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1 INTRODUCTION

1 Introduction

In this study, we will highlight the role of the RNA-binding protein hnRNP C in the process of RNA

splicing by combining several data types such as splice-junction microarrays, RNA-seq and iCLIP using

computational methods. Before we proceed, we will explain the biological background and the different

techniques used to generate the data.

1.1 Ribonucleic Acid

Ribonucleic Acid (RNA) is a macromolecule found in all known forms of life. It is one of the three

major macromolecules, along side DNA and proteins. Like DNA, RNA is composed of an assembly of

nucleotides. Each of these nucleotides consists of a ribose sugar, a phosphate group and a nucleobase. The

four bases composing RNA are the purines, adenine (A) and guanine (G), and the pyrimidines, uracil (U)

and cytosine (C) (Figure 1). RNA is synthesised by the RNA polymerase enzyme during a process called

transcription. RNA polymerase (RNA pol II) uses DNA sequences as templates to assemble messenger

RNA (mRNA) molecules by adding complementary nucleotides to the newly synthesised RNA chain.

Figure 1 | Structural elements of the nucleotides.
Each RNA nucleotide is composed of a pentose (in yellow) in which carbon atoms are numbered 1’ through 5’.
A phosphate group is attached to the 3’ position of one ribose and the 5’ position of the next. This gives the
RNA strand, a 5’ to 3’ orientation. The bases are defined in two groups, the purines and the pyrimidines. Uracil
replace the thymine in the RNA. Image taken from http://en.wikipedia.org/wiki/File:Nucleotides 1.svg

The mRNA carries the necessary biological information to produce proteins. In eukaryotes, the

precursor mRNA (pre-mRNA) is processed to form mature mRNA. Maturation of pre-mRNA consists of

a series of important steps that take place at the same time as transcription. First, the nascent mRNA

is capped by a modified nucleotide (7-methylguanosine) on the 5’ side (5’ capping). This cap has several

roles: it protects the mRNA from degradation by ribonucleases (enzymes that catalyse the degradation of

RNA), and later, it recruits the ribosomes that will translate the mRNA. After capping, the pre-mRNA

is spliced to remove the non-coding regions called intron, that are specific to eukaryotes. The coding

regions are named exons and often form only a small fraction of the genes. Splicing will be discussed

in detail in the next section. When the full DNA sequence is transcribed, the mRNA is cleaved from

DNA through the action of an endonuclease complex associated with RNA pol II. Then, a poly(A) tail

is added to the 3’ end of the mRNA by a polyadenylate polymerase. This poly(A) tail helps during the
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1 INTRODUCTION

export of mRNA from the nucleus, protects the mRNA from enzymatic degradation in the cytoplasm

and aids translation. After processing completes, the mature mRNA is translocated to the cytoplasm

where it will be translated by ribosomes (Figure 2).

Figure 2 | RNA processing.
(a) RNA is synthesised by RNA pol II using DNA as a template. RNA is capped in its 5’ side, spliced, cleaved
from DNA and exported to the cytoplasm to be translated into proteins by the ribosomes. (b) Micrograph of gene
transcription of ribosomal RNA illustrating the growing primary transcripts. ”Begin” indicates the 5’ end of the
coding strand of DNA, where new RNA synthesis begins. ”End” indicates the 3’ end, where the primary tran-
scripts are almost complete. Image (b) taken from http://fr.wikipedia.org/wiki/Fichier:Transcription label en.jpg

1.2 The RNA Splicing Process

Eukaryotic genes contain both intronic and exonic sequences. This was discovered in 1977 and came as a

surprise because scientists were familiar only with bacterial genes, which consist of a continuous stretch

of coding DNA1, 2.

The basic molecular mechanism of splicing is shown in Figure 3. In the first step, a specific adenine

nucleotide in a sequence called the branch point performs a nucleophilic attack on the 5’ splice site which

cuts the RNA. Thus, the 5’ end of the intron becomes linked to the adenine nucleotide and creates a

loop in the RNA molecule. The 3’-OH end of the preceding exon reacts with the start of the next exon,

and the two exons join, releasing the intron in the shape of a lariat which is degraded. The joined exons

form continuous coding sequence3.

Figure 3 | The pre-mRNA splicing reaction.
A specific adenine branch point nucleotide performs a nucleophilic attack on the first nucleotide of the intron
at the 5’ splice site, forming a lariat. Then the 3’-OH of the intron is released and the two exons join (Alberts
2007).

This series of reactions is catalysed by a large complex of RNA-binding proteins and small nuclear
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RNAs (snRNAs), called the spliceosome. Five snRNAs molecules are contained in the spliceosome (U1,

U2, U4, U5 and U6), and each is complexed with at least seven protein subunits to form a small nuclear

ribonucleoprotein (snRNP). Recent methods to purify spliceosomes coupled with mass spectrometry have

revealed that the spliceosome may be composed of 300 distinct proteins, making at the most complex

macromolecular machine in the eukaryotic cell4.

Figure 4 | Splicing and spliceosome assembly.
The spliceosome assembly proceeds in several intermedi-
ates complexs that define the splice sites and catalyse the
splicing reaction (Chen 2009).

Spliceosome assembly is described in Figure 4.

It begins with the base-pairing of U1 snRNA to

the 5’ splice site (5’SS) and the binding of splic-

ing factor 1 (SF1) to the branch point. This forms

the E’ complex. The E’ complex can be converted

into the E complex by the recruitment of the

U2 auxiliary factor (U2AF) heterodimer (compris-

ing U2AF65 and U2AF35) to the polypyrimidine

tract. The E complex is converted then into the

pre-spliceosome A complex by the replacement of

SF1 by U2 snRNP at the branch point. Further

recruitment of the U4/U6-U5 tri-snRNP leads to

the formation of the B complex, which contains all

spliceosomal subunits that carry out pre-mRNA

splicing. This is followed by extensive conforma-

tional changes and remodelling, including the loss

of U1 and U4 snRNPs, ultimately resulting in the

formation of the C complex, which is the catalyt-

ically active spliceosome5.

