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Abstract
Zaghlool, A. 2013. Genome-wide Characterization of RNA Expression and Processing.
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine
939. 61 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-8784-3.

The production of fully mature protein-coding transcripts is an intricate process that involves
numerous regulation steps. The complexity of these steps provides the means for multilayered
control of gene expression. Comprehensive understanding of gene expression regulation is
essential for interpreting the role of gene expression programs in tissue specificity, development
and disease. In this thesis, we aim to provide a better global view of the human transcriptome,
focusing on its content, synthesis, processing and regulation using next-generation sequencing
as a read-out.

In Paper I, we show that sequencing of total RNA provides unique insights into RNA
processing. Our results revealed that co-transcriptional splicing is a widespread mechanism in
human and chimpanzee brain tissues. We also found a correlation between slowly removed
introns and alternative splicing. In Paper II, we explore the benefits of exome capture approaches
in combination with RNA-sequencing to detect transcripts expressed at low-levels. Based on
our results, we demonstrate that this approach increases the sensitivity for detecting low level
transcripts and leads to the identification of novel exons and splice isoforms. In Paper III, we
highlight the advantages of performing RNA-sequencing on separate cytoplasmic and nuclear
RNA fractions. In comparison with conventional poly(A) RNA, cytoplasmic RNA contained
a significantly higher fraction of exonic sequence, providing increased sensitivity for splice
junction detection and for improved de novo assembly. Conversely, the nuclear fraction showed
an enrichment of unprocessed RNA compared to when sequencing total RNA, making it
suitable for analysis of RNA processing dynamics. In Paper IV, we used exome sequencing
to sequence the DNA of a patient with unexplained intellectual disability and identified a de
novo mutation in BAZ1A, which encodes the chromatin-remodeling factor ACF1. Functional
studies indicated that the mutation influences the expression of genes involved in extracellular
matrix organization, synaptic function and vitamin D3 metabolism. The differential expression
of CYP24A, SYNGAP1 and COL1A2 correlated with the patient’s clinical diagnosis.

The findings presented in this thesis contribute towards an improved understanding of the
human transcriptome in health and disease, and highlight the advantages of developing novel
methods to obtain global and comprehensive views of the transcriptome.
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APA Alternative polyadenylation 
AS Alternative splicing 
cDNA Complementary DNA 
ChIP Chromatin Immunoprecipitation 
CNV Copy number variation 
CTD The carboxy-terminal domain 
CytoRNA-seq Cytoplasmic RNA sequencing 
DCPM Depth of coverage per million mapped reads 
DNA Deoxyribonucleic acid 
ESE Exonic splicing enhancer 
ESS Exonic splicing silencer 
EST Expressed sequence tag 
ExomeRNA-seq Exome RNA capture sequencing 
GTF General transcription factor 
GWAS Genome-wide association studies 
ID Intellectual disability 
ISE Intronic splicing enhancer 
ISS Intronic splicing silencer 
LncRNA Long noncoding RNA 
mRNA Messenger RNA 
ncRNA Non-coding RNA 
PCR Polymerase chain reaction 
PIC Transcription pre-initiation complex 
Poly(A) Polyadenylation 
Poly(A) RNA Polyadenylated RNA 
Pre-mRNA Premature RNA 
qrtPCR Quantitative real time PCR 
RNA  Ribonucleic acid 
RNA pol II RNA polymerase II 
RNA-seq RNA sequencing 
RPKM Reads per kilobase per million mapped reads 
rRNA Ribosomal RNA 
SNP Single nucleotide polymorphism 
SNV Single nucleotide variant 
tRNA Transfer RNA 
TSS Transcription start site 
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Introduction 

The human body contains an estimated 1014 cells, representing a large 
number of different cell types with specialized function. Although the cells 
are highly specialized, each cell contains the information required to create 
all cell types in the body. This information is stored within the genome, 
which is located in the cell nucleus. The genome is divided into twenty-three 
pairs of chromosomes, with the father and mother contributing one 
chromosome to each pair. The biological information in our chromosomes is 
mainly encoded by deoxyribonucleic acid (DNA). The DNA structure was 
revealed in 1953 by Watson and Crick. Their model suggested that the DNA 
molecule forms a double helix of two long chains encoded by four different 
nucelotides1, called adenine (A), cytosine (C), thymine (T) and guanine (G). 
The genetic code is determined by the order of nucleotides, and this code 
allows for traits to be reliably passed from one generation to the next. 
Therefore, the discovery of the DNA structure resolved the mystery of 
inheritance that had previously puzzled scientists. 

Another breakthrough finding in genomics research took place in 2001 
when the sequence of the entire three billion bases that make up the human 
genome was published2,3. The completion of the human genome sequence 
has resulted in enormous surprises that fundamentally reshaped our view of 
genome architecture. The coding sequence represented only 1.5% of the 
genome and the number of coding genes is estimated to be between 20,000-
25,000 (International Human Genome Sequencing Consortium 2004), 
significantly fewer than previously predicted4.  

The fact that the number of genes was significantly lower than previously 
expected raised several important questions.  If we have the same number of 
genes as many other species, where does our complexity come from, and 
how can such a low number of genes give rise to the large number of 
encoded proteins? There must be many mechanisms, processes and 
elements, other than the genes, that help explain our complexity. Efforts by 
the Encyclopedia of DNA Elements Consortium (ENCODE) are aiming to 
answer this question by applying genome-wide assays to many different 
human cell lines. In a recent publication from the ENCODE Consortium, 
they claim to have assigned biochemical function to almost 80% of the 
genome, particularly in regions outside known genes and regions previously 
considered “junk” DNA5. Furthermore, genomic complexity in higher 
eukaryotes can be achieved not only by gene number, but also through 
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mechanisms that lead to the production of multiple proteins from the same 
gene2. These mechanisms include alternative splicing, RNA editing, trans-
splicing, alternative promoter usage, and post-translational protein 
modifications6,7. In addition, non-coding RNAs (ncRNAs), such as miRNAs 
and siRNAs, transcribed from intronic regions or from regions outside genes 
may add another layer of complexity to the genome by controlling multiple 
and large regulatory networks8-10. In light of the many mechanisms of 
regulation that exist at the level of RNA, and as it represents a direct output 
of genetic information, deciphering and interpreting the complexity of all the 
RNA in the cell (the so-called transcriptome) represents an important step 
towards decoding the functional elements of the genome. 

Initial estimates of the proportion of the genome that is transcribed have 
largely relied on hybridization-based microarrays. Results coming from 
these studies showed that transcription is pervasive and many transcripts fall 
outside known genes. The nature of these transcripts was unclear, but it was 
suggested to represent a combination of functional transcripts and biological 
or experimental background11,12. Recently, the ENCODE project performed a 
more comprehensive analysis of transcriptional landscape in 15 human cell 
lines using RNA sequencing (RNA-seq) in combination with other 
technologies. The data revealed that more than three-quarters of the human 
genome is capable of being transcribed, firmly establishing the reality of 
pervasive transcription14. 

My thesis is based on four genome-wide studies of the human 
transcriptome. The findings presented in all the studies contribute towards an 
improved understanding of the human transcriptome in healthy and diseased 
individuals and highlight the advantages of developing novel methods to 
obtain global and comprehensive views of RNA expression and processing.  

• Paper I focuses on using total RNA-seq to study nascent RNA 
transcripts and co-transcriptional splicing genome-wide.  

• Paper II highlights the benefits of using whole exome capture and 
massive parallel sequencing on cDNA to study the transcriptional 
landscape of human tissues and to identify novel transcripts and 
splice junctions expressed at low levels.   

• Paper III highlights the advantages of sequencing separated 
cytoplasmic and nuclear RNA fractions using a modified cellular 
fractionation protocol to investigate mature RNA transcripts from 
cytoplasmic RNA and nascent transcripts from nuclear RNA. 

• Paper IV describes a de novo mutation in the chromatin-remodeling 
gene BAZ1A in a patient with intellectual disability. It characterizes 
how the effect of the mutation on the expression and function of the 
gene may be linked to the clinical manifestations of the patient. 
 

 



 13 

The transcriptome: the faithful message 

Following the discovery of the genetic code, it was generally believed that 
genetic information flows from DNA to RNA to protein (i.e. the central 
dogma). As a consequence, it was assumed that RNA transcripts were 
primarily used as templates for translation to protein. Recent data have 
challenged this theory and showed that a large proportion of transcripts 
represent noncoding RNAs12. In fact, it is proposed that the regulatory 
potential of these noncoding RNAs correlates with the complexity of the 
transcriptome9,15. 

The transcriptome represents the complete collection of transcripts or 
RNA molecules present in a cell at a given time point. It is estimated that 
frequently expressed transcripts represent only 5% of the genetic code and 
only 1-2% protein coding transcripts16.  In multicellular organisms, nearly all 
the cells share the same genome. However, the gene expression profiles can 
significantly vary between different cell types. Moreover, the expression 
patterns inside a single cell may change at different developmental stages, 
during differentiation and in response to external stimuli. To achieve this 
complexity, the transcriptome relies on extremely tight, yet flexible and 
orchestrated, regulatory mechanisms that provide the cells with a unique 
expression pattern suitable for the cell specific function at that very moment. 
The regulatory mechanisms function in concerted action to control the four 
coordinates of gene expression: where, when, how much and for how long a 
single transcript is expressed. Therefore, completing the catalogue of 
transcripts and comparing transcription and RNA processing patterns in 
different cells and tissues at different developmental stages will allow us to 
understand what constitutes a particular cell type and how transcriptional 
dynamics may cause or contribute to disease. 

In the following sections of my thesis, I will shed some light on the basic 
principles and recent understanding of transcription and RNA processing 
machineries. I will also touch upon the contribution of different next-
generation sequencing technologies in expanding our knowledge of 
transcriptomics. 
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Transcription and gene expression 
The function and characteristics of any given cell are largely influenced by 
the cell’s protein content. The cell regulates how much of a protein is present 
or how active a protein is by mainly controlling gene expression. The 
expression of eukaryotic protein coding genes can be dissected into several 
major stages including transcription, pre-mRNA processing, 
polyadenylation, transport and translation. Transcription is the first stage of 
gene expression where a discrete segment of DNA, a gene, is copied into 
messenger RNA transcript in the nucleus by the enzyme RNA polymerase 
(RNA pol).  In eukaryotes, there are three different types of RNA 
polymerases. RNA pol I produces most of the ribosomal RNAs (rRNAs). 
RNA pol II transcribes precursor RNAs (pre-mRNA) from genes which 
serve as templates for protein synthesis. RNA pol III catalyzes the synthesis 
of one small rRNA (5sRNA) and transfer RNAs (tRNAs). A simplified view 
of gene expression steps is illustrated in Figure 1. 
 

