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Abstract
RNA structure plays an essential role in the maturation of eukaryotic transcripts.
While most current studies are focused on locally-occurring RNA structures, longrange base pairings have been increasingly reported as being implicated in the regulation of pre-mRNA splicing. This study aims at the validation of several targets
from a recently published catalog of conserved long-range RNA structures. We studied the impact of long-range complementary interactions on splicing in three human
genes — Phf20l1, Cask, and Ate. In Phf20l1 and Cask, in which alternative exons
are located in between the complementary regions, we confirmed the looping-out
mechanism of splicing regulation using compensatory mutations in minigenes. Additionally, we were able to change the alternative splicing outcome of the endogenous
transcripts using steric blocking LNA-based antisense oligonucleotides. In Ate1, we
demonstrated that two RNA structure modules coexist, one responsible for mutually exclusive exon choice (MXE) and the other regulating the ratio of transcript
isoforms. We showed that Ate1 contains five conserved regulatory intronic elements
R1–R5, of which R1 and R4 compete for base pairing with R3, while R2 and R5 form
an ultra-long-range RNA structure spanning 30 Kb. In minigenes, single and double
mutations that disrupt base pairings in R1R3 and R3R4 lead to the loss of MXE
splicing, while compensatory triple mutations that restore RNA structure revert
splicing to that of the wild type. In the endogenous Ate1 pre-mRNA, blocking the
competing base pairings by LNA-based antisense oligonucleotides complementary
to R3 leads to the loss of MXE splicing, while the disruption of R2R5 interaction
changes the ratio of MXE. That is, Ate1 splicing is controlled by two independent,
dynamically interacting, and functionally distinct RNA structure modules. The
MXE ratio in Ate1 changes in response to RNA polymerase II slowdown, however
it fails to do so when the ultra-long-range R2R5 interaction is disrupted, indicating
that exon ratio depends on co-transcriptional RNA folding. To check whether a
similar response also takes places in other genes, we performed an RNA-seq experiment using RNA polymerase II slowdown with 𝛼-amanitin. We found that introns
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with predicted long-range RNA structures respond to RNA polymerase II slowdown
more than introns without such structures do, indicating that co-transcriptional
RNA folding affects pre-mRNA splicing in a transcriptome-wide manner. In sum,
our results demonstrate that splicing is coordinated both in time and in space over
very long distances and that the interaction of these components is mediated by
long-range RNA structure.
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Chapter 1
Introduction
Ribonucleic acid (RNA) molecules play a key role in the functioning of all living cells on Earth. The monomeric units of RNAs are ribonucleotides, which are
organized hierarchically in several structural levels. The primary RNA structure is
the sequence of its nucleotides. The secondary structure, which determines pairwise
interactions of nucleotides, is organized in characteristic elements such as doublestranded regions (helices), bulges, and loops. The tertiary structure determines the
interaction of the elements of the secondary structure in the three-dimensional space,
e.g., the interaction between loops. The structural organization of RNA is essential
for the maturation and functioning of many non-coding RNA classes including ribosomal RNAs, transfer RNAs, small nuclear RNAs, pre-microRNAs, as well as for
the processing and regulation of many messenger RNAs (mRNAs).
Experimental approaches to study the RNA structure include physical methods
such as X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy,
chemical structure probing methods, which are based on different reactivity of structured and unstructured regions to various probing agents, and biological methods,
which examine the function of the RNA structure by disruptive and restoring compensatory mutations. Lately, a number of high-throughput genome-wide RNA structure probing methods have become available to investigate the base pairs involved
in inter- and intramolecular structure (for example, icSHAPE, PARIS, and RIC-seq
14
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[3]). Computational methods of RNA structure prediction focus on RNA secondary
structure and include thermodynamic models as well as methods based on comparative genomics. Most of the methods described above are accurate for local RNA
secondary structure, i.e., interactions of nucleotides on short distances within the
primary sequence, but not for long-range interactions.
A recent study presented a list of predicted pairs of conserved complementary
regions in introns of human protein-coding genes [2]. These regions tend to occur within introns, suppress intervening exons, and obstruct cryptic and inactive
splice sites. Their double-stranded structure is supported by decreased icSHAPE nucleotide accessibility, high abundance of RNA editing sites, and frequent occurrence
of forked probing peaks. In this thesis, we experimentally confirm some long-range
RNA structures from this list and propose a new potential mechanism of alternative
splicing (AS) regulation through long-range RNA structures and RNA polymerase
II (RNAPII) elongation speed. The experimentally confirmed structures include the
first example of competing RNA structures in the human transcript (Ate1) and the
longest RNA structure known to date, in which the interacting base pairs span over
30 kb. To investigate the role of long-range RNA structure in co-transcriptional
splicing, we performed RNA-seq experiments, in which we used 𝛼-amanitin to slow
down the RNAPII elongation speed, and additionally analyzed publicly available
RNA-seq data obtained for slow RNAPII mutants. We showed that structured
introns exhibit a distinct splicing pattern in response to RNAPII slowdown suggesting that splicing is widely affected by co-transcriptional RNA folding. To screen
long-range RNA structures in human transcripts, we widely used a protocol with
steric blocking by antisense oligonucleotides (AONs). However, AONs’ treatments
led to the predicted AS outcomes not for all selected targets, indicating that the
problem of long-distance RNA structure prediction is still challenging, and a more
comprehensive approach is required. Perhaps, the use of genome-wide experimental
data on long-range RNA interactions such as RIC-seq data may help to make such
predictions more accurate.
15
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1.1