1.3 Alternative Splicing

In many cases, the native transcripts of eukaryotic genes are spliced in more than one way to give rise

to different isoforms. This allows the generation of a set of different proteins from one gene. Alternative

splicing is a major contributor to protein diversity in metazoan organisms, thus in humans, about 95%

of multi-exonic genes are alternatively spliced6. Different genes encode different number of isoforms: for

instance some have two isoforms but others have thousands7.

Alternative splicing takes many different forms. Exons can be included into mRNA or skipped

(exons skipping or cassette exons). The positions of 5’ and 3’ splice sites can shift to make exons

longer or shorter (alternative 5’ or 3’ sites). Introns that are normally excised can be retained in the

mRNA (intron retention) (Figure 5). In addition to these changes in splicing, genes can also vary in

transcriptional start site or polyadenylation site8.

Although these mechanisms describe basic patterns of splicing, they do not reflect the full the com-

plexity of splicing events. Exons are not randomly chosen for splicing; instead, splicing is regulated by
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Exon skipping or cassette exons

Mutually exclusive exons

Alternative 5’ splice site

Alternative 3’ splice site

Intron retention

Figure 5 | The traditional classification of basic types of alternative splicing events.

trans-acting RNA-binding proteins (repressors and activators), which bind to their corresponding cis-

activating regulatory sites (silencers and enhancers) on the mRNA. The secondary structure of mRNAs

can also regulate splicing events.

Figure 6 | Cis-regulatory elements.
ESE: exonic splicing enhanced; ESS: exonic splicing si-
lenced; ISE: intronic splicing enhancer; ISS: intronic
splicing silencer (Matlin 2005).

Cis-regulatory elements are conventionally

classified according to their location and their

ability to promote or inhibit inclusion of ex-

ons. Exonic splicing enhancers (ESEs) or silencers

(ESSs) have an effect on the exon in which they

reside, whereas intronic splicing enhancers (ISEs)

or silencers (ISSs) influence adjacent splice sites

or exons from an intronic location9, 10 (Figure

6).

Splicing Activators Heterogeneous nuclear ribonucleoproteins (hnRNPs) in vertebrates and serine/arginine-

rich proteins (SR proteins) in metazoans are involved in regulating and selecting splice sites11 (Figure

7). Other proteins like TIA1 (binds to U-rich elements), NOVA1 and NOVA2 (bind to YCAY motifs),

FOX1 and FOX2 (bind to UGCAUG motifs) and others also activate splicing events5. They often control

alternative splicing by selecting the specific splice sites to be used.

Splicing Repressors Splicing repressors can sterically block the binding of splicing regulators. For

example, the Hu/ELAV family of proteins inhibit U1 snRNP-binding by competing with the of TIA1-

binding at the 5’SS of an exon of the neurofibromatosis type 1 pre-mRNA12. FOX1 and FOX2 inhibit

E complex formation by binding close to the ESE that is otherwise bound by the activators TRA2 and

SRp55 in the CALCA pre-mRNA. Thus FOX1 and FOX2 prevent the recruitment of U2AF and prevent

the spliceosome from assembling13. Finally, the polypyrimidine-tract binding protein (PTB) blocks the

binding of U2AF65 14.
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Figure 7 | Splicing auxiliary proteins and their binding sites (Keren 2010).

1.4 Alternative Splicing and Evolution: Alu Elements

Alternative splicing is a major mechanism generating transcriptomic and proteomic diversity. The di-

versity can be generated by several events. Alternative splicing produces protein isoforms with different

molecular and biological functions, especially when alternative exons encode for specific protein domains.

Comparative analysis of the human and mouse genomes has revealed that diversity in alternative splicing

is often associated with recent creation and/or loss of exons.

Figure 8 | Exonisation of Alu elements (Keren 2010).

One way to gain an exon is through the ex-

onisation of transposable elements (TEs). About

half of the human genome is derived from TEs,

and these repeat-forming elements - particularly

Alu elements - can become exonised. About 4%

of human genes contain TE motifs in their coding

regions that suggest exonisation events15.

Exonisation of TEs is observed in 53% of ’or-

phan genes’ (genes with a limited phylogenetic

distribution, i.e. homologous genes that are re-

tricted to closely related organisms) which shows

the involvement of TE exonisation in species-

specific adaptive processes. The formation of al-

ternative exons from Alu elements permits new

functions to be established without losing the orig-

inal function of a protein15.

Alu elements belong to the family of short interspersed elements (SINEs) and account for more that

10% of the human genome. A typical Alu is around 300 nucleotides (nt) long and contains two similar

monomeric segments (the right arm and the left arm) joined by an A-rich linker and followed by a

poly(A) tail-like region. Alus preferentially insert into the introns of primate genes16 and is proceeded

by retrotransposition.

85% of exonisation events occur in the antisense orientation. In such orientation, the consensus Alu

sequence carries multiple sites that are similar to splice sites. For example, the poly(A) tract of the right

arm in the antisense orientation creates a strong polypyrimidine tract (PPT), recognised as a specific
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binding site for U2AF65 to recruit the splicing machinery. To become an alternative exon, Alu elements

require few supplementary mutations in the 3’SS and 5’SS15, 16 (Figure 8).

1.5 Experimental Approaches

Genome-wide analysis of alternative splicing is an ongoing a challenge in biological research. By using

high-throughput approaches, it is becoming easier to investigate splicing events. The methods to identify

splicing events and the binding of RNA-binding proteins (RBPs) used in this study are splice-junction

microarrays, RNA-seq and iCLIP (individual-nucleotide resolution UV cross-linking and immunoprecip-

itation).

1.5.1 Splice-Junction Microarrays

Before the development of the splice-junction microarrays, alternative splicing was studied on a case-by-

case basis. In recent years, numerous studies have investigated global properties of alternative splicing

using microarrays providing information about mRNA isoforms. We will describe briefly how to detect

alternative transcripts with splice-junction microarrays.

