissue culture cells possibly in combination with 
drug or siRNA treatment. Total RNA extracted and individual species (unspliced, spliced, lariat) 
are analyzed by RT-PCR with the described arrangement of primers. Gel purified RT-PCR prod-
ucts are then analyzed by deep sequencing. (b) Allelic ratios determined from read counts are 
compared in unspliced and spliced species with the chi squared statistic. Allelic skew is suggestive 
of a variant that alters splicing. (c) Comparing splicing outcomes in the presence of drugs identifies 
compounds that influence splicing, potentially restoring allelic balance to transcripts disrupted by 
the variants identified above. (d) Comparison across replicates of counts for unspliced and spliced 
RNA species
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difference in gene expression. Once such a system is established, it can become a 
screening platform for compounds that affect splicing. A traditional screening plat-
form optimizes a biological assay to screen thousands of different compounds 
against one disease. The high-throughput minigene splicing assay screens thou-
sands of diseases against one compound. Candidate compounds can be selected 
based on properties like their ability to bind RNA, previous reports of altering splic-
ing or affecting kinases/phosphatases that can modify RNA splicing factors.

3.5.1  Case study: Pilot Project to Analyze 236 Disease Alleles

About 15 % of point mutations that cause hereditary disease localize to the canoni-
cal splice sites (Krawczak et al. 2000). Studies by our group and others suggest as 
many as 25 % of missense mutations also have a splicing defect (Lim et al. 2011). 
To screen a hereditary disease alleles for changes in splicing, we constructed a 
library in the minigene reporter pZW4. Conceptually this assay is identical to the 
approach described in Sect. 3.2. This backbone splices a test exon via a predomi-
nantly an inclusion phenotype making it most sensitive to detecting splicing silenc-
ers (Fairbrother and Chasin 2000). Therefore not all types of allelic differences will 
be returned by this assay. To be detected in this background, either the wild type or 
variant allele must reduce the inclusion of the constitutively spliced test exon.

The insert library consisted of 750 allelic pairs that were synthesized, amplified 
and cloned into the XhoI and ApaI sites in the test exon of pZW4. A successful clon-
ing event places the 31 nucleotides window (i.e., missense mutation with 15 nucleo-
tides of upstream and downstream flank) in the middle of the test exon. The test exon 
with insert is 98 nucleotides in length with the variant located at 46th nucleotide 
position downstream from the 3′ss. The pilot library was constructed by ligation and 
transformation into E. coli. Deep sequencing of the pooled library confirmed 236 
successful wild type–mutant pairs, a value far lower than predicted (consistent with 
an E. coli propagation bias seen in other libraries). However, despite the nonuniform 
representation of the initial library separate sequencing experiments returned highly 
correlated biological replicates of the unspliced and spliced libraries (Fig. 7.6b)

The library was then transfected into tissue culture cells and assayed by 
RT-PCR. Three different primer sets can record allelic representation in starting 
library (i.e., Fig. 7.6a, unspliced) and the lariat and mRNA species that represent the 
various outcomes of splicing. Deep sequencing of these PCR products provides an 
estimate of allelic ratio for each of the 236 loci as they pass through different stages 
of the splicing reaction. The identification of a skew in allele ratio indicates the vari-
ant is altering the activity of a cis-element that is involved in splicing. The signifi-
cance of a skew in allelic ratio is evaluated by a statistical test such as the chi-square 
test. A preliminary analysis of 236 missense alleles revealed that 13.5 % signifi-
cantly altered splicing in the direction detectable by this reporter (Table 7.2). In 
most (19 ) of these 32 cases, it was the mutant allele that appeared to create some 
sort of negative sequence. In the diseases caused by these variations, it is reasonable 
to ask whether these mutations can be reversed by therapeutic treatment.
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To test the response of this set of 236 allele pairs to small molecules, we repeated 
the transfection in the presence of C50 doses of G418, tetracycline, and valproic 
acid. Each of these three treatments had demonstrated some ability to bind RNA or 
alter splicing. The RNA was extracted from each treated cell culture and sequenced. 
The allelic ratio in the mRNA of the treated versus untreated was recorded for each 
of three compounds. The preliminary result from this type of screening returned 
G418 as an active compound in this assay and tetracycline and valproic acid as hav-
ing no significant effects. Sublethal concentration of the translational inhibitor 
G418 affected over one third of all allelic pairs in some way. Three of these altera-
tions occurred in a direction that reduced the allelic expression bias observed in the 
initial screen.

