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INTRODUCTION
Alternative splicing is one of the major mechanisms in the eukaryotic
cells, which significantly modulates proteomic diversity and regulates the
expression of most genes. This mechanism specifies how different exonic
sequences are combined within a single gene to generate multiple mRNAs with
distinct functions. It is established by genome-wide sequencing-based analyses
that more than 95% of the mammalian multi-exon genes undergo alternative
splicing, providing a source of huge protein diversity (Johnson et al., 2003; Pan
et al., 2008).
Alternative splicing was first discovered about 4 decades ago and since
then it was shown to be a common feature of all metazoans with the highest
abundance and complexity found in primates (Chow et al., 1977; Berget et al.,
1977; Barbosa-Morais et al., 2012). Highly specialized organs like brain, testis,
heart and skeletal muscle have the highest levels of alternatively spliced
transcripts (Yeo et al., 2004).
The mechanism of splicing is extremely complex, where multiple
interactions between nascent mRNAs, small nuclear RNAs, and splicing factor
proteins are involved. Proper cell functioning requires the accurate regulation of
splicing by cis-acting regulatory elements and trans-acting protein factors in
response to external stimuli (Luco et al., 2010; Kornblihtt et al., 2013).
Three processes of eukaryotic gene expression - chromatin remodeling,
transcription, and splicing are highly interconnected in the cell. Splicing and
transcription are mutually coordinated and reciprocal with transcription factors
and response elements in promoters regulating splicing, and vice versa, the
factors involved in maturation and processing of RNA influencing transcription.
This functional interplay is essential for the multilayered regulation of gene
expression.
Alternative splicing is a determining factor in a wide range of cellular
physiological processes and developmental programs, including cell growth and
differentiation, tissue morphogenesis, immune system specialization, neuronal
development and death (Chen & Manley, 2009).
Disruption of normal regulation of splicing and consequent aberrant
expression of proteins has been found to cause severe human diseases, including
disabling neurological conditions, autoimmune disorders, and cancer. This
explains the multiplicity of study programs on the use of reprogramming of the
aberrant splicing for therapeutical purposes.
In my thesis, the major focus is on analysis of the role of alternative
splicing in a tissue-specific gene expression, where two genes are chosen for
detailed characterization. Another emphasis is on the diagnostic and prognostic
significance of alternatively spliced variants in tumors.
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ABBREVIATIONS
AON – antisense oligonucleotide
AS – alternative splicing
ASV – alternative splicing variant
BAF – BRM/BRG1-associated factor
BAF57 - BRM/BRG1-associated factor of 57 kDa
BC – breast cancer
BCL2L1 - B-cell lymphoma 2-like 1
BDNF – brain-derived neurotrophic factor
BPS – branch-point sequence
BRCA – breast cancer
BRG – Brahma-related gene
BRM – Brahma (protein)
CaRF – calcium response factor
CCND1 – cell cycle regulator cyclin D1
CDK – cyclin-dependent kinase
CELF – CUG-BP ELAV-like family member
CNS – central nervous system
CREB - cAMP response element-binding protein
CTD – carboxy-terminal domain (of RNA polymerase II)
EGFR – epidermal growth factor receptor
ESE – exonic splicing enhancer
ESS – exonic splicing silencer
EST – expressed sequence tag
FGFR - fibroblast growth factor receptor
FOX – forkhead box
GABA - gamma-aminobutyric acid
GTF – general transcription factor
HMG – high mobility group
hnRNP – heterogeneous nuclear ribonucleoprotein
ISE – intronic splicing enhancer
ISS – intronic splicing silencer
LABC – locally advanced breast cancer
LTP – long-term potentiation
mAb – monoclonal antibody
MAPK – mitogen-activated protein kinase
MeCP - methyl CpG binding protein
MED – mediator complex subunit
Met - methionine
miRNA – microRNA
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N-BAF57 – neuronal BRM/BRG1-associated factor of 57 kDa
NMD – nonsense-mediated decay
NOVA – neuro-oncological ventral antigen
nPTB – neural polypyrimidine tract-binding protein
NRSE - neuronal-restrictive silencing element
NRSF - neuron-restrictive silencer factor
nSR100 – neural-specific SR-related protein of 100 kDa
NT – neurotrophin
ORF – open reading frame
PIC – pre-initiation complex
PNS – peripheral nervous system
PRP(F) – pre-mRNA processing factor
PSF – PTB-associated splicing factor
PTB(P) – polypyrimidine tract-binding protein
REST - RE1-silencing transcription factor
RRM – RNA recognition motif
RS domain – arginine/serine repeat-containing domain
SHH – sonic hedgehog
SMA – spinal muscular atrophy
sRNA – small RNA
siRNA – small interfering RNA
SMARCE1 - SWI/SNF related matrix-associated actin-dependent regulator of
chromatin, subfamily E, member 1
SMN – survival of motor neuron
snRNP - small nuclear ribonucleic protein
SR protein – serine/arginine-rich protein
SRSF – serine/arginine-rich splicing factor
SSO – splice-switching oligonucleotide
SWI/SNF - SWItch/Sucrose Non-Fermentable
TAF – TATA-box binding protein associated factor
TFIIA(-B,-D,-E,-F,-H) – transcription factor IIA(-B,-D,-E,-F,-H)
TBP – TATA-box binding protein
TNC – tenascin C
TrkB - tropomyosin receptor kinase B
VEGF-A - vascular endothelial growth factor A
VEGFR - vascular endothelial growth factor receptor
WNT– wingless integrated
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1. REVIEW OF THE LITERATURE
1.1. The basics of alternative splicing (AS)
Alternative splicing (AS) is a process by which a single gene, as a result
of combinatorial use of different exons, enables the production of a variety of
mRNA transcripts and proteins, thereby enhancing transcriptomic and
proteomic diversity. About 24000 genes of human genome are estimated to be
translated into millions of protein isoforms (Kobeissy et al., 2014). More than
95% of human genes undergo AS (Modrek & Lee, 2002; Wang et al., 2008). In
addition, AS has a regulatory role in defining biological properties of the
proteins, such as binding capacity, subcellular localization, protein-protein
interaction, enzymatic activity, and stability in tissues (Smith et al., 1989). AS is
a crucial regulatory mechanism in stem cell renewal and differentiation, organ
morphogenesis, immune system and neural development and maturation
(Gamazon & Stranger, 2014). It is estimated that the highest frequency of AS
occurs in genes coding for the transcription factors, mostly in the gene family
encoding Krüppel-associated box domains of Zn-finger proteins (Scarpato et al.,
2015).
The basic splicing reaction is catalyzed by the huge multiprotein
conglomerate, called spliceosome, which consecutively removes non-coding
intronic sequences by two sequential phosphodiester transfer reactions to form
mature mRNA prior to its export and translation (Zhou et al., 2002; Hoskins &
Moore, 2012; Matera & Wang, 2014). In higher eukaryotes, the core RNA
splicing signals recognized by spliceosome include a canonical 5’ splice site
with a conserved GU dinucleotide and 3’ splice site with conserved AG
dinucleotide, ~10 basepair long polypyrimidine tract (PPT) at the 3’end of the
intron, and the branch point sequence (BPS) with highly conserved adenosine
~10-50 nt upstream of the 3’ splice site. All these splice elements together
define intron-exon boundaries (Mount, 1982; Matera & Wang, 2014). However,
a vast majority of splice sites diverge significantly from the canonical sequences
and are thus called “weak” splice sites. The nature of splice sites determines
their affinity for spliceosome and the final splicing outcome (Kornblihtt et al.,
2013).
There are several major modes of AS described, including exon
skipping, usage of alternative 3’ or 5’ splice sites, intron retention, and intraexon splicing. In some cases, a combination of different patterns of splicing
may take place in a single pre-mRNA (Keren et al., 2010). In higher eukaryotes,
the most prevalent event of AS is exon skipping, which occurs in up to 40% of
all cases and contributes the most to proteome diversity and phenotypic
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complexity, whereas the less frequent splicing mode is intron retention,
accounting less than 5% of all splicing events (Gamazon & Stranger, 2014).
It is estimated that roughly a third of alternative splicing events results
in mRNA isoforms with a premature stop-codon in their reading frame, which
leads to the nonsense-mediated decay (NMD) and later degradaion of truncated
products in the cytoplasm (Lewis et al., 2003). Recent studies suggest that
NMD, in addition to controlling the splicing errors, is also involved in the
global regulation of gene expression levels (Mendell et al., 2004; Hamid &
Makeyev, 2014). As an example, the expression of many splicing factors, such
as SR proteins and hnRNPs, as well as other core spliceosomal proteins, is
mainly regulated via alternative splicing coupled with NMD, in a process
known as regulated unproductive splicing and translation (RUST). This
autoregulation method of genes is peculiar to the proteins of splicing or
translation machinery and is evolutionarily conserved from plants to humans
(Lareau et al., 2007; Lareau & Brenner, 2015).

1.2. The general mechanism of AS regulation
AS is a very complicated process, which is dependent on many factors,
such as environmental signals, signaling pathways, chromatin structure, mRNA
transcription, pre-mRNA secondary structure, length of exons and introns,
sequence features (strong or weak splice sites), combinatorics of various
regulatory factors, and interactions stemming from this (Barash et al., 2010).
At the local level, in addition to core splicing signals, there are multiple
intronic and exonic cis-acting elements as well as trans-acting factors, which
regulate the proper outcome of AS. Cis-regulatory elements are classified into
four different groups depending on their role and position on pre-mRNA - ESEs
(exonic splicing enhancers), ESSs (exonic splicing silencers), ISEs (intronic
splicing enhancers), and ISSs (intronic splicing silencers) (Figure 1). Typically,
these elements are located not far from exon-intron boundaries, mainly in a
single-stranded conformation. They are highly variable and their activities are
dependent on positions relative to the regulated exon (Matera & Wang, 2014).
They recruit and directly interact with trans-acting factors, which control
splicing efficiency by activating or repressing the splice site recognition and
spliceosome assembly (Kornblihtt et al., 2013).
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Figure 1. Cis-acting regulatory elements (ISSs, ISEs, ESEs and ESSs) and trans-acting
factors (SRs, hnRNPs, and others) involved in the regulation of AS. General positive
splicing factors, including SR proteins, recognize ESEs to promote splicing. General
negative splicing factors, including hnRNPs, recognize ISSs and ESSs to inhibit
splicing. Regulatory factors that interact with ISEs are unknown. The exon is shown as a
box, the introns as lines. The splicing site is marked as a star. ESE - exonic splicing
enhancer, ESS - exonic splicing silencer, ISE - intronic splicing enhancer, ISS - intronic
splicing silencer. SR - serine/arginine-rich proteins, hnRNPs - heterogeneous nuclear
ribonucleoproteins.

Trans-acting factors act as auxiliary RNA-binding splicing regulators,
which assist the spliceosome in finding the correct splice sites and regulate the
exon usage. There are numerous RNA-binding proteins that function to control
and regulate AS. The general splicing factors include SR proteins
(serine/arginine-rich proteins) and hnRNPs (heterogeneous nuclear
ribonucleoproteins), which are widely expressed and conserved throughout the
eukaryotes. These modular factors act in both constitutive and AS regulation
(Chen & Manley, 2009).
The SR proteins belong to a well-characterized family of positive
regulators. All the members of this family have a common structure with two
important functional domains – one or two RNA recognition motifs (RRMs) at
the amino-terminus, which provide RNA-binding specificity, and
arginine/serine repeat-containing domain (RS domain) at the carboxy-terminus,
which is important for protein-protein interactions with other splicing factors.
Via these domains, SR proteins are able to bind simultaneously RNA and other
regulatory proteins (Black, 2003; Shepard & Hertel, 2009). The serines of the
RS domain can be extensively phosphorylated, which influences their proteinprotein and protein-RNA interactions and modulates their function (Xiang et al.,
2013). In humans, there are twelve canonical SR proteins (SRSF1-SRSF12) and
several SR-related polypeptides, that either have different or no RNA-binding
domains, or unable to assist in the splicing process (Chen & Manley, 2009;
Busch & Hertel, 2012).
In opposition to SR proteins, the hnRNP proteins are the best-studied
negative regulators of splicing. However, these proteins do not belong to a
single family. Most of the hnRNP proteins also contain several functional
domains – RRM domain and several domains that support protein-protein
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interactions, including RGG box motif (a cluster of arginine and glycine
residues), glycine-rich, acidic, or proline-rich domains (Busch & Hertel, 2012).
There are more than 20 kinds of hnRNP proteins (ranging from hnRNP A to
hnRNP U) found in human cells. The most abundant and most-studied hnRNPs
are the six “core” hnRNP proteins - A1, A2, B1, C1, B2 and C2 as well as PTB
(Polypyrimidine Tract-Binding Protein), also known as hnRNP I (Dreyfuss et
al., 1993; Black, 2003).
Most often, SR proteins recognize and interact with ESEs through their
RRMs, whilst the targets of hnRNPs are usually ESSs and ISSs. The interaction
partners for ISEs are not sufficiently described (Figure 1) (Chen & Manley,
2009). Thus, multiple SR protein family members are normally believed to act
as splicing activators by recruiting spliceosome and other positive regulatory
factors to the splice sites of pre-mRNA, resulting in inclusion of exons (Lam &
Hertel, 2002). On the contrary, hnRNP proteins are mostly known as negative
regulators of splicing that cause exon skipping. Their proposed mechanism of
action is cooperative binding along exons to the transcript to prevent the
recruitment of spliceosome complex. PTB proteins can bind specifically to short
polypyrimidine tract (CU-rich motifs) near the 3’ end of introns and cause
downstream exon exclusion (Coutinho-Mansfield et al., 2007). By binding to
ESEs, PTB can cause exon skipping by inhibiting formation of the splicing
complex (Matera & Wang, 2014).
However, recent findings indicate that action of both types of regulators
is modulated by their relative abundance, post-translational modifications (e.g.
phosphorylation status), location of the binding site relative to the regulated
exon, and affinity of the binding sites. Depending on the context, both types of
proteins can either facilitate or prevent spliceosome assembly at particular splice
sites (Lin & Fu, 2007; Huelga et al., 2012; Pandit et al., 2013).
To conclude, spliceosome recruitment, binding affinity and splicing
events are influenced by activatory and inhibitory proteins, which recognize and
bind to specific sets of RNA elements, including splice site signals and
SR/hnRNP protein binding sites.