 
Figure 1. A schematic for the process of gene expression in a cell. First, both coding 
and noncoding regions of DNA are transcribed into RNA. Some regions are 
removed (introns) during initial RNA processing. The remaining exons are then 
spliced together. The spliced, polyadenylated and capped mRNA molecule (red) is 
then exported out of the nucleus to the cytoplasm. Once in the cytoplasm, the 
mRNA can be used as a template for protein synthesis. Figure adapted from © 2010 
Nature Education.   
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The first step in the transcription process is initiation. The initiation of tran-
scription requires the core enzymatic activity of the RNA pol II and multiple 
general transcription factors (GTFs)17-20. The transcription process also re-
quires cis-acting elements to ensure accurate gene expression.  

Cis-acting elements include a promoter, which is composed of a core 
promoter sequence that includes a TATA box or initiator element. The core 
promoter and the TATA box are located upstream the transcription start site 
(TSS), providing a secure initial binding site for GTFs, RNA pol II and the 
TATA box binding protein (TBP)21. The location of the core promoter and 
the binding of transcription factors influence the transcription rate and de-
termine the location of the TSS22. There are also distal regulatory cis-acting 
elements called enhancers, which are found at a considerable distance from 
the promoter they influence. Enhancer elements regulate gene activation 
when bound by activator proteins by changing the 3-D structure of the DNA 
to make it more accessible to transcription factors23.  

During transcription initiation, the GTFs assemble on the core promoter 
in an organized fashion forming a transcription pre-initiation complex (PIC), 
which facilitates the recruitment of RNA pol II to the TSS to ultimately form 
the transcription initiation complex24. Once transcription is initiated the 
carboxy-terminal domain (CTD) of RNA Pol II is phosphorylated and begins 
to recruit the factors needed for elongation and mRNA processing25. 
Concomitantly, RNA pol II begins unwinding the double stranded DNA and 
starts copying the template strand of DNA into RNA by adding nucleotides 
to the 3’ end of the growing transcript until the polymerase reaches the 
termination signal at the end of the coding sequence. The polymerase 
continues for several hundreds or even thousands of bases until it reaches the 
polyadenylation site (poly(A) site), a consensus sequence that is bound and 
cleaved by the polyadenylation complex. Following cleavage, a poly(A) tail 
is added to the newly synthesized mRNA transcript, a process called mRNA 
polyadenylation26. The newly synthesized mRNA is then exported to the 
cytoplasm and in most instances, translated into protein. It is important to 
mention that several polymerases can be found on the same gene producing 
multiple transcripts from a single gene copy27.  

Transcriptional regulation and RNA processing 

Chromatin remodeling 
DNA is condensed in the cell in a chromatin structure. The chromatin is 
composed of a repeated structural unite called a nucleosome which is 
comprised of 146 base pairs (bp) of DNA wrapped around a histone protein 
octamer formed from two copies of H2A, H2B, H3 and H428-30. Chromatin 



 16 

does not only serve as mechanism to condense DNA, but it also represents a 
barrier for the transcriptional machinery31-35. The nucleosome complexes are 
not static structures. Their dynamics of “opening” or “closing” the chromatin 
structure represent one of the fundamental layers of gene expression 
regulation34. Various protein complexes tightly regulate the dynamics of 
chromatin structures36, including the chromatin-remodeling complexes37. 
Chromatin remodelers are multi-protein complexes that utilize ATP 
hydrolysis to mobilize and disrupt histone-DNA contacts, allowing the 
transcriptional machinery to access DNA and consequently, to 
transcriptional activation38-40.  

All eukaryotes have at least five families of chromatin remodelers. The 
two best-studied families include SWI/SNF and ISWI. The functions of 
these families include, but are not limited to, chromatin assembly, 
nucleosome spacing, transcriptional repression, double stranded DNA-
damage repair and development38,41-43.   Given the fundamental role of these 
complexes in regulating spatial and temporal gene expression, mutations 
affecting the function of the components of chromatin remodeling 
complexes generally cause cancers and multi-system developmental 
disorders44-48. Moreover, recent family-based studies using exome 
sequencing show that de novo mutations in chromatin-remodeling proteins 
are linked to intellectual disability (ID), autism and other 
neurodevelopmental disorders48,49.  

RNA processing 
The production of fully mature protein-coding transcripts is a complex 
process that involves numerous tightly regulated yet flexible steps. The 
complexity of these processes provides the means for multilayered 
regulation of gene expression. During and after transcription, newly 
synthesized pre-mRNA transcripts undergo a series of modifications and 
processing steps in the nucleus before the fully mature RNA is exported to 
the cytoplasm. These processes include: a) 5´ pre-mRNA capping, the 
addition of altered guanine nucleotide to the 5´end of a growing RNA 
transcript (7-methylguanylate cap or m7G), b) pre-mRNA splicing, the 
removal the intronic sequences from the transcribed RNA, and c) 
polyadenylation, the addition of a poly(A) stretch to the fully transcribed 
RNA transcript by a tightly coupled cleavage and polyadenylation reaction. 

Pre-mRNA splicing 
In eukaryotic genes, the protein coding sequences (i.e. exons) are interrupted 
by intervening sequences called introns. These introns have to be precisely 
removed form the pre-mRNA to produce a mature mRNA transcript that will 
be used to produce a functional protein. The process by which introns are 
removed and exons are joined together is called mRNA splicing and it 
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occurs in the nucleus. The mechanism by which introns are removed from 
the transcript is dependent on two conserved sequences located at the 5´and 
3´ ends of introns. These specific sequences are called splice sites. Most 
often the dinucleotides GU is found at the 5´splice site (donor site) and an 
AG at the 3’ splice site (acceptor site).  Mutations disrupting these consensus 
sequences have been linked to aberrant splicing and disease (discussed 
further below)50. Another conserved intronic sequence that is also important 
for intron removal is called the branch site. It is often located anywhere 
between 21 to 34 nucleotides upstream of the 3´end of introns. The branch 
site typically contains the consensus yUnAy, where the underlined A is the 
branch point, n is any nucleotide, and the lowercase pyrimidines are not as 
conserved as the uppercase A and U51.  

The splicing process is carried out by a series of reactions catalyzed by a 
macromolecular machine called the spliceosome52. The spliceosome consists 
of small nuclear ribonucleoprotein particles (snRNPs) called U1, U2, U4, U5 
and U6, and a large number of non-snRNP factors53-55. The spliceosome 
assembly is initiated by a sequential recruitment of the spliceosome 
components to the intron (Figure 2). The U1 snRNP and the heterodimeric 
U2 snRNP auxiliary factor (U2AF) recognize the 5´ and the 3´ splice sites, 
respectively. Next, the U2 snRNP is recruited to the branch point site and 
then the U4-U5-U6 tri snRNPs join the spliceosome complex. This complex 
becomes activated by a series of structural rearrangements that ultimately 
leads to the joining of exons, spliceosome disassembly and release of the 
lariat intron. This splicing mechanism is called canonical splicing and 
accounts for more than 99% of the splicing events in eukaryotes56. Some 
introns do not possess the canonical 5´and 3´splice site sequences57. These 
introns are called minor introns and they are spliced using the U12 
spliceosome (also referred to as the minor spliceosome)58-60. The minor 
spliceosome contains the same U5 snRNP as the major spliceosome, but 
instead of having U1, U2, U4 and U6, it has U11, U12, U4atac and U6atac 
snRNPs. This minor splicing event is considered rare and it is still under 
debate whether it occurs in the nucleus or in the cytoplasm61,62. 
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Figure 2. Pre-mRNA splicing. The spliceosomal factors are sequentially recruited to 
the 5´splice site, 3´splice site and to the branch point. Once the complete 
spliceosome is assembled over the intron, the exons are joined together and the 
intron lariat is released. 

The evolution of pre-mRNA splicing  
The process of intron splicing requires an accurate definition of the intron 
boundaries. This occurs through base-pairing interaction between U-rich 
sequences in the spliceosomal components (snRNPs) and a particular 
intronic sequence located in the splice site vicinity63. While the U-rich 
sequences have remained conserved during evolution, splicing signals are 
substantially more variable in higher eukaryotes compared to yeast64. In the 
Saccharomyces cerevisiae (S. cerevisiae) genome, there are only ∼250 
annotated introns present in only 3% of the genes. The introns described in 
yeast are typically short and alternative splicing events are very rare65,66. 
Conversely, most genes in higher eukaryotes contain multiple introns with 
different lengths and alternative splicing is very common67. Therefore, the 
recognition of introns in higher eukaryotes depends on additional sequences 
(cis-elements) in exons and introns to compensate for the sequence 
divergence and the resulting poor splice site definition. 
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Alternative splicing: The source of functional and phenotypic diversity  
Before completion of the human genome sequence, it was hypothesized that 
there is a link between the complexity of an organism and the number of 
genes it possesses. The first draft of the human genome demonstrated that 
the number of genes in the human genome was lower than anticipated and 
not very different from the number of genes in several less complex 
organisms e.g. the fruit fly. One possible source of greater complexity in 
higher eukaryotes is alternative pre-mRNA splicing (AS), a process where 
exclusion of certain exons through splicing may give rise to a large number 
of different mRNA transcripts from the same gene. Despite the unexpectedly 
low number of protein coding genes identified in the human genome (around 
21,000), these genes code for more than 100,000 protein coding 
isoforms68,69. These isoforms can be created by several mechanisms 
including AS, alternative transcription initiation, and alternative 
polyadenylation.  