4  Discussion

This chapter covered methods of studying variations that affect molecular events 
at the RNA level. We review computational and experimental methods for detecting 
changes in RNA protein interaction. We also cover several high-throughput 
functional assays: spliceosome formation assay, in vitro and in vivo splicing. 

Table 7.2 Summary of high-throughput minigene screen of 236 disease alleles

Outcome Number of pairs

Total Allelic pairs in library 236
Differentially spliceda 32 (13.6 %)
Mutations that increase splicing efficiencyb 13 (5.5 %)
Mutations that decrease splicing efficiencyc 19 (8.1 %)
Allelic difference induced by G418 treatmentd 85 (36.0 %)
Allelic difference exacerbated by G418 treatmente 0
Allelic difference reduced by G418 treatmentf 3 (1.3 %)
Allelic difference induced by tetracycline treatment 0
Allelic difference exacerbated by tetracycline treatment 0
Allelic difference reduced by tetracycline treatment 0
Allelic difference induced by valproic acid treatment 0
Allelic difference exacerbated by valproic acid treatment 0
Allelic difference reduced by valproic acid treatment 0

a Allelic difference in splicing ratios detected by χ2 test at q < 0.05
b Differentially spliced and enrichment index < 0
c Differentially spliced and enrichment index > 0
d

    No differential splicing in untreated samples; allele-dependent differential recovery of treated and 
untreated spliced products detected by χ2 test at q < 0.05
e Allelic differences detected in untreated samples; drug treatment increased difference between 
mutant and untreated wild-type splicing ratios
fAllelic differences detected in untreated samples; drug treatment decreases difference between 
mutant and untreated wild-type splicing ratios
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This suite of protocols could be used to screen all disease alleles and common vari-
ants for sequence changes that may alter splicing. In many cases the approaches are 
complimentary and could be combined for cross validation or further characteriza-
tion. Secondary libraries that contain only allele specific events could be used to 
screen compounds for drugs that reverse splicing defects. In vitro splicing assays 
could confirm a drug acts directly on the RNA.

In addition, these technologies could be used to report molecular phenotypes of 
a variant. We presented a series of characterizations of a deletion of a PTB binding 
site in the RGS9 transcript. This variation appears to be associated with a significant 
but modest phenotype at the organismal level. The RGS9 gene results in significant 
body mass difference in rodents. The SNP in the RGS9 in humans has been reported 
to be associated with slight differences in body mass index (Waugh et al. 2011). 
Interestingly rs3215227 is a largely private to populations of Asian ancestry. The 
deletion occurs in Caucasian and African American populations with a low fre-
quency (<1 %) but was much more common in samples drawn from multiple Asian 
populations (69 %). How to fit these types of observations into a broader population 
genetic framework is an important challenge. Due to the recent expansion of mod-
ern humans out of Africa and the reduction in genetic diversity through bottlenecks 
as all continents were peopled (Ramachandran et al. 2005), we might expect disease 
incidence to vary across ethnicities. Currently no framework exists to explain vari-
able disease incidence across ethnic backgrounds although some GWA studies have 
been replicated in multiple populations. Waters et al. (2010) conducted association 
studies within various ethnic groups (European Americans, African Americans, 
Latinos, Japanese Americans, and Native Hawaiians) for type II diabetes. Of the 19 
SNPs associated with type II diabetes in European Americans, 13 were associated 
with disease state in other ethnic groups but not at genome-wide significance. 
Furthermore, 5 of the 19 variants were not associated with diabetes in non- 
Europeans. The limitations of these approaches underscore the importance of 
molecular characterization of causal alleles for a better understanding of disease in 
all human populations. We describe high-throughput implementations of mature 
technologies that enable a system wide study of RBP ligand interaction. These 
approaches bring biochemical validation to a genomic scale and open novel avenues 
for learning disease mechanism and drug discovery for this understudied class of 
variants.