1.3. The epigenetic regulation of AS
Traditionally, the regulation of AS has been thought to include mostly
RNA-binding splicing factors. However, the most recent studies have
demonstrated that the control of splice site choice is far more complex and
efficiency and accuracy of AS are dependent on the cellular environment,
chromatin structure, histone modifications, DNA topology and transcriptional
status (Figure 2) (Luco et al., 2011).
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Figure 2. Factors involved in the global regulation of alternative pre-mRNA
splicing (AS) leading to exon inclusion or skipping.

1.3.1. Coupling of splicing and transcription
It is estimated that AS of about 80% of all mammalian genes occurs cotranscriptionally (Brugiolo et al., 2013). In other words, the decison of whether
alternative exon is skipped or inserted is usually made during ongoing
transcription, or simultaneously with transcription, within the same cell nuclear
environment (Pandya-Jones & Black, 2009). Moreover, these two events are
coupled not only temporally and spatially, but also functionally (Beyer &
Osheim, 1988; Ameur et al., 2011; Kornblihtt et al., 2013; Bentley, 2014). This
implies that most of the factors that are involved in the control of transcription
also impact splicing, and this process is mostly reciprocal. Namely, the
spliceosomal components and trans-acting splicing factors were shown to
facilitate transcription through interactions with transcription factors (Fong &
Zhou, 2001; Lin et al., 2008).
Two general molecular mechanisms have recently been proposed that
physically and functionally couple transcription with splicing, known as
“recruitment coupling” and “kinetic coupling” (Montes et al., 2012). The first
model postulates that the recruitment of splicing factors to pre-mRNA works in
association with transcription machinery. The CTD (Carboxyl Terminal
Domain) of RNA polymerse II plays the major role in this process acting as a
target for the recruitment of processing factors to the regions of active
transcription (McCracken et al., 1997; Fong et al., 2003). In mammals, CTD is
composed of up to 52 copies of heptapeptide sequence (Tyr-Ser-Pro-Thr-SerPro-Ser) (Meininghaus et al., 2000). Post-translational modifications of CTD
residues, in particular phosphorylation at two specific serine residues (Ser2 and
Ser5), are very important for its interaction with the components of transcription
machinery and spliceosome to generate the elongation-ready RNA pol II
(Millhouse & Manley, 2005; Montes et al., 2012). Thus, the recruitment of
splicing factors to proper splice sites is dependent on the RNA pol II CTD.
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Multiple regulators of AS that associate with CTD and participate in coupling
have been found in both yeast and mammalian cells. The most important of
these are SR proteins, which associate with both RNA pol II CTD and other
splicing factors and spliceosome components (Millhouse & Manley, 2005).
Amongst the other factors involved in the process of co-transcriptional splicing
by direct interactions with CTD are splicing factors U2AF65 (U2 Auxiliary
Factor 65 kDa subunit) and PRP19 (Pre-mRNA Processing Factor 19),
transcription elongation factor CA150 (Coactivator of 150 kDa), transcriptional
regulators MED23 (Mediator complex subunit 23), TFIIH (Transcription Factor
IIH), PSF (PTB-associated Splicing Factor), and others (Morris & Greenleaf,
2000; Smith et al., 2004; Endoh et al., 2004; O'Gorman et al., 2005; Lin & Fu,
2007; David et al., 2011; Ji & Fu, 2012).
The second, less direct “kinetic coupling” model suggests that the
outcome of co-transcriptional RNA splicing and the ability of splicing factors to
recognize splice sites is modulated by RNA pol II elongation rate. The rate, by
which RNA pol II transcribes, is highly dynamic. It varies between and within
the genes and depends on multiple factors - the chromatin structure (histone
marks), DNA topology, the phosphorylation level of Ser2 and Ser5 residues on
CTD of RNA Pol II, elongation factors, nucleosome remodelers, and even on
number of exons per gene. For example, the low-complexity DNA sequence and
low GC-content are associated with higher elongation rate (Eperon et al., 1988;
Jonkers & Lis, 2015). Or, specific histone marks, like H3K36me3 (Histone H3
trimethylated at lysine 36) and H4K20me1 (Histone H4 monomethylated at
lysine 20), can reduce elongation rate (Jonkers & Lis, 2015). The rate of
transcription synthesis dictates the inclusion or skipping of exons. The fast
elongation speed of RNA Pol II, which occurs when e.g. CTD is
hyperphosphorylated or chromatin has a low nucleosome density at the site of
transcription, usually leads to alternative exon skipping or inclusion of exons
with “strong” splice sites. And vice versa, a slow elongation rate, caused e.g. by
hypophosphorylation of CTD or high nucleosome density, allows the splicing
machinery to assemble on “weak” splice sites, resulting in exon inclusions
(Mata et al., 2003; Pandya-Jones & Black, 2009; Montes et al., 2012; Fong et
al., 2014; Dujardin et al., 2014; Bentley, 2014). Thus, the optimal rate of mRNA
synthesis is required to achieve a proper co-transcriptional splicing (Fong et al.,
2014).
However, not always transcription and splicing occur together. In some
situations, for example after the induction of transcription in macrophages or
repression of splicing in thrombocytes, splicing rather occurs after the process
of transcription is completed. Alternative introns that are spliced posttranscriptionally might be possibly coordinated by different regulatory
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mechanisms. This field of research certainly needs future investigations
(Brugiolo et al., 2013).

1.3.2. AS and chromatin environment
The most recent findings reveal that selection of exons is also regulated
at the level of chromatin structure.
Nucleosomes, as subunits of chromatin, are composed of two copies of
histone proteins H2A, H2B, H3 and H4, around which approximately 147 base
pairs of double-helical DNA is wrapped (Luger et al., 1997). In a variety of
species, nucleosomes are found to be associated with DNA sequence
preferentially around exons, especially alternative exons, and their positioning is
highly dynamic. Presumably, such a specialized nucleosome positioning is
regulated by transcription machinery as well as chromatin remodeling
complexes to help in splice site recognition (Schwartz et al., 2009). In a
standard model, increased nucleosomal density at internal cassette exons is
associated with higher levels of exon inclusion, whereas weaker nucleosome
positioning is generally associated with exon skipping. Thus, nucleosome
positioning and density not only influence exon definition but also contribute to
the efficiency of splicing (Mata et al., 2010).
Additionally, the outcome of splicing is directly modulated by the posttranslational modifications of histones. The histones located in a close proximity
to intron-exon boundaries are usually modified, generally by methylation,
acetylation, phosphorylation, ribosylation, and ubiquitination, which adds an
extra mark for exon definition and spliceosome positioning (Luco et al., 2010;
Montes et al., 2012; Zhou et al., 2014). For instance, tri-methylation of histones
H3K36, H3K79, H3K4 and di-methylation of histone H3K27 have shown to be
epigenetic splicing-associated marks for internal exons (Andersson et al., 2009;
Kim et al., 2011). Depending on the histone code, the rate of RNA pol II
elongation can be repressed or increased, which, in turn, determines the
outcome of alternative exon usage. Thus, the acetylation of histones located
next to the cassette exons has been shown to destabilize histone-DNA
interactions leading to chromatin relaxation and enhanced elongation, which
promotes exon skipping (Almeida & Carmo-Fonseca, 2012).
The chromatin remodeling SWI/SNF (mating-type SWItch/Sucrose
NonFermenting) complex has been shown to be involved in the regulation of
AS, independently of its remodeling activity. Several studies reported that
hBRM (human Brahma), and possibly BRG-1 (Brahma-Related Gene 1), the
two mutually exclusive catalytic subunits of SWI/SNF complex, can facilitate
the assembly of the spliceosome to exons with “weak” splice sites and promote
the inclusion of variant exons during the splicing of a subset of pre-mRNAs by
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reducing the elongation rate of RNA pol II (Batsché et al., 2006; Ito et al.,
2008). However, later studies in Drosophila revealed that the elongation rate of
RNA pol II is not always affected and that BRM together with BRG-1 are not
the only subunits of SWI/SNF involved in the regulation of splicing (Waldholm
et al., 2011).
Several recent studies have implicated that certain small non-coding
RNA molecules, namely siRNAs (small interfering RNAs) and sRNAs
(endogenous small RNAs) as well as long non-coding RNAs and pre-mRNAs,
can specifically guide histone-modifying complexes to distinct and specific sites
and regulate their activity to modulate the proper local chromatin structure
providing accurate control of AS (Ameyar-Zazoua et al., 2012; Zhou et al.,
2014).
In conclusion, the studies performed during the past few years suggest
that synergistic or competing activities of positively and negatively acting ciselements and trans-acting factors along with bimodel interactions between
splicing, transcription and chromatin structural subunits form a highly complex
multi-layered splicing regulatory network in the cell. Despite of these findings,
further analysis is needed to underastand the global rules that define the
regulation of AS in multicellular organisms.

1.4. Tissue- and cell type-specific AS
AS has a central role in generating morphological differences between
species and developing of cell type- or tissue-specific molecular repertoire.
Indeed, cell type- or tissue-specificity of splicing is a necessary prerequisite for
development, differentiation or organs morphogenesis (Barbosa-Morais et al.,
2012; Merkin et al., 2012). It is estimated that about 10-30% of all the
alternatively spliced genes have tissue-specific transcripts (Xu et al., 2002).
Brain, followed by the liver, muscles and testis have the maximum abundance
of AS events across the whole human body, mostly with exon skipping mode
(Yeo et al., 2004; Shargunov et al., 2014).
Tissue-specific genes can be dividied into two separate classes –
regulators, or genes participating in the transcriptional regulation of target
genes, and effectors, or genes involved in the modulation of physiological
properties characteristic to certain types of cells (Choi et al., 2006). In turn,
tissue-specific regulators can be divided into several subgroups - extracellular
signaling proteins, transmembrane receptors, signal transducers, and cellular
transcription factors (Choi et al., 2006). It is established that tissue-specific AS
is very common to the genes, which are involved in multiple signaling
pathways, such as EGF/MAPK (Epidermal Growth Factor/Mitogen-Activated
Protein Kinase), Hedgehog, WNT (Wingless iNTegrated), TGF-b
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(Transforming Growth Factor beta), and JAK/STAT (Janus Kinase/Signal
Transducer and Activator of Transcription) pathways (Buljan et al., 2012).
It has been recently suggested that tissue-specific alternative exons
usually encode structurally disordered regions with undefined structure, which
are enriched in evolutionarily conserved binding motifs important for molecular
interactions with other proteins as well as in sites of post-translational
modifications. This is opposed to constitutive exons, which often tend to encode
protein domains with defined tertiary structure (Buljan et al., 2012; Ellis et al.,
2012).
Different tissues exhibit splice-specific programs as a result of
combinatorial use of tissue-specific splicing factors. Thus, there are multiple
regulatory proteins described that modulate AS in a spatio-temporal manner
independent of the activity of auxiliary splicing factors (Wang et al., 2008;
Merkin et al., 2012).