AS was first discovered in 1977 in adenoviruses70. It also occurs in other 
viruses such as HIV and cytomegalovirus71,72. In higher eukaryotes, AS has 
emerged as one of the most essential mechanisms underlying the phenotypic 
diversity displayed by mammalian cells. A single pre-mRNA transcript thus 
has the potential to give rise to a number of different protein isoforms simply 
by generating different combinations of exons via alternative splicing. In the 
human genome, up to 95% of the multi-exon genes are believed to be sub-
jected to alternative splicing, thereby greatly enriching the functional diver-
sity of the human proteome and adding additional layers for regulation of 
gene expression67,73-76. AS may create different mRNA isoforms that differ in 
their coding capacity or display distinctive stability; they can even have pro-
found effects on the protein properties77,78. Particular mRNA isoforms might 
be specific to a sex, developmental stage, cell or tissue type, or environ-
mental conditions78,79. For example, the human neurexin gene family of neu-
ronal proteins, has been reported to give rise to more than 3000 distinct 
mRNA isoforms80 which differ in their structure and their interaction capa-
bility with other proteins81,82. In other cases, products of AS might not code 
for a functional protein, but rather function as a negative regulator to prevent 
the overexpression of the encoded protein83. AS events can be classified into 
five major categories: a) exon skipping, representing the most common 
mode of alternative splicing, b) intron retention; c) alternative 5´splice site 
usage, d) alternative 3´splice site usage, and e) mutually exclusive exons. 

The precision of the AS process is a key element in gene expression and 
production of functional proteins. Therefore, aberrant AS may result in the 
creation of abnormal transcripts with incorrect gene products that might have 
severe effects and cause disease. In the last decade, a handful diseases have 
been reported to be associated with aberrant splicing events84-86. In fact, up to 
50% of the disease causing mutations introduce defects in the splicing 
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mechanisms87,88. Such mutations might be located in a splice site or other 
cis-acting sequence element that influence the recognition of the correct 
exon borders. 

Alternative splicing regulation 
AS has emerged as one of the most essential mechanisms underlying the 
complex phenotypic and functional diversity displayed by the mammalian 
cells. This enormous diversity is achieved by a tight regulation of AS 
outcomes. The production of multiple mRNA transcripts from a single gene 
often occurs through the inclusion or exclusion of different combinations of 
exons. In a typical mRNA transcript, some exons are constitutively spliced, 
i.e. they are always included in the transcript. Other exons are alternatively 
spliced, therefore, they are sometimes included and sometimes excluded. 
The decision of including or excluding a particular alternative exon is 
dependent not only on 5´ and 3´ splice site, but also on many cis-acting 
sequence elements distributed in exons and introns. These sequence 
elements provide flexibility in their usage and possibility of regulation by 
serving as binding sites for a series of splicing regulatory proteins89.  

Cis-acting elements can either promote exon inclusion (splicing 
enhancers) or exon skipping (splicing silencers) and both kinds occur in both 
exonic and intronic regions. These elements are classified as exonic splicing 
enhancers (ESE) or exonic splicing silencers (ESS) if they function from 
exonic locations, and as intronic splicing enhancers (ISE) or intronic splicing 
silencers (ISS) if they function from intronic locations (Figure 3). ESEs are 
the best characterized sequence elements, serving as binding sites for a 
family of proteins called SR (Ser–Arg) proteins. SR proteins influence the 
inclusion of exons by recruiting the splicing machinery to the adjacent 
exon/intron borders90,91. ESS and ISS repress exon inclusion by recruiting 
members of the heterogeneous nuclear ribonucleoprotein family (hnRNPs), 
such as hnRNPA190,92. Cis-elements have also been shown to influence 
splice site selection by altering splice site recognition through forming loop-
like secondary structures93. Furthermore, the concentration ratios between 
negative and positive splicing factors in a given cell influences splice site 
selection94. 
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Figure 3. Splicing regulation by the cis-acting elements and trans-acting splicing 
factors. Two alternative splicing pathways with the middle exon either included or 
excluded. Splicing enhancing signals are shown in green, while splicing inhibitory 
signals are shown in red. In this model, ESS or ISS are bound by hnRNPs and re-
press exon inclusion by inhibiting the recruitment of the splicing machinery (e.g. 
U2AF and U1). ESE or ISE serve as binding sites for SR proteins that influence the 
inclusion of exons by recruiting the splicing machinery. 

 
AS regulation also has an important role in tissue specificity75,95. Tissue-

specific AS events can be partially explained by tissue-specific expression of 
splicing factors, and their corresponding influence on their RNA targets96-99. 
Recently, large numbers of tissue-specific AS events have been identified90. 
The brain was found to harbor the highest incidence of AS events, as might 
be expected considering that the brain represents the most complex and 
functionally diverse tissue in the body. Relatedly, many brain-specific 
splicing factors have also been identified, such as NOVA1 and nPTB100,101. 
Cell type and developmental-specific expression of these factors was 
observed in proliferating and post-mitotic mouse brain cells, neural 
progenitor cells and in differentiated neurons100,102,103. These findings 
highlight the importance of deciphering the ‘splicing code’ to understand the 
molecular mechanisms that define the function and specificity of cells and 
tissues. 

AS is not only regulated through trans-acting splicing factors but also by 
processes linked to the transcription machinery. Recently, several lines of 
research have established that splicing is physically and functionally coupled 
with transcription, and that this coupling may influence AS regulation and 
other downstream RNA processing mechanisms104-106. This implies that 
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RNA processing factors are recruited to the emerging RNA transcript during 
transcription and that splicing occurs co-transcriptionally. Two models have 
been suggested to explain the coupling between the transcription unit and the 
splicing machinery107. The first model is called recruitment coupling where 
the CTD of RNA pol II plays a major role in co-transcriptional coupling 
between RNA biogenesis and processing108. In this model, the CTD of RNA 
pol II offers a flexible landing pad for various transcription and splicing 
factors, and facilitates their recruitment to the emerging nascent RNA 
transcript109. This recruitment may influence AS regulation by the ability of 
different transcription factors to recruit distinct splicing factors110. The 
second model is called the kinetic coupling111. This model proposes that 
RNA pol II-mediated elongation rate influences the regulation of alternative 
splicing and splicing outcomes by affecting the period during which splice 
signals are exposed to the splice factors in the growing nascent RNA 
transcript112. For example, if the RNA pol II elongation rate is high due to a 
strong upstream promoter or an open chromatin structures, it increases the 
possibility that weak 3´ splice sites around cassette exons will be 
outcompeted by an already transcribed strong 3´ splice site downstream. In 
comparison, low RNA pol II processivity will provide enough time for the 
splicing machinery to recognize any weak 3´splice sites leading to the 
inclusion of a cassette exon113. There are several lines of evidence that 
support this model114-116. For example, it has been demonstrated that slow 
transcription of the fibronectin gene (FN1) leads to the inclusion of the 
fibronectin extra domain 1 (ED1) exon which is preceded by a weak 3´splice 
site. However, when transcription elongation rate was higher, this exon was 
excluded117.  

More recent global studies have revealed a pausing of RNA pol II near 
the 3´end of intron-containing genes. It is suggested that the pausing 
represents a check point to allow the splicing machinery to cope with 
transcription118. There is also increasing evidence that chromatin status and 
histone modifications also play a key role in AS regulation119,120. The 
outcome of AS might also be affected by other post-transcriptional 
mechanisms such as RNA editing, mRNA decay and microRNA binding121-

123.  

Co-transcriptional splicing 
Transcription and pre-mRNA splicing were previously depicted as totally 
independent events. However, in the last decade, there is increasing evidence 
that splicing and transcription are actually coupled and that splicing can 
occur co-transcriptionally. Co-transcriptional splicing means that the 
splicing machinery is tightly coupled to the transcription units, thereby 
splicing out introns while transcription of the gene is still progressing. 
Illustration of co-transcriptional splicing is presented in Figure 4.  
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Figure 4. Co-transcriptional splicing. As the newly synthesized RNA emerges from 
RNA pol II, the splicing factors are recruited to the nascent transcript and the introns 
are excised prior to completion of the transcription process.  

Initial support for co-transcriptional splicing was achieved using electron 
microscopy of Drosophila melanogaster embryonic transcription units, 
visualizing intron lariat formation and associated ribonucleoproteins splicing 
complexes on transcripts that are still attached to DNA124. Since then, 
different approaches have been adopted to further investigate these 
observations. Immunofluorescent microscopy experiments demonstrated 
localization of splicing factors at sites of active transcription125,126. Moreover, 
RNA-FISH probes against exon-exon junctions showed partially spliced pre-
mRNA at their gene template, thereby suggesting that pre-mRNA splicing 
occur prior to transcript release127. Further evidence identified spliced 
mRNA, spliceosomal components and splicing factors in the chromatin 
environment of transcriptionally active genes128-131.  

Although multiple independent observations collectively suggest that co-
transcriptional splicing is the common splicing mechanism, other studies 
have revealed that splicing can also occur post-transcriptionally, after the 
transcript release from the template DNA130. Investigation of co-
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transcriptional splicing patterns in chromatin-associated RNA and free RNA 
in the nucleoplasm of human cell lines revealed that introns adjacent to 
constitutive exons are mostly co-transcriptionally spliced, and that these 
introns are removed in the 5´to 3´order. Meanwhile, 3´ introns were shown 
to be primarily post-transcriptionally spliced130. Internal introns harboring 
alternative exons are also excised during transcription, although with 
variable efficiencies114,130. These observations were recently validated using 
single molecule imaging of transcriptionally coupled and uncoupled 
splicing132. These data, in addition to the fact that co-transcriptional 
recruitment of SR proteins increases splicing efficiency133, suggests a 
regulatory potential of co-transcriptional splicing. Further studies have 
provided support for the kinetic coupling between splicing and transcription. 
One study analyzed chromatin associated nascent transcripts and revealed 
RNA pol II pausing at terminal exons134. Given that terminal exons are 
generally short, it was suggested that RNA pol II pausing would allow 
sufficient time for intron removal before transcript release. Similarly, 
another study reported that RNA pol II pausing at the 3´end of introns in 
reporter genes is coincident with splicing factor recruitment118. Together, 
these results suggest that co-transcriptional splicing in eukaryotes represents 
the rule rather than the exception.  