Figure 9 | Protocol of DNA microarrays.
Taken from affymetrix.com.

The general principles of the Affymetrix mi-

croarrays are described in Figure 9. The mRNAs

are extracted from cells, they are then reverse tran-

scribed and transcribed again to incorporate nu-

cleotides marked with biotin into the cRNA se-

quence. Then, the cRNA is fragmented and hy-

bridised to the microarray. The microarray con-

tains probes with a specific sequence that will bind

the complementary cRNA (hybridisation). After

the hybridisation, the microarray is washed to re-

move the cRNAthat ais not specifically bound. An

anti-biotin antibody coupled with a fluorophore is

used to reveal the hybridisation. The fluorescent

signal is then detected and analysed, assuming that

the intensity measured is proportionally related to the abundance of hybridised cRNA.

6



1 INTRODUCTION

Figure 10 | Probes used to detect an exon
skipping event.

In the case of splice-junction microarrays, the aim is to

detect the different splice forms present in cells. The mi-

croarrays contain multiple probes for each alternative splicing

events, as shown in Figure 10. Exon-body probes (red) are

used to monitor the inclusion of each of the three exons and

junction probes are used to monitor the two different types of

junctions formed by the inclusion of alternative exon17 (green

and yellow).

Figure 11 shows example data for a casette exon. The blue bars represents the signal measured when

the alternative exon is included into the mature mRNA (isoform 1), and the grey bars the case when the

exon is skipped17 (isoform 2).

Figure 11 | Example of signals detected for a cassette exon in two cases.
In blue, the cassette exon is included. In grey, the cassette exon is skipped.

1.5.2 RNA-seq

RNA sequencing (RNA-seq) is a recently developed technique using high-throughput sequencing to mea-

sure the transcriptome. mRNA is extracted from cells and converted into cDNA by reverse transcription

with a poly(dT) primer binding the poly(A) tail. The cDNA is then fragmented into short reads and

sequenced. The reads are mapped to a reference genome sequence. Reads overlapping exon bodies are

mapped first. Then different methods can be used to discover reads spanning known or novel exon-exon

junctions, and are invaluable to identify different isoforms18. Figure 12 depicts the mapping of the reads

to a reference genome.

1.5.3 Individual-nucleotide Resolution UV Cross-linking and Immunoprecipitation (iCLIP)

iCLIP provides a robust methodtTo detect protein-RNA interactions in a context of an intact cell and

determine the exact sequence recognised by the protein (Figure 13).

Cells are irradiated with ultra-violet (UV), leading to the formation of covalent bonds between protein

and RNA. This method uses the natural photoreactivity of the nucleobases, especially pyrimidines, and

of specific aminoacids, such as Cys, Lys, Phe, Trp and Tyr at 254 nm wavelength. The UV irradiation

at 254 nm only cross-link proteins with nucleic acids, thus only the direct protein-RNA interactions are

detected19.
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Figure 12 | RNA-seq mapping method.
The reads from two samples from two conditions are represented in red and green. They are mapped to a reference
genome. Exon-exon junctions are detected by spanning reads that overlap both exons.

After UV irradiation, the covalently linked RNA is co-immunoprecipitated with the RNA-binding

protein (RBP) with a specific antibody and a 3’ adaptor is ligated to the RNA. The RBP is then

digested by proteinase K which leaves a polypeptide at the cross-linking nucleotide. The mRNA is

converted to cDNA by reverse transcription, using a primer comprising two cleavable adaptor regions and

a three-nucleotide random barcode. The remaining polypeptide causes premature truncation of reverse

transcription at the cross-link site, so that the last nucleotide added during the reverse transcription

corresponds to the nucleotide directly downstream of the cross-link nucleotide.

Figure 13 | Schematic representation of the iCLIP protocol (König 2010).

The cDNA is circularised and linearised by cleaving the adaptor with a specific retriction enzyme.

The cDNA is then amplified and sequenced using Illumina high-throughput sequencing. The reads are

mapped to the human genome after removing the adaptors from both ends of the sequences. The reads

presenting the same barcode and the same position are removed to prevent PCR amplification artefacts.

We obtain the number of binding events for a single nucleotide by counting the cDNAs with a different
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barcode that identify the same cross-link nucleotide (cDNA count, Figure 14).

Figure 14 | cDNA count.
The reads (colored rectangles) are mapped to a referencd genome. The barcode (three random nucleotides on
the left of the reads) allows to distinguish the PCR duplicates (number in brackets) from number of cross-linked
mRNAs (cDNA count on the right) (König 2010).

1.6 Molecular Mechanism of mRNA Splicing Regulation by hnRNP Particles

The aim of this project is to gain understanding of the molecular mechanism of splicing regulation by

hnRNP particles in human. We especially focus on hnRNP C, which appears to have a role in alternative

splicing.

A first study was carried out in cooperation between three institutions: the MRC-LMB (Medical

Research Council - Laboratory of Molecular Biology), the EMBL-EBI (European Molecular Biology

Laboratory - European Bioinformatics Institute), both located in Cambridge (UK), and the Faculty of

Computer and Information Science in Ljubljana, Slovenia20. The first publication described the novel

iCLIP experiment and revealed the the involvement of hnRNP C in splicing regulation. The present

work continues this project and aims to unravel the role of hnRNPC in the control of Alu exonisation

and the interaction of hnRNPC with the component of the splicing machinery U2AF65 . My work has

focused so far on the later question and is being carried out at the Luscombe Group at EMBL-EBI, in

collaboration with the Ule Group from the MRC-LMB.