1.4.1. AS in neural tissue
AS is one of the major processes important for the maturation and
proper function of the mammalian nervous system. Many neuron-specific
proteins have diversity of isoforms generated through differential inclusion or
exclusion of specific sequences into the final mRNA. Bioinformatics studies
together with microarray analyses revealed that mammalian brain, especially
fetal brain, is a tissue, where most of AS events take place, contributing to its
transcriptome and proteome diversity (Blencowe, 2006). This can be explained
by the fact, that brain contains the highest number of specialized cell types that
are constantly modulated in response to various stimuli (Ameur et al., 2011).
Within the brain, cerebellum was found to exhibit the highest degree of AS
(Grange et al., 2010). Interestingly, some genes can show splicing differences
within distinct brain segments indicating their specialized function in these
regions (Grabowski & Black, 2001). About 40% of all the genes expressed in
human brain show significant changes in splicing during lifespan, mainly at
infancy and at a very old age. Most of these genes are connected to neuronal
function and dysfunction and then associated with neurodegenerative disorders
(Mazin et al., 2013).
AS plays an important role in the developing and mature nervous
systems. Such diverse neuronal developmental events like neural tube
patterning, neural progenitor cell fate determination, axon guidance,
synaptogenesis, and synapse maintenance are all regulated by AS (Norris &
Calarco, 2012). In the mature nervous system, splicing is known to regulate key
physiological processes like synaptic strength and plasticity, ion channels
functions, neurotransmission, calcium signaling, receptor specificity, neuronal
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depolarization, and more (Grabowski & Black, 2001; Li et al., 2007; Kalsotra &
Cooper, 2011).
AS in neurons is often modulated by physiological neuronal activity and
stress. Increasing evidence suggests that calcium influx as a result of cellular
depolarization or upon drug treatment is involved in the regulation of AS of
many key neuronal transcripts encoding channel proteins, neurotransmitter
receptors, or modulators of synaptic strength (Daoud et al., 1999). Recent
comprehensive studies have found that neuronal depolarization can modulate
AS of certain genes independently of calcium by changing transcription kinetics
of RNA pol II through histone modifications in the proximity of regulated exon
(Schor et al., 2009). In either case, changes in the external or internal stimuli
regulate splicing of many neuronal genes often yielding in significantly altered
functional activity of these proteins and thus contributing to molecular plasticity
of the brain (Daoud et al., 1999; Flavell & Greenberg, 2008; Lee et al., 2009).
AS of NMDAR1 (Neurotransmitter N-Methyl-D-Aspartate Receptor 1) is one
of the best-described examples of how the regulated production of different
protein isoforms modulates the receptor function, subcellular distribution and
synaptic efficacy, which leads to the changes in cell physiology (Michaelis,
1993; Zukin & Bennett, 1995; Okabe et al., 1999). Another example is the
complex expression of neurexins - major proteins of cell adhesion that establish
and maintain synapses in the brain. Through the use of AS, thousands of
neurexin protein isoforms can be expressed, each with its own function and
affinity for their post-synaptic ligands (Chih et al., 2006).
The proper regulation of AS in neural tissue is very cruical for
maintaining its normal functioning. Of note, brain has a large variety of
differentially expressed splicing factor genes. There are several trans-acting
neuron-specific or enriched splicing regulators described so far, including RNAbinding proteins and miRNAs, which are expressed in a temporal- or cell typespecific manner and act by enhancing or repressing splicing depending on the
context (Li et al., 2007; Grabowski, 2011). The most-characterized tissuerestricted neuronal regulators are NOVA-1, -2 (Neuro-Oncological Ventral
Antigen-1, -2), nSR100 (Neural-specific SR-related Protein of 100 kDa), nPTB
(neural Polypyrimidine Tract-Binding Protein), FOX-1, -2, -3 (Forkhead Box
Protein-1, -2, -3), CELF (CUG-BP Elav-Like Family), and MBNL2
(Muscleblind-Like 2) (Chen & Manley, 2009).
NOVA-1, NOVA-2, nPTB and nSR100 are the major splicing factors
expressed in the mammalian brain that regulate more than 700 AS events
(Zhang et al., 2010). It has been reported that transcripts with NOVA-regulated
exons encode proteins, which are mostly involved in synaptic function and
neuronal migration (Ule et al., 2005; Yano et al., 2010). NOVA-1 and NOVA-2
are paralogs, that are expressed in different subregions of the postnatal brain and
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control diverse events of brain development, with NOVA-1 predominantely
expressed in brainstem and spinal cord neurons, and NOVA-2 in neocortex and
hippocampus (Jensen et al., 2000). Interestingly, NOVA binding to pre-mRNA
determines the outcome of splicing. Namely, binding of NOVA upstream of
alternative exon leads to its skipping, while binding to downstream site activates
exon inclusion (Ule et al., 2006).
nPTB, also known as PTBP2 (Polypyrimidine Tract Binding Protein 2),
is a neuron-restricted, or brain-enriched counterpart of PTB (Polypyrimidine
Tract-Binding Protein), also known as PTBP1. Its expression is activated in
neural tissue as a result of PTB suppression by brain-specific miRNAs (e.g.
miR-124 in mice) (Makeyev et al., 2007). The switch from PTB to nPTB
expression induces many events of neuron-specific AS that are important for
neuronal maturation and differentiation (Coutinho-Mansfield et al., 2007;
Grabowski, 2011; Li et al., 2014). nPTB acts by binding to CU-rich regulatory
sequences of alternative exons to repress or activate their splicing, or sometimes
to cause intron retention (Keppetipola et al., 2012). Neurons lacking this protein
fail to develop correctly and die (Li et al., 2014).
nSR100 is another crucial regulator of up to 30% of all the AS events
important for mammalian neuronal differentiation, which acts by increasing the
levels of nPTBs and other factors. It also interacts directly with targeted genes,
such as those involved in the remodeling of cytoskeleton during neuronal
morphogenesis, promoting neuritic outgrowth or axon guidance (Calarco et al.,
2009; Quesnel-Vallières et al., 2015). Additionally, nSR100 activates the
expression of several target genes important for neurogenesis by modulating the
splicing of REST (RE-1 Silencing Transcription factor), which acts as a
repressor of neuronal genes in nonneural tissues. This is achieved by production
of a truncated REST isoform in neural cells with no repressor activity.
Respectively, in nonneural cells, REST itself maintains its repressor activity in
part by inhibiting the activity of nSR100 (Raj et al., 2011).

1.4.2. BDNF as an example of tissue-specific gene expression
BDNF (Brain-Derived Neurotrophic Factor) along with NGF (Nerve
Growth Factor), NT-3 (Neurotrophin-3) and NT-4/5 (Neurotrophin-4/5) belongs
to the mammalian family of neurotrophic factors (Snider, 1994; Skaper, 2012).
It was first identified and purified more than 30 years ago as a factor supporting
the survival and fiber outgrowth of the embryonic sensory neurons (Barde et al.,
1982). It is now well established that members of this family have a very high
degree of sequence conservation between mammalian species and their key role
is the regulation of differentiation, survival, plasticity, growth and synaptic
transmission of certain neuronal populations of CNS (Lessmann et al., 2003). In
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brain, BDNF has been shown to play a critical functional role in triggering
neuronal activity-dependent long-term potentiation (LTP) in the hippocampus
and neocortex, a process that is underlying learning and long-term memory
formation (Korte et al., 1995; Soulé et al., 2006). Disruption of BDNF
expression is associated with a set of human neurological and psychiatric
conditions, including Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, epilepsy, schizophrenia, multiple sclerosis and depression (Howells et
al., 2000; Ferrer et al., 2000; Binder et al., 2001; O'Bryant et al., 2009; Castrén
& Rantamäki, 2010; Kalinowska-Lyszczarz & Losy, 2012; Nieto et al., 2013).
BDNF is very crucial to postnatal survival, knockout mice that lack this
neurotrophin die shortly after birth as a result of severe PNS and CNS
deficiencies (Jones et al., 1994).

Figure 3. Simplified schematic representation of BDNF-TrkB signaling pathways.
BDNF binds to the extracellular domain of TrkB with high affinity, induces its
dimerization and autophosphorylation triggering the activation of three main
intracellular signaling pathways: MAPK/ERK, PLC-γ and PI3-K, which mediate
transcription of genes necessary for neuronal cells plasticity, survival, and growth.
MAPK/ERK - mitogen-activated protein kinase/extracellular signal-regulated kinase,
PLC-γ - phospholipase C-γ, PI3-K - phosphatidyl inositol-3 kinase. Stars indicate the
sites of autophosphorylation.

BDNF is synthesized in the endoplasmic reticulum as a prepro-BDNF
molecule of 32 kDa, which is further N-terminally cleaved either extracellularly
or intracellularly to form a mature 14 kDa protein (Mowla et al., 2001; Park &
Poo, 2013). Following secretion by target tissue (either constitutive or activityinduced), BDNF binds to and activates both its specific cell surface receptors high-affinity TrkB (Tropomyosin Kinase B) receptor and low affinity p75NTR
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(p75 Neurotrophin Receptor) (Reichardt, 2006). BDNF binding results in
receptor dimerization and autophosphorylation, leading to activation of various
signaling cascades, including the MAPK/ERK (Mitogen-Activated Protein
Kinase/Extracellular Signal-Regulated Kinase), PI3-K (Phosphoinositide 3Kinase), and PLC-γ (Phospholipase C-γ) pathways, which further promote
different aspects of neuronal survival, neurite outgrowth, neurogenesis, synapse
formation, and plasticity (Figure 3) (Heerssen & Segal, 2002; Murray &
Holmes, 2011; Park & Poo, 2013).
BDNF is one of the well-characterized examples of neuronal genes with
a distinct pattern of tissue-specific AS. The initial studies on BDNF genomic
organization and regulation have begun more than twenty years ago by T.
Timmusk and colleagues, who first characterized in detail its complex structure
and expression pattern in rodents (Timmusk et al., 1993). Since then it has
become obvious that the structure of this gene is unusual, contains several
upstream noncoding exons spliced to a common coding exon, resulting in
multiple alternative mRNAs, which are regulated from separate alternative
promoters (Timmusk et al., 1993). Later on, several other groups revised the
structure of the Bdnf in rodents (Bishop et al., 1994; Aoyama et al., 2001; Liu et
al., 2006). Since the finding of its complex genomic structure, the great interest
to BDNF gene has been constantly growing because of its involvement in
multiple behavioral, physiological and pathological processes in the brain.
However, the most recent studies on the rodent Bdnf gene were conducted by
neurobiology group supervised by T. Timmusk in 2007. They showed that the
organization of both mice and rat Bdnf genes is very identical, both genes
consist of nine exons - eight 5’ untranslated exons transcribed from separate
promoters upstream of each exon, and one major protein-coding 3’ exon.
Additionally, there are two different polyadenylation sites located within the last
coding exon. All 5’ noncoding exons are independently spliced to the major
coding exon to produce at least 22 bipartite alternative transcripts with
differential patterns of expression in various brain regions and nonneural tissues
(Aid et al., 2007).
The structure and differential expression of the human BDNF gene have
been less extensively investigated. However, similarly to rodent species, it has
been found to have a rather complex organization with seven upstream exons
each, which are independently spliced to the single protein coding exon to form
diversity of BDNF alternative mRNAs, all of which initiated by several
individual promoters and expressed differentially within the brain regions (Liu
et al., 2005).
Numerous transcription regulatory elements controlling BDNF
expression that are located in different regulatory regions of the gene have been
demonstrated to define the spatiotemporal regulation of its expression. Namely,
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binding sites for transcription factors like NRSF (Neuron-Restrictive Silencer
Factor), CaRF (Calcium Response Factor), CREB (Calcium/cAMP Response
Element binding protein), MeCP2 (Methyl CpG binding Protein 2), USF
(Upstream Stimulatory Factor), BHLHB2 (Basic Helix-Loop-Helix B2), NFκB
(Nuclear Factor κB), MEF2D (Myocyte Enhancer Factor 2D), NPAS4
(Neuronal PAS domain protein 4), and ARNT2 (Aryl hydrocarbon Receptor
Nuclear Translocator 2) have been shown to act in specific promoter contexts as
cis-acting elements that positively or negatively contribute to regulation of
expression of corresponding alternative transcripts in various tissues (Timmusk
et al., 1999; Tao et al., 2002; Chen et al., 2003; Martinowich et al., 2003;
Zuccato et al., 2003; Lubin et al., 2007; Lubin et al., 2008; Jiang et al., 2008;
Pruunsild et al., 2011). The regulation of transcription of the BDNF gene occurs
predominantly through exons I and IV. The most sensitive to neuronal activity
promoter is located upstream of BDNF exon IV, containing multiple calciumand cAMP-responsive elements, to which CaRF and CREB, respectively, bind
to initiate transcription (Zheng et al., 2011; Zheng et al., 2012; Park & Poo,
2013). In addition to multiple transcription factors, such epigenetic mechanisms
like chromatin remodeling and DNA methylation are also involved in the
regulation of isoform-specific BDNF transcription. For instance, it was shown
that acetylation of histones H3 or H4 at BDNF promoter IV is upregulated
following fear conditioning leading to the increased mRNAs expression, or
DNA methylation in promoter IV following neural stimulation reduces BDNF
exon IV transcription as a result of interaction with transcriptional repressor
MeCP2 (Zhou et al., 2006; Bredy et al., 2007; Lubin et al., 2008).
The expression of BDNF mRNA and protein is usually low at birth and
increases into adulthood, or in response to neural activity induced by various
stimuli, such as GABAergic and glutamatergic neurotransmission (e.g. via
kainate receptors), KCl treatment-dependent membrane depolarization, or drug
administration (e.g. acute cocaine or morphine treatment) (Maisonpierre et al.,
1990; Zafra et al., 1990; Liu et al., 2006; Aid et al., 2007). It has been shown
that BDNF protein and mRNAs are expressed predominantly in the CNS,
especially in the brain areas like hippocampus, cerebral cortex, amygdala, and
hypothalamus (Hohn et al., 1990; Hofer et al., 1990; Liu et al., 2005; Liu et al.,
2006; Aid et al., 2007). Moreover, the relative level of expression of alternative
transcripts was shown to be differential not only between various tissues but
also in the single cell (e.g. neuronal stroma, dendrites or axons). These findings
reveal the highly precise functional role of BDNF controlled by compartmentspecific selective expression (Leibrock et al., 1989; Hofer et al., 1990; Aid et
al., 2007; Chiaruttini et al., 2008; Baj et al., 2011; Garcés et al., 2014). Outside
of CNS, the expression of BDNF mRNA and protein has been detected at low
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levels in thymus, heart, liver, skin, spleen, muscles, pancreas, colon, intestine,
lungs, bladder, testis, and placenta.

1.5. Transcription pre-initiation complex and role of AS in
generation of its diversity
During every round of transcription, about sixty proteins assemble
together at every RNA pol II-regulated promoter. Half of these assembled
proteins form transcription pre-initiation complex (PIC). PIC consists of RNA
pol II and general transcription factors (GTF), which function together with coactivators (also known as Mediator) and chromatin-remodeling complex to form
the huge multi-subunit conglomerate important for the first-step gene expression
control in eukaryotes (Conaway & Conaway, 1993; Kornberg, 2007; Murakami
et al., 2013).
Previously, the components of general transcription machinery,
including core promoter recognition complexes, Mediator complex, and
chromatin modifiers were thought to be mostly conserved and invariant in all
tissues from yeast to human. However, recent studies support the notion that
eukaryotes have evolved an unexpected diversification of GTFs to modulate the
complicated process of cell-type or tissue-specific gene expression. Different
genes and their promoter elements recruit unique combinations of GTFs.
Furthermore, various protein isoforms of PIC components, which are generated
by AS, or paralogs, which emerged during evolution, are involved in the
formation of highly context-specific transcription complexes. Thus,
differentially expressed members of the PIC family are the primary drivers of
highly complex patterns of gene expression (D'Alessio et al., 2009).