1.1. Thesis Structure

Thesis Structure

Chapter 2 contains the literature review of the RNA structures, splicing, and the
role of RNA structures in splicing regulation.
Chapter 3 states the thesis objectives.
Chapter 4 describes all methods used in this thesis.
Chapter 5 lists the criteria used for targets selection, presents two examples of
RNA structure-mediated exon skipping in Phf20l1 and Cask genes, and describes a complex system of competing RNA structures and ultra-long-range
RNA structure in the Ate1 gene.
Chapter 6 is dedicated to the investigation of the role of RNAPII elongation slowdown on alternative splicing outcome, firstly for the Ate1 transcript, and then
transcriptome-wide using RNA-seq experiments.
Chapter 7 discusses the results on competing and long-range RNA structures in
the Ate1 transcript and the genome-wide association of predicted long-range
RNA structures in introns with the RNAPII slowdown.
Chapter 8 lists main conclusions of the Thesis.
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Chapter 2
Background
2.1

RNA structure and its role

Ribonucleic acid (RNA) is a biopolymer that consists of ribonucleotide monomers.
Each ribonucleotide consists of a phosphate, a ribose residue, and one of the four different bases: adenine (A), cytosine (C), uracil (U), and guanine (G). Ribose residues
are joined together by phosphodiester bonds between the third and the fifth carbon
atoms of the adjacent sugar rings. This asymmetry specifies the direction of the
RNA strand. The sequence of ribonucleotides, given from 5’ end to 3’ end, is called
the primary structure of the RNA.
In contrast to DNA (deoxyribonucleic acid), which normally forms a double helix,
RNA is present in living cells in both double-stranded and single-stranded forms.
The most frequent and thermodynamically stable are the canonical Watson-Crick
base pairings (A and U, C and G). Additionally, wobble base pairings (G and U)
and other non-canonical base pairings may be formed. According to the Leontis and
Westhof classification [4], each nucleotide has three edges for interaction: WatsonCrick (WC), Hoogsteen (H), and Sugar (S) edges. Interactions between edges might
be in cis or in trans depending on the backbone orientation. There are twelve
possible different base pairings between any two RNA bases [4].

17
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RNA secondary structure, i.e., the set of base-paired residues, may be viewed
as consisting of several elementary structural units. When base pairs stack directly
on top of each other, they may form an RNA helix. The stacking of base pairs is
stabilized by the overlap of the 𝜋-orbitals of the nucleotides’ aromatic ring systems,
which gives the major stabilizing contribution to the structure. Besides helices, the
RNA structure contains unpaired regions usually referred to as loops. Depending on
the structural context, they may be classified as hairpin loops, bulges, internal loops,
and multiloops (Figure 2-1). The RNA molecule tends to maximize the stabilizing
effect from stacking energies and minimize the destabilizing effect from loop regions.
It is believed that the actual RNA structure corresponds to the the minimum free
energy (MFE) of the molecule, however many RNAs also adapt several biologically
important suboptimal structures.
hairpin 

loop

stacking

bulge 

pair

loop
(helix)

5’

5’

3’

3’
5’

3’

internal

loop

multiloop

5’

5’

3’

3’

Figure 2-1: The elements of RNA secondary structure.
The tertiary structure of RNA is formed due to three-dimensional interactions
of its secondary structure elements. These interactions occur mainly between dis18
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tant structural elements. Tertiary structural motifs include G-bulges, pseudoknots,
loop-loop interactions (or kissing loops), and many others [5]. Moreover, mono- and
divalent metal cations can interact with negatively charged phosphate groups and
contribute to RNA folding. All tertiary interactions are difficult to predict computationally. They may be confirmed experimentally using physical methods, e.g., X-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopy. Nevertheless,
tertiary motifs play a crucial role in many biological processes, many of which were
first discovered in viral genomes such as turnip yellow mosaic virus [6] and HIV-1
[7] and later identified in other RNA classes.