5  Protocol Appendix

Section 3.2 described low-throughput binding and functional assays that are fairly 
mature technologies with excellent protocols described elsewhere. Here we present 
a brief protocol for the high-throughput binding and occupancy assay described in 
Sect. 3.3; the high-throughput in vitro assembly and splicing assays described in 
Sect. 3.4; and the high-throughput minigene assay described in Sect. 3.5 and the 
case study 3.5.1.
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5.1  Library Design and Oligonucleotide Synthesis

A complex pool of 60-mer oligonucleotides was synthesized to tile through about 
4,000 alternatively spliced exons. This pool was synthesized as a custom oligonu-
cleotide microarray in the 244K format (Agilent). Each oligonucleotide was 
designed as a tiled genomic 30-mer flanked by the common sequences that were 
used as the universal primer pair. Oligonucleotides were liberated from the slide by 
boiling at 99 °C for 1 h. They were recovered by gently pipetting 500 μl dH2O to the 
slide followed by thorough scouring and resuspending with a sterile 25-gauge hypo-
dermic needle or the array was sandwiched and placed in a hybridization chamber 
at 99 °C for 1 h. This is followed by sonication at 50 % amplitude for three 5 s 
pulses in a Sonic Dismembrator Model 500 (Fisher). Oligonucleotide pools were 
then amplified with low cycle PCR (1 min at 94 °C, 20 s at 55 °C, 1 min at 72 °C at 
the first round; 10, 20, 10 s at each respective temperature for subsequent rounds; 
and final elongation of 5 min at 72 °C). While this is the most economical way to 
obtain oligonucleotide libraries, there are commercial venders (e.g., Agilent and 
MYcroarray) who will synthesize sets of longer oligonucleotides as mixed pools. 
These oligonucleotide pools were amplified by PCR primer pair that includes flank-
ing T7 promoter sequence in the forward primer, and subsequently used as template 
for in vitro RNA synthesis using Ambion MEGAshortscript™ kit.

5.2  PTB Binding Analysis (Sect. 3.3)

A 1:1 ratio of Protein A and Protein G Dynabeads (Invitrogen) mixture was incu-
bated with 200 ng of RNA, 5 μl of mab BB7 hybridoma supernatant (ATCC# CRL- 
2501), and 120 μg of HeLa nuclear extract at 4 °C for 1 h. RNA was recovered by 
boiling in 1 % SDS. The subsequent enrichment was quantified by two-color micro-
array analysis using standard protocols or alternatively, they may be analyzed by 
deep sequencing.

5.3  Dot Blots (Sect. 3.3)

Samples were prepared in 30 μl solution containing 0.6× Buffer D, 50 ng/ml Poly 
dI∙dC, 1 mM DTT, 1 μg/μl BSA, varying amounts of sonicated herring sperm 
(Invitrogen), 50 ng of probes, and 5 μg of ES whole cell extract. Nitrocellulose was 
soaked for 5 min in extraction buffer. Dot blots were blocked with 100 μl of 2 mg/ml 
sonicated herring sperm for 15 min. Samples were incubated for 30 min at room 
temperature and after addition of 100 μl with 0.6× extraction buffer, the samples 
were loaded and blotted. Nitrocellulose was washed with cold 1× PBS at room tem-
perature for 15 min. Dot blots were subsequently imaged using Phosphorimaging 

7 Genetic Variation and RNA Binding Proteins…



258

screens and the Typhoon 9410 (GE). Dots were cut out and placed in 1.5 ml 
 eppendorf tubes. Then 400 μl 7 M urea and 200 μl phenol were added to each tube 
and incubated for 30 min at room temperature. Then 200 μl chloroform was added 
and samples were spun down and the aqueous layer was removed. The phenol–
chloroform extraction was repeated one more time before samples were used for 
subsequent PCR and next rounds of selection.