1.5.1. GTFs and their alternative isoforms
Initiation of eukaryotic transcription requires the assembly of RNA pol
II and a set of GTFs, including TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH
on the core promoter. Formation of this complex is necessary for promoter
recognition, polymerase recruitment, interaction with regulatory proteins, and
DNA unwinding. Each GTF has a specialized role during transcription
initiation. Thus, TFIIA and TFIIB are necessary for TBP-TATA complex
stabilization, TFIIB is involved in RNA pol II/TFIIF recruitment and start-site
selection, TFIIE recruits TFIIH and facilitates the formation of the complex and
promoter melting, TFIIF facilitates the recruitment of polymerase and other
GTF components to the promoter and enhances the efficiency of elongation, and
TFIIH has several enzymatic activities important for transcription initiation and

25

elongation (Thomas & Chiang, 2006; Luse, 2013; Grünberg & Hahn, 2013).
TFIID is a major multisubunit component of the general transcription
machinery, which is composed of TBP (TATA-Binding Protein) and
approximately 14 coactivator subunits called TAFs (TBP-Associated Factors)
(Lemon & Tjian, 2000; Thomas & Chiang, 2006; Papai et al., 2011). TFIID has
several roles in regulating transcription, including promoter recognition, preinitiation complex assembly and stabilization, and interaction with multiple
transactivators (Albright & Tjian, 2000; Papai et al., 2011).
There are multiple GTF paralogs identified, including gonad-specific
TAF1L, TAF4b, TAF7L, and ALF (TFIIA paralog) (Freiman, 2009). However,
the GTF isoforms derived by AS are far less studied. AS yielding in GTF
subunits is usually modulated by external stimuli. Up to date, alternatively
spliced isoforms of TAF1, TAF4 and TAF6 have been described (Albright &
Tjian, 2000).
Multiple alternatively spliced isoforms of TAF1, the largest and one of
the most essential subunits of TFIID, have been found in eukaryotes. The
studies in Drosophila reported that all identified isoforms of TAF1 have
differential DNA-binding affinity and patterns of expression during
development (Katzenberger et al., 2006; Katzenberger et al., 2009). The
expression of one of Drosophila TAF1 isoforms was found to be enriched in
testis and therefore might be involved in the regulation of genes necessary for
sexual reproduction (Metcalf & Wassarman, 2007). In mammals, alternative
isoforms of TAF1 are highly distinctly expressed across tissues. Neuronspecific isoforms of TAF1 have been described with expression limited to brain
only. It was observed that reduced expression of neuron-specific TAF1 causes
X-linked dystonia-parkinsonism syndrome (XPD) with neuronal degeneration in
striatum (Herzfeld et al., 2007; Sako et al., 2011; Jambaldorj et al., 2012). Thus,
neuron-specific isoform of TAF1 seems to be important for survival of striatal
neurons.
TAF4 is another member of TFIID complex, whose function is
regulated by alternative splicing. TAF4 is primarily known as a co-activator of
many transcription factors (Wright et al., 2006). The studies in mice identified
five alternatively spliced isoforms of TAF4 with context-specific roles in
transcriptional regulation (Brunkhorst et al., 2004). In humans, more than 10
different alternative isoforms of TAF4 have been described with different
patterns of expression in various cells and tissues. Of note, one of the alternative
isoforms of human TAF4 with structurally altered co-activator TAFH domain,
which is important for protein-protein interactions, was shown to be involved in
the regulation of mesenchymal stem cell proliferation and differentiation into
osteoblasts, adipocytes, and chondrocytes through activation of non-canonical
WNT signaling (Kazantseva et al., 2013). In other studies, alternative TAF4
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isoforms with modified TAFH domain were shown to be involved in the
process of neuronal and glial differentiation from neural progenitor cells,
emphasizing the importance of TAF4 involvement in the regulation of
neurogenesis (Kazantseva et al., 2015). Unlike canonical TAF4 supporting the
pluripotency of the cells, alternative isoforms of TAF4 promote differentiation
and control motility.
Alternative isoform of human TAF6 protein, called TAF6, is quite
well characterized due to its function in apoptosis. TAF6 isoform has a partial
histone-fold motif, which is critical for its interactions with TAF9. In contrast to
the canonical TAF6 protein, TAF6 forms a TAF9 depleted general
transcription complex, known as TFIID complex, which is specific to the cells
undergoing the programmed cell death. Several studies have confirmed the
signal-controlled regulation of TAF6 in pro-apoptotic cells and its impacts on
the regulation of genes triggering apoptosis (Bell et al., 2001; Wilhelm et al.,
2010). Although the molecular mechanisms underlying the involvement of
TAF6 in the regulation of pro-apoptotic genes remain to be defined, it has been
shown to orchestrate transcription in a promoter-dependent manner (Wilhelm et
al., 2010; Kamtchueng et al., 2014).

1.5.2. Mediator complex and its alternative isoforms
Mediator is a large, up to 30 polypeptides containing complex, which
plays a central role during the initiation of transcription by RNA pol II in all
eukaryotes. According to the nomenclature established in 2004, it consists of
MED1 to MED31 proteins, together with CDK8 (Cyclin-Dependent Kinase 8),
cyclin C and several paralogs (MED1L, MED12L, MED13L and CDK19)
(Bourbon et al., 2004). Mediator complex regulates transcription by transmitting
signals from DNA-binding transcription factors to the RNA pol II transcription
machinery, resulting in the activation or repression of gene expression in a
promoter-specific fashion. In addition to its basic function, recent studies have
also established its additional roles in processes of transcription elongation,
epigenetic regulation, transcription termination, and mRNA processing. Based
on these multiple specific roles in gene regulation, Mediator can be considered
as a key coordinator of cellular developmental programs (Poss et al., 2013; Yin
& Wang, 2014). The structural organization of the Mediator complex is largely
conserved among eukaryotes from yeast to humans. Its numerous subunits can
be divided into 4 separate modules designated as head, middle, tail and CDK8
kinase. However, the sequence conservation of the distinct subunits between
species is rather low (Malik & Roeder, 2010; Ansari & Morse, 2013; Yin &
Wang, 2014).
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Recent studies in mammals showed that the subunit composition of the
Mediator complex varies and is not restricted to single subunits. There are at
least two main distinct Mediator complexes discovered, which differ in
composition by the presence or absence of the CDK8 kinase module (Malik &
Roeder, 2010). In addition, Mediator complex variations can also arise from the
incorporation of subunit paralogs (e.g. MED13L instead of MED13, or CDK11
instead of CDK8) or presence/absence of certain subunits (e.g. MED1, MED26)
(Zhang et al., 2005; Malik & Roeder, 2010; Yin & Wang, 2014). Bioinformatics
analysis and expression studies have identified that multiple components of
human Mediator complex undergo alternative splicing, potentially yielding in
plethora of isoforms (A. Kivil, personal communication; US patent
2010/0087376 A1; Rienzo et al., 2012; Rienzo et al., 2014). For example, it was
shown that expression of MED12, MED19 and MED30 alternative transcripts is
restricted only to the cells undergoing endothelial progenitor cells (EPC)
differentiation (Rienzo et al., 2010; Rienzo et al., 2012; Rienzo et al., 2014).
However, up to date the isoforms of Mediator complex are not sufficiently
studied and need to be further examined.

1.5.3. Chromatin remodeling complex and its tissue-specific activity
The primary role of chromatin remodeling complexes during
transcription initiation is to move, eject or restructure the nucleosomes using
ATP hydrolysis, so that the DNA sequence is accessible for the transcription
machinery. In addition to remodeling activities, they are also known for their
role as positive or negative regulators of gene expression during development
(Kwon & Wagner, 2007). There are at least five main classes of chromatin
remodeling complexes in eukaryotes: SWI/SNF, ISWI (Imitation SWI), INO80
(INOsitol requiring 80), Mi2/CHD (Mi2/Chromo-Helicase ATPase, DNA
binding) and SWR1 (SWI2/SNF2-related 1). These complexes are recruited to
DNA by sequence-specific transcription factors or GTFs. The mammalian
SWI/SNF family comprises several large multisubunit complexes, among which
the BRM/BRG-associated factor complex (BAF complex) is the best studied.
The mammalian BAF complex contains up to 15 proteins with one of two
mutually exclusive catalytic proteins, BRG1 or BRM, and a set of variable
BRG1/BRM-associated factors, including BAF250, BAF200, BAF170,
BAF155, BAF60, BAF57, BAF53, BAF47, or BAF45, which dynamic
incorporation into the complex is highly genomic context dependent (Kingston
& Narlikar, 1999; Vignali et al., 2000; Tang et al., 2010). Structurally different
BAF complexes might have specialized functions enabling the cell-type- or
developmental-stage-specific regulation of gene expression (Choi et al., 2015).
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For instance, embryonic stem cell BAF complexes, esBAFs, contain the
homodimers of BAF155, lack BAF170 and have BRG as a catalytic subunit,
which is sufficient for the maintenance of self-renewal and pluripotency in
embryonic stem cells (Ho et al., 2009). The expression and function of
individual BAF proteins are being studied extensively.
There are several tissue-specific subunits of BAF complex described,
which are involved in the regulation of various cellular programs. For example,
the transition of the mammalian cells from the multipotent neural stem cells
(NSCs) into neuronal or glial cell lineages requires the substitution of
BAF45a/BAF53a subunits of the BAF complex into the specific homologous
neuron-specific isoforms BAF45b, BAF45c and BAF53b. These isoforms are
essential for the cell to initiate differentiation from the proliferating neural stem
cells into mature post-mitotic neurons (Lessard et al., 2007; Choi et al., 2015).
Another example is the tissue-specific role of BAF60 isoforms in the regulation
of different cellular processes. For instance, BAF60a is involved in the
regulation of hepatic lipid homeostasis and tumor suppression via interaction
with PGC1- (Peroxisome Proliferator-Activated Receptor Gamma, Coactivator
1 alpha) or p53, respectively; while BAF60c plays a role in the regulation of
heart development and muscle differentiation, as well as lipogenesis (Lickert et
al., 2004; Li et al., 2008; Oh et al., 2008; Meng et al., 2013; Wang et al., 2013).
The highly homologous isoforms of the largest subunit BAF250, named
BAF250a and BAF250b, are incorporated into separate BAF complexes and
regulate the expression of different subset of genes important in early
development. Studies in mice have shown that BAF250a is necessary for the
pluripotency of embryonic stem cells and formation of early mesoderm by
regulating the expression of vital genes, including Sox2 (Sex Determining
Region Y-Box 2), Utf1 (Undifferentiated Embryonic Cell Transcription Factor
1) and Oct4 (Octamer-binding transcription factor 4) (Gao et al., 2008).
BAF250b, in turn, is found to be assembled into E3 ubiquitin ligase complex
that targets histone H2B for ubiquitintion (Li et al., 2010).
Currently, little data is available concerning the alternatively spliced
isoforms of BAF complex subunits. Only BRM, an ATPase component of the
BAF complex, was shown to have multiple alternative mRNA variants with a
complex pattern of expression in mice and humans. Moreover, in different cell
lines the expression of these isoforms can be regulated by cyclin D1 and serum
concentration, suggesting that in some cases the function of this protein may be
very complex (Yang et al., 2011).
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1.6. AS and diseases
AS defects may result in numerous human pathologies, including
autoimmune and neurological disorders, cardiovascular and metabolic diseases,
and cancer. Recent advances in the genome-wide screening revealed thousands
of human genes with mutation-driven defective splicing, suggesting that they
may be responsible for various diseases (Xiong et al., 2015). As many as 60%
of all known human genetic disorders are associated with aberrant splicing,
which is more abundant than previously expected (Ward & Cooper, 2010).
Splicing alterations that lead to diseases can be divided into primary and
secondary splicing defects. Primary splicing defects emerge as a result of single
nucleotide mutations affecting constitutive exon usage, or mutations located
within splicing consensus sequences. Consequently, correct splicing cannot
occur. Mutations affecting constitutive exon usage are mostly single-point
nucleotide substitutions located at the conserved 5’ or 3’ splice sites,
polypyrimidine tract, or branch point sequences (Wang & Cooper, 2007). They
constitute approximately 15% of all human pathogenic mutations (Krawczak et
al., 2007). This type of mutation significantly decreases the rate of intron-exon
site recognition and inhibits spliceosome assembly to the site, which most
frequently leads to exon skipping. However, to some extent, it can also lead to
intron retention or activation of cryptic splice sites (Nakai & Sakamoto, 1994).
Taken together, mutations that cause defective splicing usually result in the
formation of aberrant proteins or introduction of premature downstream stopcodons, which occurs more frequently than missense point mutations. A number
of diseases associated with this type of mutations have been described,
including familial dysautonomia, neurofibromatosis type I, Frasier syndrome, or
atypical cystic fibrosis (Ward & Cooper, 2010). As an example, familial
dysautonomia is an inherited recessive neurodevelopmental disorder, which
affects the development and survival of sensory and autonomic neurons. It is
caused by mutation in the canonical 5’ splice site of intron 20 in the
transcription factor gene IKBKAP (Inhibitor Of Kappa Light Polypeptide Gene
Enhancer In B-Cells, Kinase Complex-Associated Protein gene), which leads to
the exon 20 skipping and a truncated protein. It has a dramatic effect on target
genes, particularly on genes regulating cell migration in the nervous system
(Ibrahim et al., 2007; Douglas & Wood, 2011).
In addition to mutations in the splice site consensus sequences, the
aberrant splicing can be caused by mutations located within ESEs or ISEs of
pre-mRNA. Such alternations in auxiliary cis-acting sequences can lead to the
increased or decreased exon inclusion changing the normal ratio of alternative
mRNAs. These mutations result in global defects of splicing with severe
phenotypic outcomes (Ward & Cooper, 2010). Spinal muscular atrophy (SMA)
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is one of the well-known diseases caused by this type of mutation, which affects
the control of muscle movements as a result of the degeneration of lower motor
neurons. The functioning of motor neurons is under the control of two nearly
identical genes - SMN1 (Survival of Motor Neuron 1) and SMN2 (Survival of
Motor Neuron 2). Usually, genetic disruption of SMN1 results in motor neuron
degeneration and progressive paralysis. In general, SMN2 paralog can partially
compensate for the loss-of-function of SMN1 and relieve the symptoms.
However, in some cases SMN2 is mutated at the ESE in exon 7, which promotes
its skipping and production of truncated unstable protein, so that it does not
rescue the loss of SMN1 with consequences to disease progression (Lorson et
al., 1999). The other examples of such kind of mutation related diseases are
frontotemporal dementia and Parkinsonism linked to chromosome 17 (Faustino
& Cooper, 2003).
In secondary splicing defects, mutations affect the recognition elements
of core splicing machinery, or change intracellular levels, localization and/or
activity of the trans-acting regulatory proteins. The outcome and severity of the
diseases directly depend on the location and type of mutation (Wang & Cooper,
2007; Singh & Cooper, 2012; Pedrotti & Cooper, 2014; Cieply & Carstens,
2015). These types of mutations potentially can affect the splicing of multiple
genes. However, they occur relatively rare and usually lead to very dramatic
developmental consequences, which are often lethal during embryonic
development (Kalsotra & Cooper, 2011). There are still several examples of
diseases caused by mutations in the components of the spliceosome as well as
other regulators of AS (Ward & Cooper, 2010; Douglas & Wood, 2011; Pedrotti
& Cooper, 2014). One of the best-described examples is autosomal dominant
retinitis pigmentosa (ADRP), the most common form of progressive
degenerative eye disease, which results in loss of vision. This disorder is caused
by the mutations in four splice factors PRPF3 (Pre-mRNA Processing Factor 3),
PRPF8 (Pre-mRNA Processing Factor 8), PRPF31 (Pre-mRNA Processing
Factor 31) and snRNP200 (Small Nuclear Ribonucleoprotein 200kDa), which
are important mediators of spliceosome assembly (Waseem et al., 2007). The
other described diseases are myelodysplastic syndrome (MDS), acute myeloid
leukemia (AML), chronic lymphocytic leukemia (CLL), amyotrophic lateral
sclerosis (ALS), autism spectrum disorder (ASD), and others (Singh & Cooper,
2012; Cieply & Carstens, 2015).