Early studies on co-transcriptional splicing were mainly based on a single 
gene or a limited number of genes. Consequently, an accurate estimation of 
the global frequency of co-transcriptional was lacking. Presently, recent 
advances in global approaches allow us to obtain more comprehensive and 
global analysis of co-transcriptional splicing events in tissues and cells. A 
handful of global analysis investigating co-transcriptional splicing events in 
tissues and cells in four different organisms have been published, including 
the analysis presented in Paper I in this thesis. Although these studies differ 
in their experimental and analytical strategies, they generally conclude that 
co-transcriptional splicing is widespread but not exclusive in cells and 
tissue134-139. The frequencies of co-transcriptional splicing reported in these 
studies are presented in Table 1. 
 

Table 1 Global studies on co-transcriptional splicing in four different organisms 

Organism Co-transcriptional splicing frequency 
S. cerevisiae134 0,74 
Drosophila135 0,83 
Human (HeLa cells)136 0,80 
Human (K562 cells)139 0,75 
Human (B-cells)137 0,75 
Mouse liver138 0,45 
Paper I in this thesis 0,84 
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Co-transcriptional splicing may be advantageous for gene expression as it 
may facilitate recognition of splicing signals as they stem from the 
elongating transcription unit, and it may provide a platform for transcription 
and splicing to regulate and facilitate reciprocal functions. For these reasons, 
additional extended analysis of co-transcriptional splicing on a global level 
will be important to fully understand mechanisms for gene expression 
regulation in development and disease. 

Polyadenylation 
The vast majority of protein-coding and noncoding RNA transcripts undergo 
polyadenylation in the nucleus, a process by which a stretch of adenine bases 
are added to the 3´end of RNA molecules. The proper addition of a poly(A) 
tail is required for nuclear export, stability of the mRNA transcript and for 
efficient translation by serving as a major docking platform for factors that 
control and regulate these processes140-142. Polyadenylation is a two-step 
process that involves an endonucleolytic cleavage of a newly produced pre-
mRNA transcript and an addition of 200-300 adenine residues. These steps 
require several cis-elements and various trans-acting proteins143. The key 
cis-elements include a polyadenylation signal (PAS), a motif with the 
consensus sequence AAUAAA located 15-25 nucleotides upstream of the 
cleavage site, and a downstream GU-rich sequence element. There are 
several essential trans-acting factors that catalyze polyadenylation and 
cleavage. These include the cleavage and polyadenylation specificity factor 
(CPSF), which recognizes the PAS, and the cleavage-stimulating factor 
(CSTF) that binds to the GU-rich region. These factors in turn recruit the 
poly(A) polymerase (PAP) to the cleavage site144,145. Polyadenylation can 
occur at multiple PASs, leading to the production of different transcripts 
from the same gene by alternative polyadenylation (APA). In fact, recent 
discoveries using genome-wide high throughput technologies have 
demonstrated that APA is a widespread phenomenon that occurs in 
approximately 70–75% of human genes146, thereby adding an extra layer of 
complexity to the mechanisms of gene expression regulation. Of note, 
increasing evidence suggests interplay between APA and transcription 
through physical and kinetic coupling.  Several polyadenylation factors have 
been demonstrated to directly interact with the RNA pol II CTD and with 
transcription factors147,148, thereby increasing cleavage and polyadenylation 
efficiency149. Similar to alternative splicing regulation, kinetic coupling 
(represented by the transcription elongation rate), has been shown to 
influence the choice of polyadenylation sites150. Splicing and 
polyadenylation factors also interact, leading to enhanced cleavage 
efficiency at the poly(A) sites143. 
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Transcriptome analysis: In light of next-generation 
sequencing 
As described in previous sections, the transcriptome represents the complete 
set of transcripts in a cell at any given time. The ultimate aim of whole 
transcriptome analysis is to establish and characterize a catalogue of all the 
transcripts within a particular cell/tissue, to determine transcript structure, 
splicing and regulation patterns, and to quantify their differential expression 
in both normal physiological and pathological conditions.    

Many different technologies have been utilized to study the 
transcriptome. Until the introduction of next-generation sequencing, 
transcriptome studies mainly relied on hybridization-based approaches such 
as transcription tiling microarrays. These approaches represented high-
throughput, rapid and cost-effective methods to investigate gene expression 
patterns. They are typically based on hybridizing fluorescently labeled 
cDNA to custom-designed or standardized high-density probes anchored to 
an array slide. Due to their nature, these approaches possess several 
drawbacks including high background and differential hybridization 
affinities across the probes. In addition, they generally rely on existing 
knowledge about transcribed sequences that limit their ability to identify 
novel transcripts and splicing events. In contrast, the recent advances in next 
generation sequencing, especially RNA-seq, have offered a revolutionary 
platform to perform hypothesis-free analysis of the transcriptome and 
unprecedented single base pair resolution. It also offers higher dynamic 
range, compared to arrays for detecting transcripts at different expression 
levels combined with minimal amounts of noise. These technologies are 
generally based on converting RNA into a cDNA fragment library. These 
fragments are then sequenced in a parallelized, high-throughput manner.   

Early RNA-seq studies have proven effective in investigating the mam-
malian transcriptome landscape and revealed much more complexity than 
previously believed. Before the advent of RNA-seq, several studies using 
tiling microarray analysis revealed pervasive transcription over most of the 
genome and a large proportion of transcripts mapped to intergenic regions 
with unknown function (also referred to as dark matter)11,151. These observa-
tions were challenged when early RNA-seq studies showed that most se-
quencing reads align to known genes or around known genes with many 
reads located in intronic regions, indicating that most dark matter might rep-
resent transcriptional noise and experimental background13. Nevertheless, 
some intergenic transcripts exhibit functional characteristics. More recent 
RNA-seq data from the ENCODE project revealed that three-quarters of the 
genome is transcribed refueling the debate about the dark matter14. 

RNA-seq has also emerged as an affective method to assay presence and 
prevalence of RNA transcripts. While microarrays are associated with sig-
nificant background noise that limits its ability for accurate quantitative 
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readout, RNA-seq data provides highly reproducible and quantitative meas-
urements of transcript abundance152,153. The high resolution, sensitivity and 
low background of RNA-seq have provided us with an unprecedented global 
view of the composition and complexity of the transcriptome in different 
species. These advantages have enabled the identification and characteriza-
tion of many novel transcripts, exons and splicing events, and have provided 
an accurate identification of the 5´ and 3´ ends of genes95,154-157. Other stud-
ies have also demonstrated the ability of RNA-seq to detect fusion tran-
scripts158,159, identify long noncoding RNAs (lncRNAs)160 and identify single 
nucleotide variants (SNVs) and allele ratios in RNA161. Although RNA-seq 
has provided tremendous advantages, this method is still associated with 
certain challenges, such as biases associated with library preparations and 
the need for continuous improvements in statistical analysis and computa-
tional infrastructure. In addition, the transcriptome is dominated by highly 
expressed transcripts that consume most of the sequencing reads, leading to 
less power to detect transcripts expressed at low levels. In fact, target-
enrichment strategies, which were originally used to capture specific se-
quences of DNA, have been used to perform capture on cDNA. Combined 
with RNA-seq, this method has lead to the identification of many novel tran-
scripts and splice junctions which are below the level of detection in conven-
tional RNA-seq162 (plus Paper II in this thesis). The function and the nature 
of these rare transcripts still need to be investigated. 

Current RNA-seq studies largely depend on poly(A) enriched RNA 
populations to study transcriptomes. Most RNA-seq results therefore provide 
little information about transcription dynamics and about forms of RNA that 
lack polyA tails. Recent studies have implemented different manipulations 
and improvements to RNA sample preparation steps to extend the 
boundaries of RNA-seq technologies, thereby obtaining deeper insight into 
the dynamics of gene expression and RNA processing. For example, two 
technologies named GRO-seq (Global Run-On Sequencing)163 and NET-seq 
(Native Elongating Transcript Sequencing)164 have been developed to 
provide insights into the dynamics of transcript synthesis and decay by 
capturing and sequencing nascent transcripts genome wide. In parallel, other 
studies rely on cellular fractionation to isolate and sequence sub-populations 
of RNA molecules. RNA sequencing of these fractions revealed interesting 
findings related to splicing kinetics, co-transcriptional splicing, post-
transcriptional splicing, polyadenylation, transcript release from the 
chromatin and miRNAs distribution and function139,165-168. These studies also 
provide strong evidence for extensive cross-talk between RNA biogenesis 
and processing mechanisms.  
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Enabling technologies and method 
development 

RNA sequencing  

Background 
One of the most valuable achievements in genomics has been the ability to 
perform a comprehensive, dynamic, unbiased and hypothesis-free analysis of 
a genome in a high-throughput manner. Approaches developed for 
investigating and quantifying RNA by high-throughput sequencing (next-
generation sequencing (NGS)) are collectively called RNA-seq169. NGS 
platforms for performing RNA-seq studies are dominated by three different 
companies: Roche 454 (FLX pyrosequencing system), Illumina (Genome 
Analyzer) and Life Technologies (SOLiD system). For each of these 
platforms, RNA fragments are first converted to cDNA libraries and then 
sequenced in parallel, producing massive numbers of relatively short reads. 
However, the different platforms produce reads that vary in their length 
ranging from 30-150 bp for SOLiD and the Genome Analyzer to 200-500 for 
the FLX pyrosequencing. It is important to mention, that sequencing-read 
length and the number of reads produced is to-date continuously increasing.  

The SOLiD platform (Life Technologies) was used for sequencing in all 
the papers presented in this thesis. However, the starting material was 
different in each of the studies and included total RNA (Paper I), exome-
captured RNA (Paper II), cytoplasmic, nuclear and poly(A) RNA (Paper III) 
and exome captured DNA (Paper IV). I will discuss SOLiD sequencing 
technology in more detail below. 

Library preparation 
The quality of RNA samples are controlled using the Agilent Bioanalyzer 
and only Agilent-defined RIN-values above 7,0 are accepted. RNA samples 
are first depleted from ribosomal RNA (rRNA) using the RiboMinus™ 
Eukaryote Kit v2 (Ambion) except for the nuclear RNA.  rRNA depleted 
samples are then fragmented using RNase III and subsequently purified. 
Adaptors are then ligated to the fragmented and purified RNA, and cDNA is 
generated and amplified in a strand-specific manner. Thereafter, the cDNA 
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fragments are clonally amplified on SOLiD™ P1 DNA Beads by emulsion 
PCR. After the enrichment of the beads with cDNA, the beads are deposited 
and covalently attached on a glass slide. 