1.6.1 hnRNP Particles

hnRNP C is a 304 amino-acid protein of the heterogeneous nuclear ribonucleoprotein family (hnRNP)

and binds to poly-uridine (poly(U)) tracts on RNA. It is one of the most abundant proteins in the nucleus.

hnRNP C1 and C2 are protein isoforms which derive from an alternative splicing event (hnRNP C2 is

13 amino acids longer than hnRNP C1). Each monomer contains three regions: an N-terminal RNA-

recognition motif (RRM), a C-terminal auxiliary domain that is rich in acidic residues, and a motif that

promotes the oligomerisation21. They form a tetramer composed of three hnRNP C1 and one hnRNP

C2. Figure 15 shows the tetramer conformation by electron microscopy. The 3D structure of hnRNP

C is not completely solved. The tetramer binds approximatively 235 nucleotides and is thought to pack

RNA in a similar fashion to DNA within nucleosomes22. hnRNP C only present in the nucleus most

of the time, but it can also be found in the cytoplasm during mitosis when the nuclear membrane is

9
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diseassembled23.

Figure 15 | Electron micrographs of negative staining of hnRNP C tetramer.
The most compact and common forms of the hnRNP C tetramer are shown (Rech 1995).

1.6.2 How can hnRNP C regulate splicing events?

Despite its abundance and the large number of studies, the exact role of hnRNP C is not clearly identified

yet24. However, several studies have indicated of hnRNP C in alternative splicing events. The iCLIP

experiment performed by Ule and colleges showed that hnRNP C promotes the exclusion of exons by

binding the polypyrimidine tract at 3’ splice sites. By contrast, exons included by the action of hnRNP

C do not appear to have a specific binding site. The study proposed a model for splicing regulation20

(Figure 16). As the average size of an exon is about 160 nt, when hnRNP C binds directly downstream

an exon, the entire exon is wrapped aroud the tetramer and excluded from the mRNA. When hnRNP

C wraps up an intron, it helps the splicing process by moving the two splice sites closer to each other.

By using the iCLIP technic coupled with splice-junction microarrays and RNA-seq data, we will try

to understand more precisely how hnRNP C can influence alternative splicing. As hnRNP C binds to

poly(U) tracts like other well known proteins involved in the splicing process, there is a hypothesis that

it prevents the binding of splicing regulators and as a consequence influences the choice of the exon to

splice. Interesting candidates for competitive binding are PTB and U2AF65 .

Figure 16 | A model of the hnRNP C tetramer binding at silenced and enhanced alternative exons.
The tetramer is represented in yellow. The grey correspond to the RNA-recognition motif, binding 6-5 nucleotides
poly(U) tracts. hnRNP C wraps up arround 165 nt. The left schematic depict how hnRNP C silences the blue
exon, and the right part how it enhances the inclusion of the red exon (König 2010).

The polypyrimidine tract-binding protein (PTB) is known as a splicing repressor and also as a splicing

activator according to the cis-active site it binds. PTB can bind upstream of the 3’ splicing site of an

exon and prevent the binding of U2 auxiliary factor (U2AF) which is essential for the recruitment of

the spliceosome. In addition, PTB can bind at intronic splicing enhancers (ISE), and promote exon

inclusion25, 26.

10



2 MATERIAL AND METHODS

U2AF is composed of a large and a small subunit: U2AF65 and U2AF35. The large subunit U2AF65

is well known to interact with polypyrimidine tracts upstream of the 3’ splice site. It appears early in the

assembly of the spliceosome and is essential for defining the 3’ splice site27. When the polypyrimidine

tract is not accessible, U2AF65 cannot recognise the splice site and the exon is excluded from the mRNA.

In this study, we will assess whether hnRNP C affects the regulatory factors PTB and U2AF65 .

2 Material and Methods

The study was conducted in two steps. In the first step members of the Ule Group performed the wet-lab

experiments at the MRC-LMB. In the second step, the data analysis was performed by the members of

the Luscombe Group, including myself.

2.1 Experiments and Available Data

All experiments were performed with HeLa cells, which is one of the oldest and most commonly used

human cell lines.

2.1.1 Knockdown of hnRNP C

To understand how hnRNP C influences the splicing regulation, we have to see how splicing is affected

when hnRNP C is absent from cells. For that, expression of hnRNP C is silenced using a small interfering

RNAs (siRNAs), which are a class of double-stranded RNA molecules that are naturally found in the

cell. Their most notable role is their involvement in the silencing of exogenous RNA e.g. from viruses.

Double-stranded siRNAs are recognised within the cytoplasm by a protein complex called RNA-induced

silencing complex (RISC). RISC becomes active by liberating one strand of the siRNA and using it as a

template to recognise complementary mRNA. When it binds a complementary strand, it activates RNase

which degrades the bound mRNA.28. This process was discovered by Andrew Z. Fire and Craig C. Mello

who received the Nobel price in 2006 for this discovery. Since 2006, RNA interference is commonly used

to silence the expression of a gene by synthetising siRNAs that bind specifically to the target mRNA.

Table 1 | siRNA sequences used to knockdown hnRNP C.

siRNA Sequence
siRNA1 GCUUUGCCUUCGUUCAGUAUGUUAA
siRNA2 AAGCAGUAGAGAUGAAGAAUGAUAA

Table 1 represents the two siRNAs that were used to knockdown hnRNP C and Figure 17 shows

where they bind to the hnRNP C transcript.

By silencing hnRNP C we can analyse the splicing events that are influenced by this protein. If an

exon appears to be skipped more frequently in the knockdown, it means that inclusion of this exon is

enhanced by hnRNP C. By contrast, if an exon is included more in the knockdown, it can be considered

to be silenced by hnRNP C.
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Figure 17 | Genomic location of the siRNAs used for the knockdown of hnRNP C.
Screenshot from the UCSC Genome Browser.

2.1.2 Splice-Junction Microarray

The data below was acquired from the König 2010 study20 (see the supplementary methods for more

details). The labeled mRNA from hnRNP C knockdown and control HeLa cells was hybridised on a non-

commercial human exon-junction microarray. The microarray produced by Affymetrix, monitors 260,488

exon-exon junctions of 315,137 exons. The analysis was done with the ASPIRE3 algorithm (Analysis

of SPlicing Isoform REciprocity, version 3). ASPIRE3 predicts splicing changes from reciprocal sets of

microarray probes and recognises inclusion or skipping of an alternative exon.