1.6.1. AS and cancer
Genome instability and erroneous proteomes as a result of splicing
defects are commonly known to cause cancer by promoting tumor cells to grow
and survive, ending with metastasis. There are numerous cancer-associated
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splice products revealed from melanoma, breast, ovarian, prostate, colon, lung,
liver and other cancers, which are emerged as a result of mutations in cis-acting
elements or changes in expression or activity of trans-acting splicing factors
(Ward & Cooper, 2010). Current studies indicate that cancer-specific splice
variants affect a plethora of cellular events, including metabolism, cell cycle
control, immune escape, activation of signal transduction pathways, induction
of genes involved in angiogenesis, cell proliferation, adhesion, and invasion, as
well as change the ratio of pro-apoptotic/anti-apoptotic proteins (Venables,
2004; David & Manley, 2010; Oltean & Bates, 2014; Tsai et al., 2015).
The aberrant AS involves mutations in tumor suppressor genes and
proto-oncogenes. Activation of proto-oncogenes and inactivation of tumor
suppressors lead to cancer progression and metastatic dissemination. For
instance, several germline mutations that modulate splicing by disrupting the
ESEs and ISEs have been described for BRCA1 (Breast Cancer 1) gene, a wellknown tumor suppressor. These mutations perturb the structure and function of
the protein causing the hereditary breast and ovarian cancer (Easton et al., 1993;
Wappenschmidt et al., 2012). The aberrant splicing of CCND1 (Cell Cycle
regulator Cyclin D1) gene leads to the production of protein isoform CCND1b,
which is frequently upregulated in breast and prostate cancer (David & Manley,
2010). Splicing mutation in the c-KIT gene (Cellular tyrosine protein kinase
KIT) results in constitutive activation of this proto-oncogene leading to
gastrointestinal stromal cancer (Chen et al., 2005). There is a continually
growing number of findings on mutations in the cis-elements of other cancer
predisposition genes, e.g. p53, BCL2L1 (B-Cell Lymphoma 2-Like 1), APC
(Adenomatous Polyposis Coli), FHIT (Fragile Histidine Triad protein),
CDKN2A (Cyclin-Dependent Kinase Inhibitor 2A), MLH1 (MutL Homolog 1),
CD44, KLK12 (Kallikrein-Related Peptidase 12), and PTEN (Phosphatase and
Tensin Homolog), which increase the risk of various tumors (Petronzelli et al.,
2001). Each of the aberrantly spliced genes contribute to different hallmarks of
cancer, some of them are even involved in the regulation of more than one
hallmarks, as in the case with RAC1 (Ras-Related C3 Botulinum Toxin
Substrate 1), cancer-specific protein isoform of which is involved in both
increased cell proliferation and invasiveness, or p53 protein isoforms, which are
involved in apoptosis and cell proliferation (Surget et al., 2013; Zhou et al.,
2013; Mehner et al., 2014).
Numerous recent reports have shown that in addition to mutations in
cis-elements, changes in the expression of splicing factor genes have a
significant role in cancer development and progression. Many SR proteins (e.g.
SRSF1, SRSF2, and SRSF3) and hnRNP proteins (e.g. hnRNPA1, hnRNPA2,
and hnRNPH) are frequently expressed at high levels in a wide variety of tumor
tissues, which makes them acting as proto-oncogenes and promote cell
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transformation (Karni et al., 2007; David & Manley, 2010; Ward & Cooper,
2010; Das & Krainer, 2014). For instance, high expression of splicing factor
SRSF1 interferes with the regulation of AS of numerous genes relevant to
tumor, such as BIN1 (Bridging Integrator 1), controls the expression of protooncogene c-MYC, CCND1b, VEGF (Vascular Endothelial Growth Factor),
CASP9 (Caspase 9), or others (Oltean & Bates, 2014; Cieply & Carstens, 2015).
Of note, splicing factors themselves can act either as oncogenes or as tumor
suppressors, depending on the context.
Recent studies using transcrpitome-wide analysis of AS have found,
that cancer-specific splicing predominantly affects the proteins functioning in
cell cycles, cell adhesion/migration, and signaling pathways (Tsai et al., 2015).
It is known that AS regulates the activities of many signaling effectors. Among
the best-studied examples of signaling proteins contributing to cancer growth
and progression are members of the receptor tyrosine kinase family, including
EGFR (Epidermal Growth Factor Receptor), FGFR (Fibroblast Growth Factor
Receptor), INSR (Insulin Receptor), VEGFR (Vascular Endothelial Growth
Factor Receptor), and others, as well as non-receptor proteins, such as SRC,
RAS, and RAF. Thus, splicing of cytosolic RAF in MAPK pathway results in
expression of constitutively active isoforms inducing tumor formation
(Siegfried et al., 2013). Various oncogenic isoforms of FGFR protein with
altered FGF-binding capacity can cause imbalanced FGFR signaling and
promote tumor growth (Haugsten et al., 2010). Aberrant splicing of VEGFR
leads to both more angiogenic and tumorigenic isofoms that are frequent in
cancer (Zhang et al., 2000).
However, enormous number of natural noisy tissue-specific events, high
cell-to-cell variability in splicing, and the heterogeneity of the disease, all these
complicate the studies of splicing in cancer.

1.6.2. AS and breast cancer
Breast cancer (BC) is a second leading cause of death in women in
Western countries. This heterogeneous disease represents tumors with broad
spectra of molecular features, also in respect to prognosis and responses to
therapy. The main event leading to death of patients with BC is the development
of metastases. Therefore, the early detection of disease, particularly before the
clinical diagnosis of metastases, is of great importance. The identification of
molecular markers is necessary for early stage disease diagnostics and prognosis
of BC. Alternatively spliced cancer-associated mRNA variants can ideally serve
as source of such markers, emphasizing once again the role that AS plays in
development of cancer.
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BC has the highest number of aberrant splicing events among the solid
cancers, indicating to the dysregulation of splicing as a general feature of tumor
cells (Sveen et al., 2015). There are numerous publications reporting on AS
events associated with BC, with exon skipping and intron retention to be the
most prevalent (Lixia et al., 2007; Ng et al., 2008; Lapuk et al., 2010; Dutertre
et al., 2010; Okumura et al., 2011; Eswaran et al., 2013). Large-scale RT-PCR
analysis supported by microarray data of hundreds of cancer-related genes
revealed 41 ASVs specific to breast tumor as compared to normal breast tissue
(Venables et al., 2008; Venables et al., 2009). For example, the AS of such
genes like TNC (Tenascin C), BRCA1, CD44, ESR1 (Estrogen Receptor 1),
ESR2 (Estrogen Receptor 2), CALD1 (Caldesmon 1), COL6A3 (Collagen type
VI alpha 3), LRRFIP2 (Leucine Rich Repeat Interacting Protein 2), PIK4CB
(Phosphatidylinositol-4-kinase),
PIK3CA
(Phosphatidylinositol-3-kinase),
MST1R (Macrophage-stimulating Protein Receptor), TP53 (Tumor Protein 53),
SYK (Spleen Tyrosine Kinase), MUC1 (Mucin 1), and TPM1 (Tropomyosin
alpha 1) can lead to cancer-specific proteins with modulated function resulting
in disease progression (Lixia et al., 2007; Ng et al., 2008; Okumura et al., 2011).
The more recent global studies using RNA sequencing analysis discovered, in
addition to previously reportered BC-specific ASVs, multiple novel cancerspecific alternatively spliced genes, such as CDK4 (Cyclin-Dependent Kinase
4), LARP1 (La Ribonucleoprotein Domain Family, Member 1), ADD3 (Adducin
3), and PHLPP2 (PH Domain And Leucine Rich Repeat Protein Phosphatase 2)
(Eswaran et al., 2013).
Most of the BC-specific AS changes are identified for genes with
functions tightly linked to tumor progression including cell morphology,
migration, proliferation and survival regulating factors. For example TNC, a
large extracellular matrix glycoprotein involved in cell migration and
proliferation, is one of the most extensively studied proteins, which isoforms are
tightly linked to BC. It was demonstrated, that TNC isoforms of higher
molecular weight containing two additional domains as a result of AS, are
highly induced in BC resulting in tumor cell invasion and metastasis formation
(Howeedy et al., 1990; Guttery et al., 2010). Survivin, a member of the inhibitor
of apoptosis protein family, is another example of the protein, which gene
specific ASVs were found to be correlated with BC aggressiveness and thus
served as diagnostic and prognostic markers of disease (Ryan et al., 2005; Khan
et al., 2014; Jaiswal et al., 2015).
As spliceosome itself is often altered in cancer, it has recently been
discovered that mutations affecting genes of different spliceosomal components
are present in 5,6% of diverse subtypes of BCs. Of all the spliceosome
components, most frequently mutated gene is SF3B1 (Splicing Factor 3B
subunit 1), which affects AS of almost 80 downstream target genes driving
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tumor growth, including TMEM14C (Transmembrane Protein 14C), RPL31
(Ribosomal Protein L31), UQCC (Ubiquinol-Cytochrome C reductase complex
assembly factor 1), and ABCC5 (ATP-Binding Cassette sub-family C member 5)
(Maguire et al., 2015). Increasing evidence shows that expression changes of
splicing factors can trigger oncogenesis. For instance, SR-related proteins
SRp40 and SRp55 have been shown to be highly expressed in BC serving as
potent oncogenes (Dutertre et al., 2010). Interestingly, splicing of one-third of
BC-specific ASVs is regulated by a single RNA binding splicing factor FOX2,
which itself is often misspliced in BC (Venables et al., 2009). All this indicates
that misregulation of splicing factors also may have an impact on many splicing
events related to cancer.
ASVs can potentially serve as RNA biomarkers for the diagnostics and
progression of breast cancer (Venables et al., 2008). However, to most recent
years, only a minority of genes has been explored at the level of splicing due to
the limitation in available technologies. The new large-scale methods, such as
deep RNA-Seq and DNA microarray-based analyses, enable to identify and
quantify novel cancer-associated ASVs (Dutertre et al., 2010; Eswaran et al.,
2013).