5.4  Protocol for In Vitro Splicing Assay (Sect. 3.4)

In vitro splicing assay of library containing substrate was performed by assembling 
reaction on ice containing 10 nM labeled RNA substrate, 40 % of HeLa nuclear 
extract, 2 mM magnesium acetate, 20–80 mM potassium glutamate (or 80 mM 
potassium acetate when indicated), 1 mM ATP, 5 mM creatine phosphate, and 
nuclease-free H2O. Note that different nuclear extract preparations may require dif-
ferent potassium concentration for optimal splicing. Reaction was incubated at 
30 °C and placed on ice after each indicated time points (0, 30, and 60 min). Splicing 
reaction was stopped by addition of 5–10× reaction volume of splicing dilution buf-
fer containing 100 mM Tris (pH 7.5), 10 mM EDTA, 1 % SDS, 150 mM sodium 
chloride and 300 mM sodium acetate. This is followed by phenol–chloroform 
extraction and ethanol precipitation. RNA was subsequently separated by denatur-
ing 15 % PAGE (29:1 acrylamide–bis-acrylamide).

5.5  Protocol for In Vitro Spliceosome Assembly  
Assay (Sect. 3.4)

In vitro splicing reaction of library-containing pre-mRNA substrate was performed 
as indicated above, except after reactions were quenched on ice after 0, 4, 15, 30, 
and 60 min time points, heparin was added to a final concentration of 0.5 mg/ml, 
and followed by additional incubation at 30 °C for 5 min. Spliceosomal complexes 
can then be separated in 2.1 % Ultrapure™ (Invitrogen) low melting point agarose 
(Fig. 7.5d) or 4 % native PAGE (80:1 acrylamide–bis-acrylamide) in Tris-glycine 
buffer. Note that different time points maybe required for different pool of pre- 
mRNA substrates to visualize the different spliceosomal complexes. As discussed 
in Sect. 3.4, each of the subcomplexes maybe isolated using various purification 
techniques and RNA associated with each of the subcomplexes can be analyzed by 
deep sequencing.
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5.6  Protocol for Minigene Experiment (Sect. 3.5)

Oligonucleotide pool of wild type/mutant 30-mers was cloned into the pZW4 
minigene construct at the XhoI and ApaI sites situated at +28 from the 3′ss and -39 
from the 5′ss of exon 2 as shown in Fig. 7.6a. DNA from the pool of resulting colo-
nies is transiently transfected into Hek293 cells, which may include drug or siRNA 
treatment, and the total RNA is extracted after 48 h. Alternatively, the ligation reac-
tion can also be transfected directly into cultured cells to avoid sequence bias in 
bacterial propagation. The unspliced, spliced and lariat species can be analyzed 
with RT-PCR with the appropriate primers (see Fig. 7.6a).

A barcode system was used for multiplexing different experimental conditions. 
We first excluded reads that did not retain intact barcodes. All the remaining reads 
were classified in four categories: wild type spliced, wild type unspliced, mutant 
spliced, and mutant unspliced, as shown in the contingency table at Fig. 7.6b. Allelic 
pairs with low read counts (<5) in more than one of the four categories were further 
excluded. The remaining allelic pairs were subjected to χ2 testing, and we accepted 
tests with a FDR < 5 % after multiple testing corrections as evidence for differential 
splicing. Additionally, we calculated an enrichment index (EI) for each allelic pair, 
defined as the ratio of unspliced to spliced read counts of the wild type allele over 
the unspliced to spliced ratio of the mutant.

To screen for allele-specific splicing effects under various drug treatments, we 
compared allelic ratios of spliced products from untreated and drug-treated cells 
(Fig. 7.6c). For each pair that exhibited an allelic effect on splicing and an additional 
drug-dependent effect, we determined if the treatment increased or reduced the 
skew in mutant splicing (see Table 7.2). This is done by recalculating the EI and 
replacing the mutant non-treated spliced counts with the mutant drug-treated spliced 
counts.
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