Table 2 | Preview of the splice-junction microarray data.

rowID hg19 in hg19 skip strand hg19 annotated exons ∆T ∆I rank
1 chr1:321033-321264 chr1:320939-322038 + CE 1.11 -0.05
2 chr1:322039-322228 chr1:320654-324288 + CE 1.11 0.11
3 chr1:776581-778969 chr1:764485-783034 + CE 0.82 0.03
4 chr1:783035-783186 chr1:764485-787307 + CE 0.82 -0.12
5 chr1:784865-784982 chr1:783187-787307 + CE 0.82 0.09
6 chr1:787308-787490 chr1:764485-788051 + CE 0.82 -0.07
7 chr1:788052-788146 chr1:787491-788771 + CE 0.82 -0.19

An extract of the results from the ASPIRE3 analysis is presented Table 2. The data structure includes

the position of an alternative exon and its flanking constitutive exons. The ”hg19 in” column corresponds

to the chromosome number followed by the position of the first nucleotide of the preceding intron, and

the last nucleotide of the proceding intron, according to the human reference genome. The ”hg19 skip”

column gives the positions of the first and last nucleotides of the alternative exon. The ”annotated

exons” column corresponds to the type of alternative exon (CE: Cassette Exon, A3SS: Alternative 3’

splice site, A5SS: Alternative 5’ splice site, IR: Intron Retention). ∆T represents the fold change in

transcript abundance, and ∆I rank is the change in relative exon abundance corrected by a modified

t-test.

∆I rank is used to detect the significant exon splicing changes between the wild type and the knock-

down of hnRNP C. The alternative exons with ∆I rank ≤ -1 are considered to be significantly more

skipped in the wild type (defined as silenced by hnRNP C), and those with ∆I rank ≥ 1 are considered

to be more included in the wild type but skipped in the knockdown (defined as enhanced by hnRNP C).

ASPIRE3 was able to monitor 53,624 alternative splicing events (AS). In the first part of study, we

focus only on cassette exons annotated in Ensembl. From the 19,027 cassette exons in the dataset, 871

were significantly changed (Table 3).
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Table 3 | Splice-junction microarray exons regulated by hnRNP C.

Total AS CE Enhanced CE Silenced CE
53,624 19,027 450 421

2.1.3 RNA-seq

The RNA-seq was performed on poly(A)+ mRNA (i.e. a poly(dT) oligonucleotide that is complementary

to the poly(A) tail is used as a primer during the reverse transcription) using Illumina GAII (Genome

Analyser II) sequencing system. The reads were aligned to the human genome version hg19 using

TopHat29. TopHat is a splicing-aware alignment program that maps reads that overlap exon-exon-

junctions seperated by introns. By splitting the reads, it is able to detect splice junctions. The alternative

exons were annotated using Ensembl annotation, and the novel exons detected by the RNA-seq were

predicted using Cufflinks30. The RNA-seq experiments upon knockdown of hnRNP C with siRNA1 and

siRNA2 are referred to as RNA-seq 1 and RNA-seq 2, respectively, in the following analysis.

Table 4 | Preview of the RNA-seq data.

space start end strand reg.type siRNA1
chr1 169798404 169798590 + enhanced
chr6 41057318 41057449 + enhanced
chr6 41057943 41058048 + enhanced
chrX 64749474 64749758 - enhanced
chr12 9098825 9099001 - enhanced
chr8 17417837 17418042 + enhanced
chr3 129286335 129286447 - enhanced

Table 4 shows the data from annotated cassette exons that are differentially spliced in the knockdown

of hnRNP C by siRNA1 that are used for the first part of the study. The coordinates are taken from the

Ensembl annotation. ”Enhanced” means that the exon is downregulated in the knockdown compared

to the wild type, i.e. its inclusion is enhanced by hnRNP C under normal condition. By contrast, a

”silenced” exon is upregulated in the knowkdown. The number of regulated casette exons detected upon

knockdown with siRNA1 and siRNA2 is presented Table 5.

Table 5 | RNA-seq exons regulated by hnRNP C in the two knockdowns.

siRNA Total CE Enhanced CE Silenced CE
siRNA1 5,368 4,085 1,283
siRNA2 488 309 179

2.1.4 iCLIP Experiment

iCLIP experiments give the position of RNA-protein cross-link events at a single nucleotide resolution.

Table 6 gives an example of iCLIP data on hnRNP C. The columns ”Chr” and ”Xnt” give the chromosome

and the position of the cross-link nucleotide respectively. The count corresponds to the number of cDNAs

detected at this position, which is also the number of binding events on this nucleotide.
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Table 6 | Preview of the iCLIP data.

Chr Xnt strand count

chr10 100000151 + 3
chr10 100000225 + 1
chr10 100000226 + 5
chr10 100000244 + 2
chr10 100000263 + 7
chr10 100000350 + 1
chr10 100000381 + 10

2.2 Computational Methods

2.2.1 RNA splicing map

The RNA splicing map is an integrative approach to study splicing regulation. By combining genome-

wide protein-RNA interaction maps (iCLIP) with the results of splicing profiling (splice-junction microar-

ray or RNA-seq), we are able to determine the position-dependent regulatory effects of an RNA-binding

protein31. This representation was first used to study the position-splicing regulation by Nova32, and

later for hnRNP C20. This previous study combined hnRNP C-dependent splicing events detected by

microarray analyses with hnRNP C positioning determined experimentally from iCLIP.

Figure 18 | Initial RNA splicing map of hnRNP C.
Results from König 2010 study.

Figure 18 shows the RNA splicing map that was obtained using a set of regulated exons from the

splice-junction microarray previously described. In my work, I produced new RNA splicing maps using

several new iCLIP data sets and new splicing profiles from RNA-seq.