1.6.3. AS as a diagnostic and therapeutic tool
The connection between aberrant splicing and the development of
disease is of great interest in terms of contemporary diagnostics and
therapeutics. The determination of ASVs from human blood or other bodily
fluids and tissues could dramatically increase the pool of potential molecular
biomarkers for the early diagnostics and prognosis of certain diseases,
predominantly for cancer diagnostics, and have the potential to function as new
therapeutic targets (Figure 4) (Sveen et al., 2015).
Any splice variant found specifically in cancer cells may serve as a
candidate of biomarker. In cancer, molecular biomarkers can potentially
distinguish tumor tissue from normal surrounding tissues, identify certain
cancer subtypes, predict clinical outcome, and even predict the susceptibility of
cancer cells to chemotherapy. Cancer-related biomarkers can be very helpful in
understanding the processes of disease progression and developing targets for
therapeutics. However, the heterogeneity of tumors and ASV expression
variability across patients immensely complicate these efforts (Brinkman, 2004;
Kim & Kim, 2012). Currently, only a few individual splice variants can
potentially serve as cancer biomarkers, which need to be validated for
diagnostic practice. Among the best-known examples are tumor-specific ASVs
of CD44, AR (Androgen Receptor), WT1 (Wilms' tumor 1), BRCA1, MDM2
(Mouse Double Minute 2 homolog), FN1 (Fibronectin 1), and FGFR genes
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(Brinkman, 2004; Gambino et al., 2015).
In diseases other than cancer, the use of ASVs as disease-specific
diagnostic markers has been studied less extensively. The potential implication
of this diagnostic method has been explored, for example, in patients with
Wilson disease, a progressive liver degeneration caused by mutation-induced
aberrant AS of ATP7B (ATPase, Cu2+ Transporting, Beta Polypeptide) gene
(Wan et al., 2010).
Today, several approaches have been developed for large-scale
genome-wide detection of disease-specific AS events, including specialized
splice junction specific DNA microarray analyses and deep RNA-sequencing
technologies. These methods are constantly developing to allow highly
quantitative and qualitative analysis of the abundance of specific ASVs and the
assessment of differential usage of alternative exons (Ward & Cooper, 2010).
However, despite numerous reports of prognostic biomarkers in the literature,
only the small part of them have been approved by USA Food and Drug
Administration (FDA) (Goossens et al., 2015).
As for therapeutics, there are several kinds of molecular approaches that
can correct the misregulation of splicing or mutations in cis-acting and
canonical splice site elements (Figure 4).
The correction of aberrantly spliced RNAs by the use of synthetic
single-stranded antisense oligonucleotides (AONs), or splice-switching
oligonucleotides (SSOs), has shown promise in the area of disease therapy.
SSOs are usually short, 15-25 bp oligonucleotides that target the transcript at the
site of interest in order to regulate AS. They can act by covering the cisregulatory sequences or 5’/3’ splice sites, which prevents trans-factors or
snRNPs from binding or recognition of these sites. Depending on the sequence
blocked, the corresponding exon will be skipped or included allowing the
restoration of normal reading-frame of the transcript. Alternatively, SSOs can
block aberrant alternative splicing events caused by the activation of cryptic
splice sites, restoring normal splicing (Bauman & Kole, 2011; Nancy et al.,
2015). The main obstacle of SSOs use as therapeutic agents is their poor cellular
delivery. Efficient delivery vectors or synthetically conjugated cell penetrating
peptides (CPPs) are used for successful transfection (Nancy et al., 2015). The
first demonstration of the use of SSOs in tumors was made by a tumor xenograft
study where the aberrant splicing of apoptotic regulator gene BCL2L1 (B-Cell
Lymphoma 2-Like 1) was efficiently redirected from anti-apoptotic form into its
pro-apoptotic variant by SSOs thus reducing the tumor load in lung metastases
(Bauman et al., 2010; Bauman & Kole, 2011). Lately, preclinical studies
performed in mice demonstrated the effective treatment of Spinal Muscular
Atrophy (SMA) by orally delivered brain-penetrating small molecule splicing
modifiers of Smn2 gene, which induce splicing correction and elevation of SMN
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protein levels promoting motor function recovery and survival (Naryshkin et al.,
2014).
Another promising therapeutic strategy is the use of small molecule
modulators of splicing, which interfere with spliceosome or trans-acting
splicing regulatory factors. The best example of their action is the modulation of
the phosphorylation/dephosphorylation status of SR proteins, which, in turn,
regulates their activity and exon recognition. Small molecule kinase inhibitors
(e.g. indole derivatives) are able to inhibit specifically the phosphorylation of
the SR factors (such as SRSF1), thus altering splice site selection and
potentially treating the disease. The outcome of this method depends on the
specificity and efficiency of the targeted small molecules. Future improvements
and additional studies are necessary for the complete optimization of this
method and development of new methods for treating aberrant splicing-related
diseases (Ward & Cooper, 2010; Bonomi et al., 2013; Nancy et al., 2015).
Finally, aberrant splicing can be modulated by specific monoclonal
antibodies (mAbs) targeting unique tumor-associated splicing isoforms, which
results in down-regulation or inhibition of their function. The best-studied mAbs
currently used in cancer therapy are cetuximab and panitumumab, which
recognize tumor-specific alternative isoforms of EGFR, specifically their
extramembrane epitope, resulting in the suppression of tumor proliferation and
angiogenesis (Bonomi et al., 2013). Another example of promising antibodybased therapy was demonstrated with mAb targeting tumor-specific CD44
isoform, which is expressed on the surface of various human epithelial cancer
cells (Masuko et al., 2012). However, this method is rather challenging due to
the poor penetration of antibodies into the tumor tissue.

Figure 4. Schematic representation of molecular approaches used for the diagnostics
and therapy of diseases caused by aberrant alternative splicing. SSOs - splice-switching
oligonucleotides, AS – alternative splicing, ASVs – alternative splice variants, mAbs –
monoclonal antibodies, RNASeq – RNA sequencing, SRFs – splicing regulatory factors.
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2. AIMS OF THE STUDY
The aims of the current thesis were as follows:
1. To analyze the structure and function of tissue-specific alternative
splicing of human BDNF and mammalian BAF57 genes
2. To identify splicing alterations specfic to cancer cells
3. To evaluate the alternatively spliced transcripts as biomarkers of breast
cancer
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3. MATERIALS AND METHODS
The following methods were used during the studies:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Semiquantitative RT-PCR analysis (publications I, II, III)
Real-time quantitative RT-PCR analysis (publications II, III)
5’RACE analysis (publication I)
CAT assay (publication I)
Sense/antisense RNA duplex analysis (publication I)
Construction of expression vectors (publications I and II)
RNA extraction (publications I, II, III)
Cell culture and transient transfection assay (publications I and II)
Preparation of nuclear extracts (publication II)
Immunocytochemistry (publication II)
Panomics QuantiGene Plex assay on Luminex platform
(unpublished)

The standard QuantiGene Plex protocol (Panomics, QuantiGene 2.0 reagent
system, user manual) was followed. Briefly, whole blood lysates were prepared
from 12 l of whole blood and 84 l of working lysis mixture. The lysates were
incubated with working bead mix for 20 h at 54°C. Sequential hybridization
reactions were conducted at 50°C for 1 h in 100 μl of pre-amplifier solution,
then at 50°C for 1 h in 100 μl of amplifier solution, and finally at 50°C for 1 h
in 100 μl of lable probe solution. Wells were washed with wash buffer after
each hybridization. After the final wash, 100 μl of SAPE (streptavidin-Rphycoerythrin) working reagent was added to each well and the plate was left at
room temperature for 30 min. The developed fluorescence signal was measured
on Luminex instrument and analyzed using xPonent software. The results of
target genes expression were normalized to the expression level of TBP gene.
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4. RESULTS AND DISCUSSION
4.1. Tissue-specific alternative splicing and expression of human
BDNF and mammalian BAF57 genes (publications I and II)
4.1.1 Organization of the human BDNF gene locus, its complex splicing
and expression (publication I)
Unlike rodent Bdnf gene, the structure and expression of which have
been previously well described, the human BDNF gene was not sufficiently
investigated. Thus, by means of the previously published data together with the
bioinformatics studies and newly performed experiments using 5’RACE (5’
rapid amplification of cDNA ends) and RT-PCR methods, we re-examined the
structure of the human BDNF gene and analyzed in more details the expression
of its multiple alternative mRNAs in various human peripheral tissues and brain
regions. Our results indicated that the revised human BDNF gene spans more
than 70 kb of chromosome 11 genomic sequence and consists of eleven exons,
ten 5’ exons of which are mostly non-coding (exons I-VIIIh) and one is a
protein-coding 3’exon (exon IX) (Figure 5). We introduced a new nomenclature
for the human BDNF gene with the novel numeration of exons, which is
consistent with the rodent exons described by Aid et. al. (Aid et al., 2007).
Human exons I, II, III, IV, V, VI, VII, VIII and IX are highly homologous to the
previously described mice and rat Bdnf exons, while exons Vh and VIIIh are
newly-discovered and specific only to humans (Aid et al., 2007). It is worth
noting that the previous data published by Liu et al. have described only seven
5’ exons and one protein-coding exon in humans, alternative exons V, Vh, VIII
and VIIIh have not been discovered before (Liu et al., 2005). Additionally, we
have also found that the final exon IX is much longer in its 5’ end than it was
previously considered (Figure 5).