SOLiD sequencing 
Following the library preparation, the first step in the sequencing reaction is 
the binding of a universal sequencing primer to the P1 adaptor which is 
attached to the cDNA template. Mixtures of four differentially labeled di-
base probes, where the first two bases are known, compete for binding to the 
template. The bound probe, where the first two bases match those of the 
template, is ligated to the free 3´end of the universal primer. Subsequently, 
further probes bind and ligate to the growing strand. After each ligation, a 
fluorescent marker attached to each probe is detected and cleaved. The 
template sequence is interrogated by the specificity of 1st and 2nd base in 
each ligation reaction. The sequencing reaction is outlined in Figure 5.  

 

 
Figure 5. Overview of the SOLiD sequencing chemistry. Figure adapted from Life 
Technologies Corporation © 2013 
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After multiple cycles of ligation, detection and cleavage, the template is 
reset. This is done by removing and discarding the initial primer and all the 
ligated probes from the template. The number of the cycles determines the 
eventual read length. After a reset, a new universal primer starting from n-1 
is used and the cycles of ligation, detection and cleavage are repeated. The 
process is repeated with five different universal primers (n, n-1, n-2, n-3, n-
4), generating overlapping reads with each base interrogated twice. 
Universal primers and the dual interrogation system are illustrated in Figure 
6.  

 
Figure 6. The SOLiD dual interrogation of each base using the five different univer-
sal primers. For example, universal primer 2 and 3 interrogate the base at read posi-
tion 10. Figure adapted from Life Technologies Corporation © 2013 

Exome sequencing 

Background 
Over the last years, great advances have been achieved in next-generation 
sequencing and capture technologies, enabling the identification of almost 
all protein-coding variants in the genome170. Because a large proportion of 
disease-causing mutations are likely to be located in coding regions, exome 
capture followed by massive parallel sequencing have promoted the 
discovery of many disease causing variants in Mendelian diseases and rare 
variants in complex traits171,172. Compared to whole-genome sequencing, 
which is still prohibitively expensive for most applications, and GWAS, 
which is largely based on the analysis of common variants located in non-
coding regions, exome sequencing has proven more efficient and cost 
effective to detect disease-associated, protein-coding variants. Exome 
sequencing has also emerged as an approach to study de novo mutations and 
their role in the genetics of complex diseases173. In fact, several recent 
studies focused on parent-offspring exome sequencing have provided strong 
evidence that de novo mutations in many different genes represent a major 
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cause for common neurodevelopmental diseases such as intellectual 
disability and autism48,174-176. The results also indicate that de novo mutations 
are more common in patients than controls174. A de novo mutation is a 
spontaneous alteration in a gene that occurs for the first time in one family 
member due to a mutation either in a germ cell of one of the parents or 
during early cell divisions in the fertilized embryo.  De novo mutations are 
considered rare genetic variants and they tend to be more harmful than 
inherited mutations because they have not been subjected to the same levels 
of evolutionary selection177,178. Collectively, de novo mutations are not rare 
and have per generation mutation rate between 7.6 × 10−9 and 2.2 × 10−8, 
corresponding to 50 - 120 new mutations per generation, with an average of 
0.86 amino acid altering mutations per newborn179,180. The fact that these 
mutations are under less stringent selection and are collectively common, 
make them prime candidates as causative mutations in sporadic and 
commonly occurring diseases. 

Sequencing library preparation and exome capture  
SOLiD based exome sequencing is mainly based on introducing an exome 
enrichment step after preparing the sequence library. The DNA sample is 
first fragmented to an average size of 165 bp using the Covaris® System. 
The DNA libraries are prepared as mentioned in the Library preparation 
section (see above). The genomic DNA library is then ready to use for an 
exome enrichment stage. 

Exome capture in the projects described in this thesis was performed 
using the Agilent SureSelect 50 Mb Exome Enrichment kit (Agilent 
Technologies). In this assay, the amplified sequencing library is hybridized 
to the SureSelect Capture Library mix containing biotinylated RNA probes 
(BAITS). The hybridized DNA fragments (exome) are then captured using 
streptavidin-coated magnetic beads. After several washing steps, the exome 
library is amplified and then ready for sequencing. The exome capture 
procedure is illustrated in Figure 7. In the case of Paper II, where exome 
capture was performed on RNA, double stranded cDNA was generated prior 
to the library preparation and exome capture steps. 
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Figure 7. The SureSelect Target Enrichment process. Figure adapted from Agilent 
Technologies Copyright © 2013 
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Cytoplasmic and nuclear RNA purification 
The quality of isolated RNA from tissues, blood and cells is the initial and 
the most crucial step for performing RNA based research. RNA extraction 
methods are used in basic molecular biology research, medical research and 
in the diagnoses of many medical conditions. Currently, RNA research is 
mainly performed on total and poly(A) RNA. RNA sequencing using total 
RNA provides a snapshot of the complete content of RNA molecules in cells 
or tissues whereas poly(A) RNA enrich for mature transcripts. Working with 
RNA-seq, we realized that total RNA represents heterogeneous pools of 
RNA populations with different RNA molecules at different levels of 
maturity. We also know that poly(A) selection introduces several biases to 
RNA samples. These biases mainly arise from poly(A) stretches in introns, 
polyadenylated pre-mRNA transcripts166, and due to the fact that 
polyadenylation also occurs during degradation of incomplete RNA 
polymerase I transcripts181. In an attempt to increase the sensitivity of RNA 
sequencing, we aimed to develop a protocol to obtain pure populations of 
mRNA transcripts enriched from the cytoplasmic fraction and nascent RNA 
enriched from the nuclear fraction. To achieve this goal, we modified the 
original protocol of the commercially available kit from Norgen Biotech 
(Cytoplasmic & Nuclear RNA Purification Kit), which suffers from 
significant cross contamination between the fractions, and we were able to 
obtain highly pure subcellular RNA populations. Sequencing the RNA 
fractions extracted using this new protocol allowed us to obtain greater 
insight into transcription dynamics from the nuclear fraction and a more 
accurate assessment of RNA expression from the cytoplasmic fraction. The 
modifications applied to the original protocol are illustrated in Figure 8.  

Briefly, frozen tissue (20 mg) is ground in liquid nitrogen using a mortar 
and pestle. Tissue powder is transferred to ice cold 1.5 ml tubes. Then, 200 
µl lysis buffer (Norgen) is added to the ground tissue. The tubes are 
incubated on ice for 10 minutes and then centrifuged for 3 minutes at 13.000 
rpm to separate the cellular fractions. The supernatant containing the 
cytoplasmic fraction and the pellet containing the nuclei are mixed with 400 
µl 1.6M sucrose solution and carefully layered on the top of a 500 µl sucrose 
solution in two separate tubes. Both fractions are then centrifuged at 13.000-
rpm for 15 minutes at 4C°. The cytoplasmic fraction is collected from the 
top of the sucrose cushion and the cytoplasmic RNA is then further purified 
according to the Norgen kit recommendations. The nuclear pellet is collected 
from the bottom of the tube and washed with 200 µl 1x PBS. The nuclei are 
collected after another centrifugation step at 13,000 rpm for 3 minutes. The 
nuclear RNA is then purified from the nuclear fraction according to the 
Norgen kit recommendations. 
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Figure 8. Schematic illustration of the cytoplasmic and nuclear RNA purification 
using the Cytoplasmic and Nuclear RNA Purification kit (Norgen), with the 
modifications to the protocol marked in the green box. 



 35 

The present investigation 

Aims 
The general aim of this thesis is to provide a better global view of the human 
transcriptome via analyzing its content, synthesis, processing and regulation 
using next generation sequencing. In the long run, a better characterization 
of the transcriptome will offer a valuable resource to understand the 
molecular mechanisms in health and disease conditions. It will also provide 
a tool for more accurate disease diagnosis and efficient treatment. The 
specific objectives of each paper in this thesis are: 

Paper I  
Characterize the global pattern of intronic transcription and co-
transcriptional splicing in the human brain using RNA-seq. 

Paper II  
Utilize the increased sensitivity of targeted enrichment of coding sequences 
via RNA exome capture and massively parallel sequencing to improve the 
detection of lowly expressed transcripts genome wide. 

Paper III 
Develop a more efficient cellular fractionation method to obtain 
homogenous pools of RNA molecules for more focused and comprehensive 
transcriptome analysis using RNA sequencing.    

Paper IV 
To functionally characterize a causative de novo mutation identified in a 
patient with intellectual disability and to understand how it may be linked to 
the clinical manifestations of the patient.  
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Results and discussion 

Total RNA sequencing reveals nascent transcription and 
widespread co-transcriptional splicing in the human 
brain (Paper I) 
The advent of next-generation sequencing (NGS) has revolutionized our 
understanding of the transcriptome and revealed greater complexity than 
previously believed. In the last decade, series of tiling array studies showed 
that a much larger portion of the mammalian genome is transcribed than was 
previously expected and many transcripts were detected outside known 
genes. More recent studies of the mammalian transcriptome using RNA-seq 
have revealed that most sequencing reads map within known genes and 
many are intronic, indicating that most transcripts outside known genes rep-
resent experimental background or transcriptional noise. The function and 
the nature of intron transcripts have not been thoroughly investigated. 

In this paper, we aimed to investigate the origin and function of intronic 
transcripts. We preformed RNA-seq on brain and liver samples obtained 
from adult and fetal human tissues using the SOLiD4 system. Our total RNA 
sequencing results indicated that around 70%-80% of the sequence reads 
map to regions outside known exons. Specifically, 38% of these reads map 
to introns (Figure 1 in Paper I). The results also showed that the intronic 
reads were significantly more enriched in brain compared to liver (P value 
<10 -300) and in fetal brain compared to adult brain, indicating high level of 
nascent transcription in brain tissues and especially in fetal brain. 
Interestingly, the genes with the highest intronic expression were involved in 
brain development and neural signaling pathways. The higher levels of 
intronic RNAs in fetal brain were further validated using qrtPCR.  