I wrote the scripts in R using the Bioconductor packages (in particular GenomicRanges1). Biocon-

ductor is an open source software project that provides tools for the analysis of high-throughput genomic

data. GenomicRanges provides an efficient tool to manipulate interval positions to find overlap among

data sets.

The general principle of the RNA splicing map is shown Figure 19. Exons are separated according to

their splicing profile i.e. enhanced, silenced or non-regulated (control). A window of 450 nucleotides (nt)

is defined around each end of an exon: 400 nt into the intron and 50 nt into the exon (grey rectangles).

1http://www.bioconductor.org/packages/release/bioc/html/GenomicRanges.html
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Figure 19 | Schematic of the RNA splicing map.
Exons are separated according to how a protein regulates their inclusion (splicing profile). Exons are either
enhanced (red), silenced (blue) or non-regulated (grey). A 450-nucleotide window is defined around each end of
an exon (grey rectangles). From each exon, the number of protein binding events (orange ellipse) is summed,
averaged and plotted on the RNA splicing map.

If exons are shorter than 100 nt or introns are shorter than 800 nt, a smaller window is used. In

each window, I calculated the relative positions of the RBP binding events. The RBP binding events

are summarised by summing the cDNA count for each position and averaged by the total number of

regulated exons. To smooth the map, the number of binding events per position is averaged every 15 nt.

The three splicing profiles are then plotted in one graph. The silenced exons are in blue, the enhanced

in red and shown as negative values, and the non-regulated exons are in grey, plotted twice as positive

and negative values.

Figure 20 | The RNA splicing map design for the splice-junction microarray and the RNA-seq data.
The RNA splicing map design for splice-junction microarray data shows the cassette exons, the flanking exons,
and the control set of non-regulated exons. RNA-seq data focus on the cassette exons thus the RNA splicing
map shows only the regulated exons.

The splice-junction microarray provides the positions of the cassette exons and their flanking exons.

This information comes from the probe design used for the microarray. The RNA-seq data only provides

the position of the annotated cassette exons. For the moment, we do not have a set of control exons

from the RNA-seq. Therefore, the RNA splicing maps drawn with the regulated exons from RNA-seq

are smaller and do not have any control, but the RNA splicing maps from the microarray can be used

as a reference. A comparison of the RNA splicing maps from the two techniques are presented in Figure

20.

For each method of splicing profiling, the script produces two RNA splicing maps. One provides

the average number of binding events per exon (cDNA count per exon), whereas the other provides the
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percentage of exons bound by the protein per nucleotide (occurrence). iCLIP data are not normalised

to the transcript abundance. When a mRNA is highly expressed, more binding sites are present for the

protein, which can generate higher cDNA counts for the same exon. As a result, the map which counts

the average number of binding events can contain a high peak resulting from only one exon, which does

not reflect a general position-dependent binding of the protein. By comparing the the two maps, we can

discriminate global position-dependent bindings from artefacts.

Figure 21 | RNA splicing maps of hnRNP C.
The RNA splicing maps for hnRNP C generated with the published iCLIP data are plotted with the regulated
exons from the splice-junction microarray. The RNA splicing map that counts the binding events (on the left)
presents two high peaks, one on the silenced exons and the other on the enhanced exons (marked by grey arrows),
whereas the occurrence graph (on the right) does not have them. These peaks on the left correspond to two
non-coding RNA highly expressed in the nucleus.

Figure 21 shows a typical example of an artefact caused by two highly expressed non-coding RNA.

The RNA splicing map that counts the binding events, presents two peaks upstream of the 3’ SS of

the silenced cassette exons, and one peak downstream of the 5’ SS of the enhanced exons (marked by

grey arrows). The two peaks correspond to two highly abundant snoRNAs bound by hnRNP C (small

nucleolar RNA, SNORD17 and SNORD12B). These two non-coding RNAs have been removed from the

set of regulated exons for all remaining results. On the RNA map counting the number of exons, only

one peak on the silenced exons is conserved (marked by black arrows).
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3 Results

3.1 Genome Browser Preview

The first way to explore the data is to transform the files into bed format and import them in a Genome

Browser. The Integrated Genome Browser33 (IGB) is a tool used to plot RNA-seq results with iCLIP

data on the genome.

Figure 22 | The genomic location of hnRNP C cross-link nucleotides on two genes.
In this diagram, green track plots the number of hnRNP C binding events from iCLIP, red track plots the RNA-
seq reads from the knockdown of the hnRNP C protein, and blue track plots reads from the wild type. The
arrows point to the binding sites of hnRNP C. In the knockdown, we see the inclusion of exons that are mostly
excluded in the wild type. On the left, we see expression of cassette exon from CD55 gene, but on the right, we
see the expression of an unannotated exon (marked with ”?”).

Figure 22 shows two splicing events linked with the hnRNP C binding position. The number of

hnRNP C binding events are represented in the green track, RNA-seq reads from the wild type in the

blue track and RNA-seq reads from the knockdown of hnRNP C by siRNA2 in the red track. On the left,

the CD55 gene contains an annotated cassette exon (blue box) that is mostly silenced in the wild type

but highly expressed in the knockdown. Upstream of this exon, we can see a peak of hnRNP C binding

on the green track. On the right, we also see hnRNP C binding events on the PTS gene, however, here

there is expression in the knockdown but there is no annotated exon.

Looking at the exons one by one is an exhausting task. The RNA splicing map is an appropriate tool

to summarise the effect of hnRNP C on the splicing regulation.

3.2 RNA splicing map on the Sets of Regulated Exons

3.2.1 hnRNP C RNA splicing map

Several iCLIP experiment for hnRNP C have been performed to calibrate the protocol. The following

RNA splicing maps use the largest iCLIP dataset. This dataset differs from the previously published

iCLIP experiment where it uses a more specific antibody that increases the quantity of extracted cross-

linked pre-mRNA.