Figure 5. Schematic structure of the human BDNF gene. Exons (I-IX) are shown as
boxes and introns as lines. Purple colored boxes indicate untranslated regions of the
exons and blue colored boxes indicate translated regions of the exons. ATG and TAG
mark the positions of putative translation initiation and termination sites, respectively.
Arrows indicate the transcription start sites. Vertical dashed lines indicate alternative
splice sites. Small letters under the exons (a, b, c, and d) indicate the regions of the exon
divided by alternative splice sites.
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According to our results we showed that the splicing pattern of human
BDNF is very complex and diverse, and can be summarized as follows:
- BDNF exons I, II, III, IV, V, Vh, VI, and VII are in most cases
spliced as 5’ exons to the common protein-coding exon IX,
specifically to its IXd region; the only exclusion is exon V, which
can be also spliced to the internal exons VIII and/or VIIIh;
- BDNF 5’ exons I, II, III, IV, V, Vh, VI, VII have separate
transcription start sites located upstream of each of them;
- BDNF final protein-coding exon has its own transcription initiation
site located upstream of exon IX, which makes him also transcribed
as a separate unit, however, mostly it is used in conjunction with the
upstream exons;
- BDNF rare exons VIII and VIIIh are exclusively spliced as internal
exons, and only to exon V as a 5’ exon;
- BDNF exons II, VI and VII have alternative splice donor sites;
- BDNF exon IX is subject to internal splicing within its non-coding
region (IXb and/or IXc regions can be spliced out).
Thus, if we take into account the previously published data indicating
that the final exon of BDNF employs two separate polyadenylation sites at the
protein noncoding region, generating two pools of mRNAs with short (0.35 kb)
or long (2.85 kb) 3’UTRs, we can postulate that at least 34 distinct BDNF
bipartite or tripartite mRNAs can be transcribed from the gene with functional
promoters present upstream of nine 5’ exons. Before, the only one BDNF
promoter has been described in human (promoter IV, according to new
nomenclature) (Fang et al., 2003). The activities of all identified potential
alternative promoters were confirmed in human and mouse cell lines, the
intensities of which showed a great variability and differed between the cells.
Recent data suggested that the use of multiple alternative promoters and
alternative polyadenylation allows gene transcription in different cell types and
under different physiological conditions, which increases the regulatory
flexibility over the gene (Ayoubi & Van De Ven, 1996; Singer et al., 2008). In
case of BDNF, we showed that numerous identified alternative transcripts have
individual pattern of expression in different adult human tissues, with the
highest expression detected throughout the brain, where BDNF exerts its major
biological function. Within the brain, the expression of BDNF alternative
transcripts is highly differential, which might be partially explained by the
multiple roles BDNF has in CNS. We observed that human BDNF transcripts
starting with exons II, III, IV, V, and VII are predominantly brain-specific,
whereas transcripts containing exons I, III, Vh, VIab and IXabcd are also
detected at high or moderate levels in several peripheral tissues, such as heart,
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kidney, lung, muscle, placenta, prostate, testis, and some others. Throughout the
adult brain, the expression of individual BDNF alternative products was the
highest in olfactory bulb and tract, frontal cortex, pituitary stalk (infundibulum),
mammillary body (corpus mammilare), cerebellum, pons, colliculus,
hippocampus, amygdala, and brain lobes. Conversely, with the exception of
exon IXabcd mRNAs, which were expressed at relatively high level in all brain
regions, low expression was detected in such brain parts as dentate nucleus,
cerebellum white matter, peduncle (pedunculi), substantia nigra, red nucleus
(nucleus ruber), callous body (corpus callosum), globus pallidus, thalamus, and
epiphysis, some of which contain only glial cells or axons. The expression of
alternative transcripts was also very low in striatum (putamen and caudate
nucleus), which was previously considered to be a brain region totally lacking
BDNF (Lessmann et al., 2003). Of note, the overall expression of transcripts
starting with exons III, V and VII was lower if compared to others. The
expression results we obtained from our studies in various human tissues and
brain regions were mostly similar to those described in rodents by Aid et al. and
in accord with previous reports described in human by Liu et. al. (Liu et al.,
2005; Aid et al., 2007).
In silico open reading frame (ORF) analysis of the identified BDNF
mRNAs predicted that translation of transcripts starting with exons II, III, IV,
Vh and VI always initiates from the translation initiation codon positioned in
exon IX (IXd part), thus encoding the canonical protein product. However,
transcripts starting with exons I and VII encode an in-frame Met in their 5’
exons, which potentially leads to the translation of the proteins with several
additional amino acids at their N-terminus, 8 amino acids for exon I and 15
amino acids for exon VII, thus extending the signaling sequences of preproBDNF. Also, as some transcripts starting with exon V can be spliced with
internal exons VIII and/or VIIIh, the N-terminal sequence of the translated
proteins might have additional 82 amino acids as a result of an introduced
translation initiation codon located in exon VIII. These alternative additional
signaling sequences located at the N-terminus of the protein might alter its
stability, subcellular sorting, or affect post-translational modifications.
However, the most recent studies performed by I. Koppel et al. have shown that
exon I-specific translation start site leads to more efficient synthesis of the
protein as compared to the canonical start site located in exon IX, which is
independent of its stability or secretion (Koppel et al., 2015). Finally, after the
cleavage of signal peptides from the prepro-BDNF isoforms, all the encoded
proteins in most cases share the common primary sequence. Such a diverse
pattern of BDNF transcripts in most cases does not affect the structure of mature
BDNF but is rather necessary for its cell-type- or tissue-specific expression.
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Multiple recent studies have demonstrated that BDNF promoters
contain different regulatory elements, such as calcium-response elements
(CaRE), calcium/cAMP response elements (CRE) and upstream stimulatory
factor binding element (UBE) located in promoter upstream of exon IV,
neuronal-restrictive silencing element (NRSE) located in promoter upstream of
exon II, basic helix-loop-helix (bHLH)-PAS transcription factor response
element (PasRE) upstream of exon I, and many others, which are recognized by
specific transcription factors, also in response to neuronal activation (Tao et al.,
1998; Zuccato et al., 2003; Zuccato et al., 2007; Pruunsild et al., 2011). It
means, that depending on the nature of external stimuli, corresponding BDNF
mRNAs can be either expressed or silenced in certain tissues. For instance, the
studies in rat have demonstrated that following stress exposure the expression of
Bdnf exon I and exon IV mRNAs in hippocampus was significantly reduced,
whereas fear memory extinction resulted in increased expression of the same
mRNAs in prefrontal cortex of mice (Bredy et al., 2007; Fuchikami et al.,
2010). The untranslated regions at the 3’ end of mRNA transcripts also play a
significant role in post-transcriptional regulation of gene expression, where the
length of 3’UTR and some important sequences located there influence the
efficiency of translation, stability of mRNA and its location (Tanguay & Gallie,
1996; Matoulkova et al., 2012). For instance, it has been shown that the length
of BDNF 3’UTRs defines its subcellular localization, with the short 3’UTR
mRNAs localized primarily at the cell body, whereas the long 3’UTR enables
localization to dendrites of the neurons, suggesting their divergent roles at
different cellular locations. Moreover, the loss of long 3’UTR of BDNF was
shown to impair long-term potentiation and leads to altered dendritic spine
morphology (An et al., 2008; Lau et al., 2010; Miura et al., 2014).
To our surprise, our RT-PCR analysis revealed that several alternative
BDNF mRNAs are transcribed in antisense direction in relation to the human
BDNF gene, which was confirmed by orientation-specific PCR and RNase
protection assay. These findings resulted in the discovery of BDNF natural
antisense transcripts encoded by antiBDNF gene located at the same gene locus
with BDNF. According to our results, this newly discovered antiBDNF gene
spans about 191 kb and consists of at least 10 exons, with exons 1-4 located
downstream of the gene and exons 7-10 upstream of BDNF protein-coding exon
IX in intronic sequences of the gene. Furthermore, two antisense exons (exons 5
and 6) are complementary to the regions of the major BDNF protein-coding
exon IX. Our studies demonstrated that the splicing of newly identified
antisense transcripts is highly diverse and results in production of hundreds of
alternative transcripts. Unlike BDNF, all the antiBDNF alternative mRNAs
were shown to be transcribed from the single functional promoter located
upstream of exon 1 with no ORF. In parallel with our discoveries, Liu and
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colleagues had published the similar experimental results ahead of us, thus
confirming our findings (Liu et al., 2005). Later experiments have shown that
the existence of antisense BDNF is unique only to humans. Recent studies
provided evidence that about 70% of all the mammalian genome have antisense
transcription potential, which might be involved in inhibition of gene
transcription and translation, or regulation of alternative splicing (Chen et al.,
2004; Ling et al., 2013). Moreover, naturally occurring antisense non-coding
mRNAs are rather prevalent in the central nervous system of eukaryotes
suggesting their potential role in brain function (Korneev & O'Shea, 2005;
Korneev et al., 2013). Antisense transcripts have been reported, for example, for
the rat Kcna2 (Potassium Voltage-Gated Channel Subfamily A Member 2) gene,
marine mollusk neurotransmitter gene Srn (Sensorin), mouse gene Nos1 (Nitric
Oxide Synthase 1), and many others (Korneev et al., 2008), (Zhao et al., 2013;
Kadakkuzha et al., 2014). In case of BDNF, this phenomenon might serve as an
additional mechanism of genomic regulation, which needs further to be
investigated. The RT-PCR analysis performed with antisense transcripts
indicated their prominent expression throughout the adult human tissues
analyzed, although at different levels – highest expression was detected in the
brain, kidney, spinal cord and testis; whilst the expression in the adrenal gland,
bone marrow, liver, pancreas, placenta, small intestine, and trachea was
significantly lower. In the brain, antiBDNF transcripts were expressed at almost
similar levels in all structures under study. The pattern of BDNF and antiBDNF
expression was only partially overlapping, suggesting that these transcripts are
regulated by independent promoters, or their splicing is independently
regulated.
In sum, our findings confirm that BDNF expression is highly tissuespecific and tightly regulated at the level of transcription in many ways through alternative promoters usage, AS, antisense transcripts, and alternative
polyadenylation sites. To conclude, our detailed analysis of the human BDNF
gene locus and its expression in adult human peripheral tissues and multiple
adult brain regions elucidates its complex organization and highly diverse
tissue-specific expression, which might be helpful for the future functional
studies.
Since then, the ongoing studies of BDNF have not elaborated its gene
structure and expression data, but rather concentrated on the role of this
neurotrophin in the brain. It was discovered, for example, that BDNF is not a
major survival factor for the majority of CNS neurons, including hippocampal
neurons, but is required for the postnatal growth of the striatal neurons and their
dendrites (Rauskolb et al., 2010). A recent study revealed that the prodomain
region of BDNF is not proteolytically degraded but present at high levels in the
adult hippocampus and other brain regions with further role in depolarization-
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induced secretion of neurons, indicating that it can act as an independent ligand
involved in modulation of neuronal morphology (Dieni et al., 2012; Anastasia et
al., 2013; Hempstead, 2015). Recent reports also showed the cooperation of
BDNF with WNT signaling to regulate dendritic spine formation, stimulate
proliferation and differentiation of neural stem cells, or promote the growth of
neurons (Hiester et al., 2013; Chen et al., 2013; Yang et al., 2015). Outside of
the nervous system, BDNF together with trkB were shown to share a
developmental role in the formation of cardiac endothelium and regulation of
cardiac contraction force, which reveals that BDNF has a global role in the
maintaining of homeostasis of the whole organism (Anastasia et al., 2014;
Fulgenzi et al., 2015).
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4.1.2. N-terminally truncated BAF57 isoforms contribute to the diversity
of SWI/SNF complexes in neurons (publication II)
Analysis of the expression profile of genes encoding PIC complex
proteins in humans, including the GTFs, the Mediator complex subunits, and
chromatin remodeling complex subunits, resulted in identification of novel
ASVs with a tissue- or cell type-specific mode of expression. These studies
were performed using RT-PCR, DNA sequencing, and in silico analysis. Our
widespread experiments revealed that most of the genes encoding PIC proteins
have multiple alternatively spliced mRNAs, which are differentially expressed
throughout various human tissues and cell lines (data not shown). Out of dozens
of genes analyzed, the human BAF57 gene exhibited a distinct tissue-specific
expression of its alternative mRNAs. Therefore, we aimed to study the effects of
splicing on the activity of BAF57 in more detail.
BAF57, also known as SMARCE1 (SWI/SNF Related, Matrix
Associated, Actin Dependent Regulator Of Chromatin, Subfamily E, Member
1), is a core subunit of the SWI/SNF chromatin remodeling complex, which is
present only in higher eukaryotes and is found in all mammalian SWI/SNF
complexes. It has been shown to recruit the SWI/SNF complex to gene
promoters and directly interact with various transcriptional factors, such as
oncogenic transcription factor c-MYC, SRC1 (Steroid Receptor Coactivator 1),
MeCP2 (Methyl-CpG Binding Protein 2), TSHZ3 (Teashirt Zinc Finger
Homeobox 3), and several hormone receptors (e.g. estrogen receptor and
androgen receptor) to negatively or positively regulate the expression of
multiple target genes (Belandia et al., 2002; Pal et al., 2003; Kiskinis et al.,
2006; Harikrishnan et al., 2005; Faralli et al., 2011). Among the genes regulated
by BAF57 are those, which are involved in cell cycle progression, implying its
role in the transcriptional control of cell proliferation (Hah et al., 2010).
Additionally, BAF57 was shown to facilitate REST-mediated repression of
neuronal genes by targeting the SWI/SNF complex to NRSE (NeuronRestrictive Silencer Element) through direct interaction of its coiled-coil domain
with transcriptional co-repressor coREST (Battaglioli et al., 2002). It is also
demonstrated that the maintenance of BAF57 optimal protein level in the cells
is coordinated by SWI/SNF complex subunits BAF155 and BAF170, which is
critical for its role as a transcriptional regulator (Chen & Archer, 2005). Of note,
BAF57 is expressed at high levels in cancer, such as prostate cancer, ovarian
cancer and endometrial cancer (Kagami et al., 2012; Balasubramaniam et al.,
2013; Yamaguchi et al., 2015). On the other hand, loss-of-function mutations in
BAF57 gene or alterations of its expression were shown to contribute to severe
oncogenic transformations causing breast cancer or spinal meningiomas
(Kiskinis et al., 2006; Villaronga et al., 2011; Smith et al., 2013).
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Mammalian BAF57 is a 12-exon gene located on chromosome 17q21
that encodes a 57 kDa protein. BAF57 protein contains several functional
domains, including Proline-rich region and a DNA-binding HMG (High
Mobility Group) domain located in its N-terminus, highly conserved NHRLI
domain together with a kinesin-like coiled-coil domain located in its central
part, and a glutamic acid-rich sequence in its C-terminal region (Wang et al.,
1998; Chen & Archer, 2005). Previous data and in silico analysis of EST
database done by us revealed that at least six different BAF57 protein isoforms
can be produced from the human BAF57 gene as a result of combinatorial
alternative splicing of exons III, IV and XI. To specify, the canonical form of
human BAF57 protein is 411 amino acids long and is translated from mRNA
containing exons I to XII with exon XI spliced out; the inclusion of exon XI
results in C-terminally truncated protein of 363 amino acids; deletion of exon
IV generates protein isoforms missing amino acids 17-51, while deletion of
exons III-IV results in N-terminally shorter protein lacking the first 70 amino
acids, including part of the HMG box domain (Battaglioli et al., 2002).
We analyzed the expression of BAF57 gene in various human tissues,
cancer cell-lines and adult brain regions and observed the expression of ASVs
with deletions of exon IV (BAF57_v3 and BAF57_v4) or exons III-IV
(BAF57_v5 and BAF57_v6), both transcribed with or without exon XI. The
most intriguing finding was that mRNAs generated by AS of exons III-IV or
exon IV (hereafter N-BAF57 isoforms), encoding proteins with truncated Nterminus and either long or short C-terminus, are expressed exclusively in
neuronal tissues, including fetal brain, but not in nonneural tissues and cancer
cells, underscoring their unique regulatory role during neuronal development.
We have demonstrated that expression of all identified N-BAF57 mRNAs varied
within the different adult brain regions. The highest expression was detected in
olfactory bulb, cerebral cortex, brain lobes, pituitary stalk (infundibulum),
mammillary body, cerebellum, caudate nucleus, and thalamus. The moderate
expression was in olfactory tract, pons, midbrain tectum, hyppocampus,
amygdala, and putamen. However, low or no expression was observed in such
brain regions like optic nerve, cerebellar white matter, pedunculus, corpus
callosum, medulla, cerebellar nuclei, substantia nigra, red nucleus (nucleus
ruber), globus pallidus, and epiphysis. Additionally, we have shown that
neuron-specific alternative mRNAs were also expressed in adult human neural
stem cells as well as in stem cells subjected to neuronal differentiation, which
also indicates their potential involvement in a process of neuronal development.
Thus, our results indicated that the heterogeneity of SWI/SNF complexes, in
addition to the incorporation of common ubiquitously expressed subunits, can
also be related to the recruitment of different alternative isoforms to the core
complex in a cell-specific manner.
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The expression analysis of BAF57 gene in mouse and rat tissues
confirmed the existence of the same alternative mRNAs as described in humans,
as well as revealed three additional minor splice variants with deletions of exon
II (BAF57_v7), II and IV (BAF57_v8), and II, III and IV (BAF57_v9), which
were also present in mouse and rat EST databases. However, the expression of
these minor alternative mRNAs was very low. In silico analysis has shown that
these minor transcripts can potentially encode proteins lacking 19 amino acids
(encoded by BAF57_v7) or 70 amino acids (encoded by BAF57_v8 and
BAF57_v9) at their N-terminus. Similarly to humans, the expression of all
identified mouse and rat alternative mRNAs was restricted to neuronal tissues
with regional difference within analyzed brain regions.
We observed that in mouse and rat the expression of neuron-specific
alternative mRNAs was differential during early and late neurogenesis with high
expression during embryonic stage of brain development, after which it
gradually decreased (postnatal days 7-21) and increased again in the adult brain.
Moreover, the expression of neuron-specific alternative mRNAs in adult brain
was observed only in neurons, but not in glial cells. All these findings suggested
that various SWI/SNF complexes with mutually exclusive subunit isoforms
have distinct functions during development and in adult nervous system.
In vitro experiments in human melanoma cells showed that
exogenously expressed canonical BAF57 and N-BAF57 proteins were
distributed exclusively in the nucleus of the cells. Moreover, the nuclear
localization of all the expressed proteins matched with the distribution of Ser5
phosphorylated form of RNA polymerase II CTD, which is a mark of active
RNA polymerase II complex ready for transition from transcription initiation to
elongation. This indicates that N-BAF57 isoforms along with canonical BAF57
are recruited to active transcription complexes, where they perform their
specialized actions essential for the formation and maintenance of complex
nervous system.
Since the splicing of exons III and IV results in disruption of Pro-rich
and/or HMG domain of the N-BAF57 isoforms, it has not been sufficiently
studied if these deletions can change the functional properties of these proteins.
We have confirmed by the fractionation and immunoprecipitation studies that
both N-BAF57 isoforms, despite the partially disrupted HMG box domain in
one of them, can still be assembled into functional human SWI/SNF complexes
containing core subunits BRM or BRG1 along with BAF155 and BAF170, and
potentially guide this complex to chromatin as effectively as the endogenous
canonical BAF57 protein. Previous studies have already shown that, generally,
either Pro-rich region or the HMG domain are not essential for recruiting
SWI/SNF complexes to chromatin or their DNA binding and nucleosome
disruption activities (Paull et al., 1993; Wang et al., 1998). Considering BAF57
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was already known as a regulator of several genes, the similar role of N-BAF57
isoforms was obscure. Since endogenous BAF57 was previously shown to
affect the REST-mediated transcription of neuronal genes in nonneural cells by
targeting SWI/SNF complex to NRSE-containing promoter sequences, we
analyzed if neuronal BAF57 isoforms can also be involved in the modulation of
certain genes expression (Battaglioli et al., 2002; Watanabe et al., 2006). In
response to exogenous expression of N-BAF57 proteins in human melanoma
cells, we observed changes in the expression of such NRSE-containing neuronal
genes like CHRM4 (Muscarinic Cholinergic Receptor 4) and L1CAM (L1 Cell
Adhesion Molecule), which suggested that neuron-specific isoforms might
potentially be involved in the regulation of transcription of certain neuronal
genes in nonneural cells in a promoter-specific manner. However, in order to
make broader conclusions concerning the global role of N-BAF57 isoforms in
the regulation of genes expression, further studies are needed.
To date, there are no additional studies performed on the functional
roles of BAF57 isoforms. However, it has been demonstrated that in some
breast cancer cells, mutations in BAF57 gene generating truncated proteins
resulted in abnormal activation of estrogen receptor  (ER), suggesting that
these truncated variants might be involved in estrogen-dependent oncogenic
proliferation (Villaronga et al., 2011). Therefore, it would be interesting to study
the role of alternative BAF57 isoforms not only in neuron-specific contexts but
also during tumorigenesis.
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4.2. The studies of alternative splicing in cancer tissues
Identification of AS markers from the peripheral blood of patients with
breast cancer (publication III)
Breast cancer is a heterogeneous disease characterized by various
morphological and molecular features. The outcome and management of the
disease relies on the availability of robust early-stage, predictive and prognostic
biomarkers. To date, there are several prognostic and diagnostic nucleic-acid
based BC biomarker assays available, which are approved by FDA. Among
them are GeneSearch™ Breast Lymph Node (BLN) assay that detects the
presence of breast tumor cell metastasis in lymph nodes through the detection of
MG (Mammaglobin) and CK19 (Cytokeratin 19) genes expression; Prosigna
Prognostic Breast Cancer Gene Signature assay that analyzes the activity of 58
genes in early-stage hormone-receptor-positive BC; and MammaPrint assay
that analyzes the expression of 70 genes to estimate a women’s recurrence risk
for early-stage BC (Goossens et al., 2015). These assays are based on the
evaluation of gene expression levels of target genes.
The development of minimally invasive approaches for diagnosing and
monitoring of cancer is of great priority in ongoing research efforts. Noninvasive tests for detection of disease biomarkers circulating in peripheral blood
are considered as a promising diagnostic tool in oncology. It is known that
circulating cell-free DNA and mRNA are present at large concentrations in the
blood of cancer patients. Tumor-specific genetic and epigenetic alterations of
these can serve as easily accessible and reliable biomarkers (Alix-Panabières et
al., 2012; Schwarzenbach, 2013). However, one of the major challenges of the
use of this method is its low specificity and sensitivity. In our studies, we have
screened dozens of selected candidate molecular markers for BC from the
peripheral blood samples of 46 BC patients and 43 healthy controls using
Panomics QuantiGene MultiPlex assay on a Luminex platform, which
provides direct quantitative measurement of multiple RNA targets with high
accuracy and precision directly from blood. Out of the 32 selected candidate
markers, 4-6 showed promising results and will be further tested in the next
phase of clinical validation (data not shown).
ASVs represent a novel class of diagnostic markers. However, the early
detection of ASVs is rather challenging due to the limitations in methods and
their sensibilities. Recently, the new approach to searching the alternatively
spliced isoforms as biomarkers from human plasma has been performed at the
proteome level, which showed a great potential for further discoveries of new
types of BC biomarkers (Zhang et al., 2013). In our work, we focused on the
identification of novel potential molecular markers for BC from the peripheral
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blood of patients based on the tumor-specific alternatively spliced transcripts.
For this purpose, we have chosen by using in silico approach potential cancerspecific ASVs of 94 human genes. RT-PCR and consequent qRT-PCR
experiments with 29 primary BC and healthy breast tissue samples resulted in
the selection of 12 ASVs with the most significant differential expression in
cancer relative to healthy individuals. Splice variants of CASP9 (Caspase 9),
PPARG (Peroxisome Proliferator-activated Receptor Gamma) and CCNH
(Cyclin H) genes were detected at low levels in cancer, while the levels of splice
variants of PRC1 (Protein Regulator of Cytokinesis 1) and BUB1 (Budding
Uninhibited by Benzimidazoles 1) genes were significantly higher in cancer as
compared to normal tissue. The expression of REST-N50, ASV of REST gene,
was detected exclusively in cancer tissues. Previously, this splice variant of
REST with a 50-bp insert located between exons 5 and 6 and leading to a Cterminally truncated protein has been already shown to be associated with
different types of cancers, including small cell lung cancer and BC (Coulson et
al., 2000; Wagoner et al., 2010).
Further analysis of the expression of 12 selected cancer-specific ASVs
was done by using the peripheral blood samples of 26 BC patients diagnosed
with early-stage BC (BCI/II), 10 inoperable patients with locally advanced BC
(LABC) receiving neoadjuvant treatment and 26 healthy individuals. Our results
revealed that overall expression of selected splice variants is low in the PBMC
(peripheral blood mononuclear cells) population of healthy individuals and of
patients diagnosed with cancer. However, expression of 2 ASVs was
statistically significantly higher in blood cells of cancer patients. The expression
of REST-N50 was detected at higher levels in LABC group as compared to
BCI/II group. Furthermore, the average expression of DOPEY1 ASV (referred
to as DOPEY1v2) with intron retention between exons 32 and 33 was
significantly higher in the blood cells of all cancer patients, especially LABC
group, as compared to healthy controls. Of note, the expression of REST-N50
and DOPEY1v2 ASVs did not show any correlation with cancer stage, grade, or
hormone-receptor status. This indicates that these biomarkers can potentially be
used for the detection of BC from the peripheral blood of diseased. Although,
the additional studies with a larger number of disease and control samples is
needed.
In further analysis of the suitability and prognostic significance of
REST-N50 and DOPEY1v2 as candidate blood markers for monitoring BC
treatment efficacy we used qRT-PCR method and peripheral blood samples of
10 LABC patients subjected to neodajuvant therapeutic regimen. Our results
showed that before the treatment, the average expression of REST-N50 was
prominent in five out of ten patients with visible decrease during the course of
the treatment. The average decrease in the levels of REST-N50 expression
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measured before and after completing the therapy differed significantly and
varied from 2- to 10-fold depending on individual. Expression of DOPEY1v2
did not show any significant changes during the course of the treatment. Thus,
our results indicated that REST-N50, but not DOPEY1v2, could potentially serve
as blood biomarkers for monitoring the neoadjuvant treatment efficacy in an
inoperable group of patients with locally advanced disease. However, further
validation studies with larger cohorts are needed for proper conclusions.
It is very important to find biomarkers that will predict the disease at the
early stage with possibly least-invasive method. BC-specific ASVs discovered
in the current study may provide novel biomarkers for early diagnosis of breast
cancer from the peripheral blood of patients.
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CONCLUSIONS