Another interesting observation was evident in our global expression 
analysis. The intronic reads were unequally distributed across introns. The 
expression of intronic RNAs were substantially higher in the 5’ end 
compared to the 3’ end forming a clear saw-tooth like pattern, especially in 
the long introns (Figure 9). To experimentally validate these observations, 
we conducted qrtPCR on two genes with high intronic expression, namely 
NRXN1 and GRID2.  The qrtPCR results showed high correlation with the 
RNA-seq data and indicated that the highly expressed 5’ intronic RNAs are 
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connected to the upstream exon, whereas low levels of the 3’ intronic 
transcripts are attached to their adjacent exon. 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

Figure 9. Nascent transcription and co-transcriptional splicing. (a) Pattern for 
AUTS2 (top) and C21orf34, a noncoding RNA gene (bottom), viewed in the Univer-
sity of California, Santa Cruz (UCSC) Genome Browser. The RNA-seq signals have 
been smoothed using window averaging. For both protein coding genes and long 
noncoding RNA genes, there is an apparent 'saw-tooth' pattern with higher RNA-seq 
read signals toward the 5′ end of each intron. (b) Model for co-transcriptional splic-
ing. The total RNA-seq data give rise to a typical saw-tooth pattern across genes that 
are actively transcribed. The gradient of RNA across the introns can be explained by 
a large number of nascent transcripts in various stages of completion. The pattern is 
repeated for each intron because the nascent transcript is spliced very rapidly after 
the polymerase completes transcribing each intron. The sequence read coverage is 
comparatively higher for exons, as the RNA-seq is measuring both the pool of nas-
cent transcripts and the pool of mature polyadenylated RNA. 

 
Based on these results, we proposed an explanation for this observation.  

In our model, we assume that each gene is transcribed continuously forming 
a pool of RNA molecules at different stages of maturation and processing. 
These molecules generate a gradient of nascent transcripts along the whole 
gene. The fact that this gradient is over a single intron, rather than the whole 
gene, is explained by co-transcriptional splicing. In other words, the splicing 
machinery shadows the transcription machinery and excises each transcribed 
intron (Figure 9b). To investigate this phenomenon globally, we measured 
the average read depth for all introns in brain and liver tissues. As expected, 
the analysis showed that large introns >100 kb in the brain contained the 
highest levels of intronic reads at their 5’ end compared to the small introns, 
and particularly in genes involved in axonal growth and synaptic transmis-
sion. These results can be explained by the fact that shorter introns are tran-
scribed and spliced faster than larger introns and the resolution of RNA-seq 
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is limited to detect these events. The analysis also confirmed the differences 
between brain and liver tissue as well as between fetal and adult brain. An 
independent qrtPCR quantification of the differences showed that intronic 
RNAs were higher in fetal brain, while exonic RNAs were equal between 
both tissues. These observations might indicate higher rates of transcription 
and turn over in the fetal brain. 

Early studies of splicing regulation proposed that understanding the order 
of intron splicing in a single transcript is crucial to understand splicing kinet-
ics. A recent study by de la Mata et al114 proposed the model “first come first 
served (committed)” for intronic splicing. This model implies that as introns 
are being transcribed, they commit to the splicing machinery directly. To test 
this theory in our data, we designed a PCR experiment to investigate co-
transcriptional splicing of consecutive exons in NRXN1 and ERBB4. Our 
results demonstrated that indeed these introns are co-transcriptionally 
spliced. However, in agreement with de la Mata et al, we noticed a time gap 
between the transcription and the excision of these introns. We also observed 
that co-transcriptional splicing is not restricted to the long introns or to cer-
tain tissue. In fact, it also occurs in short introns and at different levels in 
other human tissues. To show that our analysis can measure levels of co-
transcriptional splicing, we re-sequenced the fetal brain to obtain higher read 
coverage. We then analyzed the levels of co-transcriptional splicing globally 
by quantifying the levels of intronic expression adjacent to the 3’ and 5’ end 
of each exon. After correcting for intron length, the analysis revealed evi-
dence for co-transcriptional splicing for 84% of exons surrounded by long 
introns. Moreover, introns surrounding cassette exons showed high levels of 
intronic RNA compared to constitutive exons. In agreement with Pandya-
Jones et al and de la Mata et al113,130, our results suggest that introns sur-
rounding alternatively spliced exons are excised at slower rate. 

The results in this study indicate that sequencing reads over introns 
mainly originate from nascent RNA transcripts undergoing transcription. 
Moreover, the distribution of these reads over the introns, reflected by a saw-
tooth like pattern, revealed widespread co-transcriptional splicing in the hu-
man brain. The results also demonstrate that genes with long introns and 
high levels of intronic RNA are associated in neurodevelopmental disorders. 
These genes may experience more complex transcriptional regulation pat-
terns. Our experimental model provided a unique platform to view and ana-
lyze nascent transcripts undergoing transcription and measure levels of co-
transcriptional splicing in human tissues. 
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Exome RNA sequencing reveals rare and novel 
alternative transcripts (Paper II) 
One of the ultimate goals of transcriptomics research is to identify the 
complete catalogue of expressed transcripts. RNA sequencing technologies 
have provided valuable tools to assess the quantity and composition of the 
human transcriptome and have led to the identification of many unannotated 
transcripts and exons. However, the detection of rare transcripts and splice 
junction still represent a challenge for these technologies. 

In this study we aimed to improve the detection of transcripts expressed at 
low-levels genome wide by performing exome capture on RNA followed by 
massive parallel RNA-seq (ExomeRNAseq). We performed target 
enrichment of exome sequences using the Agilent SureSelect 50 Mb kit on 
four cDNA samples from an adult liver, an adult cortex, a fetal liver and a 
fetal cortex. The captured targets were then sequenced on the SOLiD4 and 
73 million reads per sample were generated. The expression analysis of 
ExomeRNAseq using reads per kilobase per million reads (RPKM) showed 
weak correlation with the expression analysis from total RNA sequencing 
(TotalRNAseq) of the same samples. To explore the distribution of 
sequencing read coverage over the genome resulting from the different 
sequencing techniques, we compared the fraction of reads mapping to exons, 
introns, UTRs and intergenic regions between ExomeRNAseq, 
TotalRNAseq and a poly(A) selected RNA-seq. The results demonstrated 
that the largest fraction of exonic reads was detected in ExomeRNAseq 
compared to the other sequencing technologies. Our analysis also revealed 
that larger numbers of genes could be detected using ExomeRNAseq. 
Moreover, the transcripts determined to be expressed at low levels using 
TotalRNAseq showed higher expression in ExomeRNAseq. To evaluate if 
ExomeRNAseq can be considered as a quantitative test, we selected seven 
random genes and five genes with differential expression between 
ExomeRNAseq and TotalRNAseq and tested their expression using qrtPCR. 
The qrtPCR data demonstrated a better correlation with the TotalRNAseq 
data indicating that there are differences in capture affinity across the 
different probes and that ExomeRNAseq does not accurately reflect 
quantitative differences. 

Given that ExomeRNAseq contains a higher fraction of sequence reads 
mapping to exonic regions, we hypothesized that the capture technology will 
improve splice junction discovery. To evaluate this hypothesis, we used the 
TopHat and SplitSeek tools to identify splice junctions and novel exons in 
the different samples sequenced. The results demonstrated that 
ExomeRNAseq resulted in the identification of 100,000 splice junctions 
compared to 25,000 and 44,000 junctions identified using TotalRNAseq and 
poly(A) selected RNA-seq, respectively. We further investigated the nature 
and the novelty of the identified splice junctions. The analysis was based on 
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comparing the splice junctions in our samples to University of California, 
Santa Cruz genome browser (UCSC) annotated genes. The splice junctions 
were divided into two groups: The first group included known splice 
junctions reported in the UCSC; the second group included novel splice 
junctions that are not represented in the current mRNA annotation in the 
UCSC.  Our ExomeRNAseq showed a significantly higher efficiency in 
detecting novel splice junction (n=22,432) compared to TotalRNAseq 
(n=3,036). To determine if the larger number of novel splice junctions 
detected in the ExomeRNAseq data reflected false positive observations, we 
calculated the number of novel splice junctions that overlap with the 
junctions reported in the EST (UCSC) for both ExomeRNAseq and 
TotalRNAseq. We found that the fraction of novel splice junctions mapping 
to the UCSC EST data to be similar between the two technologies 
suggesting that ExomeRNAseq does not increase the false positive discovery 
rate of novel splice junctions. Three novel splice junctions and six novel 
exons were further validated using PCR, Sanger sequencing and qrtPCR.  

Having established that ExomeRNAseq represents an efficient technology 
to enrich for coding sequences, we sought to assess the ability of 
ExomeRNAseq to identify coding variants. We performed single nucleotide 
variant (SNV) calling on the data from ExomeRNAseq and TotalRNAseq. 
The analysis resulted in the detection of substantially larger numbers of 
SNVs in ExomeRNAseq (average of 9,106 per sample) compared to 
TotalRNAseq (average of 1,919 variants per sample). However, the SNVs 
detected in the TotalRNAseq had better overlap with the SNVs reported in 
the dbSNP database (average 91% vs. 83% in the capture data). The multiple 
cDNA amplification cycles during sample preparation may introduce 
mutations in the original sequence and might represent one potential 
explanation for the reduced accuracy of ExomeRNAseq for SNPs discovery. 
Another explanation may be that the capture probes had some level of 
unspecific binding or cross-hybridization.  

In this study, we demonstrate that whole exome capture can be applied to 
cDNA to study the transcriptome landscape. We also show that using the 
capture step combined with parallel RNA sequencing leads to the detection 
of large amounts of novel exons and splice junctions. Compared to 
TotalRNAseq, ExomeRNAseq showed increased ability to detect rare 
transcripts and splice variants expressed at low levels. However, 
ExomeRNAseq is less sensitive in detecting expression differences. We 
propose that ExomeRNAseq is an effective platform to expand our 
knowledge and understanding of the transcriptome, especially in detecting 
novel transcripts, splice variants and disease causing fusion transcripts. An 
illustration for the workflow used to identify novel exons and splices 
junction is represented in Figure 10   
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Figure 10. Illustration of the workflow used for the detection and validation of novel 
exons and novel splice junctions. 