Figure 23 demonstrates that my script is able to generate similar results to the published RNA
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Figure 23 | Microarray-based RNA splicing map of hnRNP C.

splicing map. The new iCLIP experiment produced thirteen times more data than the one presented in

the first publication and the global effect of hnRNP C on the exon silencing is still visible. hnRNP C

highly binds to the polypyriminine tract upstream of the 3’ SS of the silenced cassette exons, whereas

exons enhanced by hnRNP C do not present a position-dependent binding of the protein. The maps do

not show strong artefacts, and the percentage of bound exons in the area of the high peak is ten times

higher than in the previous study.

The following RNA splicing maps are based on the regulated annotated exons detected by the two

RNA-seq experiments (Figure 24). As previously explained, these maps neither show the flanking exons

nor a control set of non-regulated exons.

We can see that even through the RNA-seq 1 experiment has detected more regulated exons, the RNA

splicing map reveals that this set of exons might contain a lot of false positives. Indeed, the binding

profile of hnRNP C is closer to the profile on the non-regulated exons shown in grey in Figure 23. The

peak upstream of the silenced cassette exons is still visible, but less notable than in the RNA-seq 2-based

map. The set of regulated exons detected with the RNA-seq 2 experiment is smaller, but seems to be

more specific to show the position-dependent regulation by hnRNP C. As the maps plotting the number

of bound exons do not show any noticeable artefacts, and the two maps produce identical profiles, we

will not show both maps in the following sections.

In conclusion, the two different maps based on the microarray and the RNA-seq 2 are able to depict

the position-dependent regulation by hnRNP C and support the regulation model described in Figure

16. The dataset provided by RNA-seq 1 is less reliable and less informative than the microarray and the

RNA-seq 2 datasets.
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Figure 24 | hnRNP C RNA splicing map with the RNA-seq exon sets.

3.2.2 PTB RNA splicing map

Having defined two reliable sets of exons regulated by hnRNPC and knowing the position-dependent

regulation profile for hnRNP C, we can now investigate important proteins related to the hnRNP C

function. The first protein we test is PTB. This protein is known to bind polypyrimidine tracts and

regulate the exon inclusion.

By plotting the binding location of PTB on the exons regulated by hnRNP C, we want to see if

PTB plays a role in hnRNP C-mediated regulation. PTB has a position-dependent effect on splicing

(upstream of the exon to silence it, or downstream of the exon to help its inclusion). If PTB regulates

the same exons as hnRNP C, we expect to see a specific position on the RNA splicing maps.

Figure 25 shows PTB binding events on the two sets of regulated exons. The scales demonstrate

that PTB binds much less than hnRNP C (0.15% maximum of bound exons, compared to about 5%

for hnRNP C). The microarray-based maps (Figure 25 a and b) do not show a specific binding location

of PTB on the regulated exons compared to the control. The RNA-seq 2-based map provides similar

results. Indeed, it seems that PTB has more significant binding events on the silenced exons, but the
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Figure 25 | PTB RNA splicing maps.

signal is so weak that an increase in one position can drastically change the proportions in the graph.

Thus, the slight increase of binding events in Figure 25c is not significant.

In conclusion, I find that PTB binds the exons regulated by hnRNP C in a same way as the non-

regulated exons. Thus, PTB is not involved in the splicing regulation by hnRNP C in a position-specific

manner.

3.2.3 U2AF65 RNA splicing maps

U2AF65 is a protein that is directly involved in the splicing process. It recognises a polypyrimidine tract

upstream of the exon and defines the 3’ splice site of the intron. Like PTB, we want to see how U2AF65

binds on the exons regulated by hnRNP C. The binding of U2AF65 recruits of the spliceosome and thus

causes inclusion of the exon. If hnRNP C has a direct effect on the splicing regulation, we expect to

see a different profile of binding events of U2AF65 among the exons enhanced and silenced by hnRNP

C. U2AF65 should bind less upstream of the silenced exons compared to the enhanced, as they are not

included into the mature mRNA.

Figure 26 shows the binding profile of U2AF65 on the two different sets of exons regulated by hnRNP

C. As expected, U2AF65 has a high affinity for the polypyrimidine tracts upstream of the exons. The
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Figure 26 | U2AF65 RNA splicing maps.

first notable observation from Figure 26a is that U2AF65 has two times more binding events on the

flanking exons than on the cassette exons. We can explain this by the fact that the flanking exons are

predominantly constitutive exons, so they are always included into the mature mRNA. As a consequence

they are always bound by U2AF65 , whereas the cassette exons are not always included, thus the average

number of binding events of U2AF65 reflects this difference of inclusion. The second notable observation

is the difference of the binding profiles on the enhanced and silenced exons. U2AF65 binds more on the

enhanced exons than on the silenced exons.

Here we plot the U2AF65 binding events detected in wild type cells on hnRNP C regulated exons. If

hnRNP C prevents the binding of U2AF65 , the binding profile of U2AF65 should change in cells which

do not express hnRNP C.

In order to test this hypothesis, two iCLIP experiments were performed to detect U2AF65 binding

events on two cell lines where hnRNP C was silenced using siRNA1 or siRNA2. The RNA splicing

maps based on RNA-seq 2 are presented in Figure 27. The U2AF65 iCLIP experiment in the wild type

produced slightly more reads than in the knowkdown. The number of binding events in the wild type

and the knockdown were normalised to compare the two maps.

The comparison shows that the binding profile of U2AF65 in the knockdown of hnRNP C is completely
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Figure 27 | RNA splicing maps of U2AF65 binding events in the wild type and upon the knockdown of hnRNP
C with siRNA2.

inverted. In the wild type, U2AF65 binds two times more on the enhanced exons than on the silenced. By

contrast, in the knockdown, we see that U2AF65 binds more on the silenced exons than on the enhanced.