1. The studies on human BDNF gene
-

-

-

The structure of BDNF gene has been revised. In human, BDNF
gene spans 11 exons with 9 transcription start sites in relevant
functional promoters and two alternative polyadenylation signals,
which together result in a variety of alternatively spliced mRNAs
with a distinct tissue- and brain region-specific expression.
Human-specific non-coding natural antisense BDNF (antiBDNF)
RNAs have been discovered. Multiple alternatively spliced
antiBDNF mRNAs are transcribed from the single promoter in
antisense direction to human BDNF gene locus.
BDNF and antiBDNF transcripts form RNA duplexes in adult
human brain, implying their role in BDNF gene regulation.

2. The studies on mammalian BAF57 gene
-

-

The structure and expression of mammalian BAF57 gene has been
analyzed. Mammalian BAF57 contains 12 exons, which are
alternatively spliced to encode at least six (nine in mice and rats)
different protein isoforms. Alternative mRNAs encoding protein
isoforms with modified N-termini are expressed exclusively in
neurons of developing and adult brain as compared to nonneural
tissues.
Neuron-specific isoforms of BAF57 are co-localized with an active
form of RNA Pol II in the nucleus of the cells and can be assembled
to SWI/SNF chromatin remodeling complexes.
Neuron-specific isoforms of BAF57 affect the expression of certain
NRSE/RE1-containing genes in nonneural cells.

3. The identification of molecular biomarkers of breast cancer from the
peripheral blood of diseased
-

Expression levels of ASVs of REST and DOPEY1 detected in the
blood of cancer patients can differentiate between diseased with BC
and healthy controls, and discriminate between patient groups.
REST-N50, ASV of REST, has a sound potential in evaluating the
efficacy of neoadjuvant therapy.
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ABSTRACT
Alternative splicing is an essential and highly regulated molecular
mechanism affecting the gene expression in eukaryotes. During splicing, coding
sequences of DNA, or exons, are either retained in the mRNA or targeted for
removal in different combinations to generate various mRNAs from a single
gene resulting in expression of multiple proteins, often with distinct functions.
By means of modern genomics methods, it is now possible to get a
detailed understanding of complex cellular mechanisms of splicing. The interest
in splicing and its crucial role in the processes of differentiation, development or
immunological events is growing day by day. The role of alternative splicing in
human diseases, including cancer, is only starting to be unveiled.
During the studies, I have analyzed thousands of genes for their modes
of tissue-specific alternative splicing. These genes included those involved in
the regulation of transcription, associated with neuronal features and cancer.
The genes with the most marked tissue-specific alternatively spliced mRNAs
were studied in more detail and the results of these studies have been published
in several scientific papers.
First, I showed that the gene coding for brain-derived neurotrophic
factor (BDNF), a protein that promotes the survival and maintenance of nerve
cells, is alternatively spliced and its multiple transcripts are differentially
expressed in various human tissues. However, high expression of BDNF
alternative mRNAs was characteristic to specific regions of the adult brain. The
complex organization of BDNF gene locus with its multiple promoters,
polyadenylation signals, and antisense mRNAs indicates that expression of this
gene is highly regulated at different levels.
Second, I analyzed the expression of BAF57 gene, which encodes one
of the subunits of a chromatin remodeling complex SWI/SNF. As a result of
alternative splicing, BAF57 generates several protein isoforms, which are
exclusively expressed in neurons of developing and adult brain. These neuronspecific isoforms are able to assemble into functional SWI/SNF complexes and
might be involved in the regulation of expression of some neuronal genes.
Finally, I analyzed alternative splice variants of hundreds of genes as
potential biomarkers of breast cancer. Splice variants of REST and DOPEY1
genes appeared to be the best marker candidates for the detection and
monitoring of breast cancer from the peripheral blood of patients.
Taken together, studying of alternative splicing, which plays a central
part in generating complex proteomes of eukaryotes, broadens our knowledge
and understanding of the nature and operation of genetic codes.
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KOKKUVÕTE
Alternatiivne splaising (AS) on väga oluline ja tugevalt reguleeritud
molekulaarne mehhanism, mis mõjutab eukarüootsete geenide ekspressiooni
väga suurel määral. Valke kodeerivad järjestused genoomis, teisisõnu eksonid,
liidetakse splaisingu käigus eri kombinatsioonidena mRNA-de koosseisu. Selle
tulemusena loetakse ühelt geenilt mitu erinevat mRNA-d, millest igaüks võib
kodeerida sageli unikaalse funktsiooniga valku. Nüüdisaegse genoomika
meetodite abil on võimalik splaisingu keerulisi mehhanisme väga täpselt
kirjeldada. Huvi splaisingu uurimise vastu organismi arengus, rakkude
diferentseerumisel või immuunsüsteemi küpsemisel on järjepidevalt kasvanud.
AS-i mehhanismide uuringud haigustes, ka vähis, on aga alles algusjärgus.
Doktoritöö tegemise ajal analüüsisin tuhandete geenide koespetsiifilise
splaisingu mustreid. Nende seas oli geene, millelt sünteesitud valgud osalevad
transkriptsiooni regulatsioonis, ning geene, mille avaldumine on iseloomulik
närvi- või vähikoele. Kõige paremini eristuva koespetsiifilisusega alternatiivseid
mRNA-sid uurisin detailsemalt ja avaldasin saadud tulemused teadusartiklites.
Oma töös leidsin esiteks, et närvirakkude kasvu ja ellujäämist
soodustava valgu, aju neurotroofse faktori BDNF ekspressioon on AS-i poolt
oluliselt reguleeritud ning vastavad mRNA-d koe- ja rakuspetsiifliselt
ekspresseeritud. Oma töös näitasin, et täiskasvanud aju teatud piirkondadele on
BDNF-i alternatiivsete mRNA-de olemasolu väga iseloomulik. BDNF-i geeni
struktuurne keerukus, sealhulgas erinevate promootorite ja polüadenülatsiooni
signaalide olemasolu, samuti kattuvus antisense mRNA-ga võimaldas järeldada,
et selle geeni ekspressioon hõlmab mitmeid regulatsiooni tasandeid.
Teiseks analüüsisin AS-i mõju BAF57 geeni ekspressioonile. BAF57
kodeerib kromatiini remoduleerimise SWI/SNF kompleksi üht alaühikut.
BAF57 AS-i tulemusena tekib mitu valgu isovormi, mis nii areneva kui ka
täiskasvanu aju neuronites on erinevalt ekspresseeritud. Näitasin oma
uurimistöös, et BAF57 neuraalspetsiifilised isovormid on võimelised
moodustama funktsionaalseid SWI/SNF komplekse ning seega oluliselt
mõjutama neuraalsete geenide avaldumist.
Kolmandaks analüüsisin paljude geenide alternatiivseid splaiss-variante
kui potentsiaalseid rinnavähi tuvastamise markereid. Leidsin, et REST ja
DOPEY1 alternatiivselt splaissitud transkriptid on sobivad markerikandidaadid
patsientide vereproovidest rinnavähi tuvastamiseks ja monitooringuks.
Kokkuvõtteks: AS-i uurimine on erakordselt oluline meie teadmiste
avardamiseks, sest sellel protsessil on keskne roll eukarüootidele iseloomuliku
keeruka proteoomi kujunemisel.
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