Efficient cellular fractionation improves RNA 
sequencing analysis of mature and nascent transcripts 
from human tissues (Paper III) 
Currently, total RNA is considered the standard starting material in RNA 
sequencing experiments to obtain a global view of the transcriptome. 
However, if the aim is to study mature RNA transcripts, poly(A) selected 
RNA is the method of choice. RNA sequencing studies using total and 
poly(A) selected RNA have successfully provided us with novel insights into 
the transcriptome. However, many challenges still remain in sample 
preparation and data analysis steps. Previous RNA-seq studies reported that 
total and poly(A) RNA represent diverse and heterogeneous pools of 
different RNA molecules at different maturation and processing levels. 
Moreover, the presence of substantial amounts of intronic RNA originating 
from immature transcripts in these RNA populations will consume most of 
the sequencing reads, and thereby impacts the sensitivity of RNA-seq to 
detect transcripts and measure expression levels. Thus, the analysis of a 
specific RNA type or a specific regulation mechanism is still not common.  

In recent years, considerable efforts have been made to extend the 
resolution of RNA-seq data, and to develop new methods and strategies to 
monitor alternative regulation of mRNA biogenesis and to detect novel 
transcripts expressed at low levels. Recently, two new technologies GRO-
seq and NET-seq, have been described to study nascent transcripts163,164. 
Although these technologies have successfully provided snapshots of 
ongoing transcription, they do not provide insights into post-transcriptional 
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events, they require manipulation of the physiological conditions and they 
need extensive optimization. 

Recent advances in RNA extraction techniques also offer the possibility 
to analyze particular pools of RNA molecules by cellular fractionation. 
However, these techniques are associated with significant amount of cross 
contamination between the nucleus and the cytoplasm. To overcome this 
problem, recent studies166,182 added a poly(A) selection step to the 
cytoplasmic fraction to enrich for mature transcripts, and a chromatin-
associated transcript selection step to enrich for nascent transcripts. These 
selection steps are time consuming and require large amounts of starting 
material. 

In this study, we aimed to investigate the benefits of performing RNA-seq 
on fractionated cytosolic and nuclear RNA from small amounts of tissue 
starting material and without any selection steps. To obtain high quality 
cytosolic and nuclear RNA, and minimize the amounts of cross 
contamination, we modified and improved the Cytoplasmic and Nuclear 
RNA Purification Kit (Norgen). The modifications to the kit’s protocol are 
illustrated in Figure 8. Quality assessment of our protocol showed that the 
nuclear fraction is virtually free of any ribosomal RNA and no genomic 
DNA traces could be detected in the cytosolic fraction.  

To analyze the efficiency of the protocol in enriching for the mature 
transcripts from the cytosolic fraction and the nascent transcripts from the 
nuclear fraction, we sequenced cytosolic and nuclear RNA from two human 
fetal frontal cortex tissues, designated sample 1 and 2, along with total and 
poly(A) RNA from the same tissues using the SOLiD 5500 platform. Upon 
investigation of the sequencing read distribution in the different RNA 
fractions, we observed a striking enrichment of exonic reads in the cytosolic 
fraction compared to the total, poly(A) and nuclear RNA fractions. 
Surprisingly, poly(A) RNA contained high levels of intronic RNA across the 
entire transcript, contradicting the idea that poly(A) selection exclusively 
enriches for mature RNA. In agreement with our findings, recent studies 
demonstrated that transcript polyadenylation might occur before the 
transcript is fully spliced166,183. These findings, along with the biases 
associated with the poly(A) selection, may provide an explanation for the 
high intronic levels in the poly(A) RNA fraction. The differences in exonic 
and intronic levels between the different fractions were further validated by 
qrtPCR. Of note, based on data from Paper I, we believe these differences 
are especially prominent in the fetal brain where long neuronal genes are 
highly transcriptionally active.  

Next, we devised a measurement called the EI ratio (exonic-to-intronic) 
to globally quantify the relative enrichment of exonic compared to intronic 
reads in the different fractions. The EI ratio is equal to1 when all intragenic 
reads are exonic and 0 when all reads are intronic. Again, cytoplasmic RNA 
had the highest exonic enrichment with ratios of 0.74 and 0.72 for sample 1 
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and 2, respectively. Poly(A), total and nuclear RNAs show substantially 
lower values with EI ratios of 0.27-0.45, 0.20-0.42 and 0.12-0.31, 
respectively. Having established that cytosolic RNA is significantly enriched 
for exons, we propose that it is the best extraction method for studying 
mature transcripts. We also propose that analyzing the nuclear fraction is a 
preferable choice to study nascent transcripts as it contains the highest 
amount of intronic RNA.  

We proposed that the higher amount of exonic reads in the cytosolic 
fraction leads to increased efficiency in detection and the quantification of 
mature RNA transcripts. To test this, we used depth of coverage per million 
mapped reads (DCPM) as a measure to quantify the expression levels of all 
exons in the human genome. As expected, cytosolic RNA-seq gives the 
highest DCPM values for exons compared to the other fractions. We were 
also able to quantify the number of expressed exons in the different RNA 
fractions by normalizing the DCPM values over the exons against the noise 
signals coming from the anti-sense strand. The cytosolic RNA contained 8 to 
19% more expressed exons than in poly(A) RNA, and 29 to 49% more than 
in total RNA. 

Presently, there is an increasing appreciation of the importance of 
alternative splicing as a process for proteome diversity and tissue specific 
regulation. Many efforts have been devoted to increase the efficiency of 
RNA-seq to detect splice junctions. To test if cytoplasmic RNA-seq 
improves the efficiency of splice junction detection compared to poly(A) and 
total RNA-seq, we used TopHat software to perform splice junction analysis. 
Indeed, we found that cytosolic RNA-seq improves splice junction discovery 
and generated data where we detected 10% more junctions than poly(A) 
RNA-seq. We next used Trinity software184 to perform de novo 
transcriptome assembly for each RNA population. This test allowed us to 
evaluate the data in unbiased fashion without prior information about gene 
coordinates. As expected, using cytoplasmic RNA provides longer contigs 
and generates 30% more transcripts longer than 1 kb compared to poly(A) 
RNA and 10 times more compared to total RNA. These results highlight the 
benefits of using cytoplasmic RNA to improve gene discovery of complex 
transcriptomes and to study the genetic characteristics of non-model 
organisms. 

In Paper I, we demonstrated that total RNA-seq could be used to study 
nascent transcripts undergoing transcription. We also showed that the 5’-3’ 
negative gradient of RNA-seq reads across long introns represent an 
indicator of ongoing transcription and co-transcriptional splicing. In this 
study, we showed that the highest amounts of nascent transcripts were 
detected in the RNA-seq data from the nuclear fraction (i.e. showed the 
lowest EI ratio). To evaluate if nuclear RNA-seq increases the efficiency of 
nascent transcript detection, we performed a global analysis of the sequence 
coverage across introns for all RNA fractions. The analysis revealed that 
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nuclear RNA-seq contains the highest amount of nascent transcripts and the 
most distinct 5’-3’ gradients among all RNA fractions. Thus, the nuclear 
RNA represents the optimal fraction to study ongoing transcription and 
splicing dynamics. 

In this study, we presented the advantages of performing RNA-seq on 
cytoplasmic and nuclear RNA fractions using our modified and improved 
protocol. Compared to poly(A) RNA, which is considered the standard 
material for studying mature transcripts, cytoplasmic RNA-seq results in the 
detection of proportionally greater amounts of exonic sequences with 
minimal levels of intronic reads, offering increased sensitivity for measuring 
expression levels, detecting splice junctions and for de novo transcriptome 
assembly. On the other hand, nuclear RNA-seq contains higher amounts of 
intronic transcripts compared to total RNA-seq, providing a preferable 
fraction to study ongoing transcription, splicing dynamics and intron 
retention patterns.  

Mutation in the chromatin-remodeling factor BAZ1A is 
associated with intellectual disability (Paper IV)  
Intellectual disability (ID), also known as mental retardation, is a complex 
and heterogeneous group of disorders that causes significant health burden 
and affects 3-4% of the general population. The causes of intellectual 
disability encompass inborn, environmental and inherited factors. Over the 
past years, genetic testing of ID patients was focused on family-based 
linkage analysis, homozygosity testing in consanguineous families, 
cytogenetic analysis and array based screening.  Causative factors have only 
been identified in approximately 40% of patients leaving the majority of the 
cases without any explanation for their symptoms. It is believed that 
sporadic cases of ID are mainly caused by genetic factors. Understanding the 
genetic causes of ID benefits the patients and their families by providing 
information about the disease prognosis and avoids unnecessary additional 
testing. It may also provide better-tailored therapy and medical care. Recent 
studies have suggested a major role for de novo mutations in the etiology of 
ID, and have led to the identification of many causative de novo mutations in 
sporadic ID using family-based exome capture and massive parallel 
sequencing.  

In this study, we performed exome sequencing on a trio family with 
healthy parents and a child suffering from ID, epilepsy, ataxia and hyper 
mobile joints to investigate if a de novo mutation is responsible for the 
disease in the child. Exome sequencing and Sanger sequencing validated a 
de novo non-synonymous mutation in the gene BAZ1A which codes for the 
chromatin remodeling factor ACF1. The mutation led to a phenylalanine to 
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cysteine substitution of amino acid 1347 in the linker motif between the 
PHD domain and the bromodomain (Brd) in the C terminus of ACF1. 

Given the established role of ACF1 in the transcription repression of the 
vitamin D receptor (VDR) regulated genes, we conducted targeted PCR on 
RNA samples from the trio to evaluate the impact of the mutation on the 
expression of VDR regulated genes and on the expression levels of BAZ1A. 
Interestingly, CYP24A1, involved in the metabolism of vitamin D3 (VD3), 
was significantly upregulated in the patient compared to the parents. Of note, 
BAZ1A expression levels showed no difference between the trio members. 
To determine if the upregulation of CYP24A1 influences VD3 levels, we 
performed a clinical test to measure VD3 levels in the patient. Interestingly, 
the results showed that the patient was suffering from VD3 insufficiency. To 
independently test if the differential expression of CYP24A1 is caused by the 
identified mutation in BAZ1A, we performed transient transfection of wild 
type BAZ1A (wt-BAZ1A) and mutant BAZ1A (mut-BAZ1A) transcripts in 
SAOS2 cell lines. qrtPCR results validated CYP24A1 upregulation in the 
cells transfected with the mut-BAZ1A, indicating the role of the de novo 
mutation on the levels of CYP24A1.    