These results show good evidence for the competition we suggested.

hnRNP C seems to have a direct effect on the splicing decision by controlling the binding of U2AF65 (

recall that U2AF65 is necessary for the recruitment of the spliceosome). Our results show that hnRNP C

regulates the inclusion of exons by competing with U2AF65 for the polypyrimidine tract. This information

enriches our understanding of the model of splicing regulation by hnRNP C presented in Figure 16.

3.3 Analysis on Alu elements

Now that we have a model of the splicing regulation by hnRNP C, we can focus on a specific set of

exons that show specialised regulation by hnRNP C. We have introduced the role of alternative splicing

in evolution, and illustrated it with the example of the exonisation of the Alu elements. In the next

sections, we will begin to look at how hnRNP C is involved in the silencing of the Alu elements.

The previous analysis described above uses annotated exons from Ensembl. The remaining part of

this paper describes analysis using unanotated exons differentially expressed from the RNA-seq. The

RNA-seq data from the wild type and the knockdown of hnRNP C was analysed using Cufflinks to reveal

the unannotated exons. By comparing these exons with the Alu dedicated database using RepeatMasker,

we extracted the hypothetical exonisation events of Alu elements.

3.3.1 U2AF65 on Alu exons

To confirm the model of splicing regulation by hnRNP C on the Alu exons, I performed the same analysis

on the new set of Alu exons from RNA-seq 2. Figure 28a shows the binding profile of hnRNP C on the

Alu exons detected by RNA-seq 2. hnRNP C binds to these exons with exactly the same profile as the
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previously analysed exons. In the wild type, U2AF65 binds more on the enhanced Alu exons, and much

less on the silenced. In the knockdown of hnRNP C, both enhanced and silenced exons are bound by

U2AF65 (Figure 28c), but we can see that there is a much stronger increase detected on the silenced

exons. Our results show that hnRNP C has a clear effect on the exclusion of the Alu exons, suggesting

that hnRNP C silences the Alu exons which prevents the emergence of new isoforms in human.

Figure 28 | RNA splicing maps of hnRNP C and U2AF65 binding events in the wild type and upon the knockdown
with siRNA2.

3.3.2 Heatmap

Another way to see the competition between hnRNP C and U2AF65 on the Alu exons is to generate a

Heatmap. A Heatmap is a graphical representation of data in a two-dimentional table where the values

are represented as colors. Here, I generate a Heatmap that represents the number of binding events of

hnRNP C and U2AF65 in the wild type and the knockdown in a window of 80 nucleotides upstream of

the 3’ SS (Figure 29). Each line represents one regulated Alu exon, and the gradient color encode the

number of binding events (the darker the blue, the more binding occurs).
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Figure 29 | Heatmap of the binding events of hnRNP C and U2AF65 in the wild type and the knockdown of
hnRNP C on Alu exons.
Each line of the heatmap corresponds to the 80 nucleotides upstream an Alu exon. The blue spots are the binding
events of the proteins. The gradient correspond to the cDNA count.

With this figure, we can directly visualise the competition between the two proteins. The first and

the second columns represent hnRNP C and U2AF65 binding in the wild type, whereas the third and

the fourth column show U2AF65 binding in the two knockdown experiments.

The script used to generate this figure could not be completed. In the future, the sequences will be

clustered to better visualise the concurrent pattern between hnRNP C and U2AF65 binding. However,

even with this incomplete heatmap we can see that the sequences are ordered, and that the top half of

the Heatmap reveals competition. In the wild type, we see that U2AF65 binds less at positions where

hnRNP C highly binds, whereas in the knockdown, U2AF65 binds much more at the same location than

hnRNP C.

With the Heatmap, we can see that hnRNP C regulate a large fraction of the Alu exons. This

reinforces the idea that a competition between hnRNP C and U2AF65 for the polypyrimidine tract

exists upstream of the exons.

4 Discussion and Conclusion

Alternative splicing is a highly regulated process that increases the proteomic diversity. It plays an

important role in cellular differentiation, in evolution and in disease. The principal factors of splicing

regulation are RNA-binding proteins (RNPs). By combining genome-wide protein-RNA interaction maps
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with the analysis of splicing profiles, we are now able to determine the position-dependent regulatory

effect of an RBP.

The aim of this study was to gain on understanding of the molecular mechanism of splicing regulation

by hnRNP C in human. A previous study revealed the role of this RNA-binding protein in splicing

regulation20, but we continued to investigate hnRNP C’s’ role in affecting splicing decision. We used

an integrative approach to study splicing regulation by hnRNP C by combining the data from several

techniques: iCLIP, splice-junction microarray and RNA-seq.

We have demonstrated that hnRNP C has a high affinity for the polypyrimidine tracts upstream of

the 3’ splice site of the cassette exons. hnRNP C does not compete with the polypyrimidine tract-binding

protein (PTB) to regulate splicing. However, we have shown that hnRNP C and U2AF65 share the same

binding location. Our results show that hnRNP C is likely to compete with U2AF65 to regulate the

splicing decision of cassette exons. A model of the competition is shown in Figure 30.

Figure 30 | Model of the splicing regulation by hnRNP C

We propose that by binding the intron in a non-position-dependent manner, hnRNP C packs the

mRNA and moves the splice sites closer to facilitate splicing20. When hnRNP C binds the polypyrimidine

tract upstream of the 3’ splice site, it prevents the binding of the large subunit of U2 auxiliary factor that

is necessary to recruit the spliceosome. As a consequence, the U1 snRNA molecule of the spliceosome

interacts with U2 binding at the following exon, and thus ultimately induces the skipping of the cassette

exon, as depicted in Figure 30.

hnRNP C might not regulate all the cassette exons, but the model of the regulation seems to apply

for a particular type of exons involved in evolution. The Alu transposable elements are known for their

ability to be exonised and to induce new isoforms. hnRNP C appears to have a high affinity for those

exons and to silence their erroneous inclusion. The next part of the project will focus on the study of

the regulation of the Alu elements by hnRNP C and its involvement in human evolution.
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