To investigate whether the mutation influence the expression of genes 
involved in other pathways, we performed poly(A) RNA-seq on the trio 
samples. RNA-seq results confirmed the previously identified CYP24A1 
upregulation. In addition, we identified the expression of SYNGAP1 to be 
significantly higher in the patient compared to the parents. SYNGAP1 
upregulation was further confirmed using qrtPCR. Mutations in this gene 
were previously found to cause epilepsy and ID. Moreover, overexpression 
of SYNGAP1 has been shown to influence neuronal signaling and synaptic 
function. Consecutive GO analysis of the differentially expressed genes in 
the trio RNA-seq revealed significant enrichment of the category 
extracellular matrix (ECM) organization. To further study the association of 
BAZ1A and genes involved in ECM organization, we carried out an 
interaction network analysis between the differentially expressed ECM 
organization genes and BAZ1A using GeneMANIA. Interestingly, COL1A2 
was among the genes that showed close interaction with BAZ1A. COL1A2, 
which causes Ehler-Dahnlos syndrome (inherited connective tissue), was 
shown to have direct genetic interaction with BAZ1A.  

ACF1 is known to directly interact with the promoter region of many 
VDR regulated genes leading to their suppression. In this study, we show 
that CYP24A1 is upregulated in the ID child and in the cells transfected with 
mut-BAZ1A plasmid. To test if the de novo mutation decreases the 
association of ACF1 to its target regions and consequently relieves the 
repression of CYP24A1 in the patient, we performed chromatin-
immunoprecipitation assay (ChIP) using human ACF1 antibodies on fresh 
blood monocytes extracted from the trio. We then conducted qrtPCR to 
evaluate the occupancy of ACF1 on the CYP24A1 promoter. The results 
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indicated that ACF1 is significantly less enriched on the CYP24A1 promoter 
in the patient compared with the parents, thereby explaining the increased 
expression level of CYP24A1 in the patient. 

In summary, we detected a de novo mutation in BAZ1A encoding the 
ATP-utilizing chromatin assembly and remodeling factor ACF1. Consistent 
with the established role of ACF1 in chromatin remodeling and 
transcriptional regulation, our RNA sequencing data revealed that the de 
novo mutation influenced the expression profile of several biological 
pathways in the patient but most significantly pathways involved in 
extracellular matrix organization, vitamin D3 metabolism and synaptic 
functions. We performed functional studies and showed that the mutated 
ACF1 protein is less efficient in suppressing the expression of the CYP24A1. 
Moreover, we demonstrate that the overexpression of CYP24A1, SYNGAP1 
and COL1A2, detected in the patient is highly correlated with the reported 
clinical features of the patient. Our results suggest that BAZ1A mutation is 
the causative mutation. 
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Concluding remarks and future perspectives 

The findings presented in this thesis contribute towards an improved 
understanding of the human transcriptome in healthy and diseased conditions 
and highlight the advantages of developing novel methods and strategies to 
obtain global and comprehensive views of RNA expression and processing.  

In Paper I, we show that sequencing of total RNA provides unique in-
sights into RNA processing in cells. Our results revealed that co-
transcriptional splicing is a widespread mechanism in human and chimpan-
zee brain tissues. We also found that co-transcriptional splicing is more fre-
quent in long introns than in short introns. Moreover, we found a correlation 
between slowly removed introns and alternative splicing. This study is 
among the first to analyze global co-transcriptional splicing events. More 
recently, several global studies investigating different tissues and cell lines in 
human, mouse, Drosophila and S. cerevisiae, have further supported our 
finding that splicing occurs primarily co-transcriptionally134-139. Challenges 
for the future include designing studies to fully explore the significance of 
co-transcriptional and post-transcriptional splicing on the fate of RNA and 
how co-transcriptional splicing contributes to gene expression regulation.  

In Paper II, we exploited the benefits of exome capture approaches in 
combination with RNA-seq to detect transcripts expressed at low levels and 
to identify novel exons and splice junctions. We demonstrate that exome 
capture can be successfully applied to double stranded cDNA. We also show 
that this approach increases the sensitivity for identifying transcripts ex-
pressed at levels below the detection threshold in conventional RNA-seq 
methods. Moreover, this approach led to the identification of large numbers 
of novel exons and splice isoforms. Therefore, we highlight the advantages 
of this approach for genome-wide discovery of novel transcripts, alternative 
splice variants and fusion transcripts. This approach has also been used by 
Mercer et al. where they were able to detect large number of transcripts ex-
pressed at very low levels162. The sequencing depth required to detect such 
low level transcripts with conventional RNA-seq would be very costly, mak-
ing the capture strategy an attractive alternative. However, it is reasonable to 
assume that in the near future, conventional RNA-seq will be able to achieve 
sufficient resolution at affordable costs. Regardless, we have yet to answer 
the important question regarding the functional relevance of low-level tran-
scripts. 
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In Paper III, we demonstrate the advantages of performing RNA-seq on 
separated cytoplasmic and nuclear RNA fractions. Compared to poly(A) and 
total RNA, cytoplasmic RNA-seq yields a substantially higher fraction of 
exonic sequences with minimal levels of intronic reads, offering increased 
sensitivity for measuring expression levels, detecting splice junctions and 
assembling transcripts de novo. On the other hand, data from nuclear RNA-
seq contains higher sequence coverage over introns compared to total RNA-
seq, providing a preferable fraction to study ongoing transcription, splicing 
dynamics and intron retention patterns. Recently, there has been consider-
able effort focused on the development of methods to perform sequencing on 
different RNA subtypes. Published data from these efforts have led to inter-
esting findings on nascent transcription and splicing dynamics163,164. Future 
RNA-seq experiments on subcellular RNA fractions may provide additional 
novel insights into the subcellular localization of different RNA types, iden-
tify nuclear retained transcripts, translation dynamics and RNA turnover 
rates. 

In Paper IV, we describe the identification of a non-synonymous de novo 
mutation in BAZ1A encoding the ATP-utilizing chromatin assembly and 
remodeling factor 1 (ACF1), in a patient with unexplained ID. The mutation 
was found to affect the expression of many genes involved in extra cellular 
matrix organization, synaptic function and vitamin D3 metabolism. The dif-
ferential expression of CYP24A, SYNGAP1 and COL1A2 correlates with the 
clinical diagnosis of the patient. Given that ACF1 is involved in transcription 
repression of many genes, and that the mutation likely decreases ACF1’s 
binding affinity to its targets. Therefore, future experiments will include a 
ChIP-seq of ACF1 in the trio to further identify affected genes. BAZ1A was 
not reported previously to be linked to ID, therefore we will also scan addi-
tional ID patients for mutations in this gene. 

The development of next-generation sequencing technologies was cer-
tainly one of the greatest breakthroughs since the end of the Human Genome 
Project. These technologies have, for the first time, provided a platform to 
obtain a global view of genomes. Applying NGS to RNA has pushed the 
borders of this technology and allowed a comprehensive analysis of the tran-
scriptome, contributing towards the goal of a complete understanding of 
splicing patterns, gene structures and gene expression profiles in both 
physiological and pathological conditions. Initial RNA-seq studies have 
uncovered extremely complex, yet exquisitely organized, gene expression 
programs. Now, rapid improvements in RNA-seq technologies, methods and 
analysis are continuously contributing knowledge about the composition of 
the transcriptome and the mechanisms that regulate and control gene expres-
sion. We now realize that the transcriptome is a very dynamic system, where 
transcription is functionally and kinetically coupled to pre-mRNA splicing, 
and influences mRNA polyadenylation, stability and export. As a result, the 
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decision to express a gene is controlled by the combinatorial effect of all 
these mechanisms.  

Despite the great amount of knowledge we have gained over the years 
about gene expression programs, we are just scratching the surface in terms 
of understanding transcriptome regulation. For example, we know that pre-
mRNA splicing and transcription are coupled, and that splicing in most cases 
occurs co-transcriptionally. However, we still lack detailed information 
about the extent of co-transcriptional splicing in vivo, how it occurs and how 
it is coupled with other RNA processing mechanisms. These questions also 
apply to many other mechanisms involved in gene expression. To be able to 
achieve this kind of information, multidisciplinary work is required. Se-
quencing technologies are working in our favor and are developing at a rapid 
pace to obtain longer sequence reads and greater data output. Increasing 
length of sequence reads will enable facilitated read mapping, identification 
of differentially spliced isoforms and facilitated linkage of novel exons to 
known genes. It will also allow us to obtain deeper insight into RNA proc-
essing mechanisms such as intron removal order, co-transcriptional splicing 
frequencies in different tissues and coupling between different RNA process-
ing mechanisms. Increasing data output and sequencing depth could be very 
useful to perform comprehensive profiling of transcriptome composition. 
Moreover, more attention has to be paid to experimental design, especially to 
the quality and type of RNA to be used in experiments. Low quality RNA 
can significantly influence the interpretation of the results. Selective RNA 
extraction from different subcellular pools of RNA has become a very pow-
erful strategy to perform more focused analysis of RNA. These more fo-
cused studies can also lead to better understanding of the biogenesis and 
processing of specific RNA subtypes. 

In the forthcoming years, I believe that we will witness many exciting 
discoveries in the transcriptomics field, especially with the development of 
3rd generation amplification-free sequencing technologies such as PacBio, 
which promises to improve the sensitivity of gene expression quantification, 
and to avoid biases associated with PCR amplification and highly expressed 
transcripts. As it is becoming increasingly clear that seemingly homogenous 
cell population might have different gene expression profiles, single cell 
transcriptome analysis will provide new opportunities to decipher expression 
patterns linked to tissue heterogeneity in normal and tumor cells.  

The hope for the future is to integrate RNA-seq data with complementary 
sequencing and omics applications to obtain a comprehensive understanding 
of the complete regulatory networks of gene expression in development and 
disease. 
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