2.1.1

Basic examples of functional RNA structures

Prokaryotic mRNAs use RNA structures for transcriptional and post-transcriptional regulation. For instance, there are two mechanisms of transcription termination
in prokaryotes: the rho-independent (or intrinsic) and rho-dependent mechanisms.
The former doesn’t utilize auxiliary proteins and depends solely on pre-mRNA structure [8]. Rho-independent terminators consist of a GC-rich sequence followed by a
U-rich track in the RNA. The termination is achieved by RNA polymerase dissociation due to to the formation of a GC-rich stem that is facilitated by decreased
binding of the U-rich tract to DNA [9]. Intrinsic terminators were found in 80%
of E.coli transcripts, including rpoC and crp genes [10, 11, 12]. Rho-dependent termination is mediated by an RNA helicase Rho. Rho-binding sites (called rut) are
C-rich sequences with little or no secondary structure [13]. Rho-dependent terminators are usually located at the end of transcription units, for example, in E.coli
tyrT locus [14] or trpEDCBA operon [15].
Besides transcription termination, mRNA secondary structure may regulate translation initiation in prokaryotes. Thermodynamically stable mRNA structures may
overlap with the initiation site thus preventing the recruitment of the 30S ribosomal
subunit [16].
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Riboswitches are (mostly prokaryotic) RNA structures that regulate gene expression by occluding or exposing the transcription or translational signals in response
to the presence of a ligand. Riboswitches are mainly found in the 5’-leader sequence of the mRNAs and typically consist of two domains: an aptamer that binds
a ligand, and a regulatory domain that undergoes a conformational change due to
ligand binding [17]. The ligand binding induces a structural conformation, in which
a rho-independent terminator stem is formed to abort transcription or to prevent
the occlusion of the translation initiation site. Riboswitches may bind metal ions,
amino acids, nucleotide precursors, or enzyme cofactors as ligands, thus allowing the
cells to react rapidly to changes in metabolite concentrations without protein synthesis. Eukaryotic pre-mRNAs also utilize riboswitches, but they mainly regulate
the accessibility of splice sites (see below).
The mature eukaryotic mRNAs may employ RNA secondary structure to regulate translation. In general, 5’UTRs in eukaryotic mRNAs are important for translation initiation due to scanning mechanism and thermodynamically stable secondary
structures in the 5’UTRs (including Kozak sequence and start codon itself) prevent
efficient interaction with pre-initiation complex and thus can inhibit translation [18].
Secondary structures within a 3’UTR, on the other hand, correlate with high protein expression levels [19]. For example, structured iron-responsive elements (IREs),
which were reported in both 5’UTR and 3’UTR of twelve human mRNAs, interact
with iron regulatory proteins that stabilize the mRNAs and affect translation in
iron starvation conditions [20]. Another example is the RNA switch in the 3’UTR
of the VEGF mRNA, which undergoes a conformational change in response to the
binding of a regulatory protein affecting VEGF translation [21]. For polyadenylated
RNAs, the distance between poly(A)-signal and cleavage site is important for efficient polyadenylation. Transcripts with a longer distance between these sites tend
to form structured elements to bring them closer [22]. Structural motifs within the
coding sequence (CDS) may also cause frame-shifting events [23]. However, the majority of functional eukaryotic RNA structures known to date regulate pre-mRNA
20
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processing and, in particular, pre-mRNA splicing. They are discussed in detail in
section 2.3.

2.2

Splicing

Eukaryotic genes are organized in the genome in a discontinuous manner and
contain exons and introns. Exons are defined by the sequences that are present in
mRNA, while introns could be found only in pre-mRNA. Additionally, the 5’ untraslated region (5’ UTR) is located before the first exon, and the 3’ untraslated
region (3’ UTR) is located after the last exon. They both are needed for the regulation of proper mRNA functioning. Human exons are usually shorter than 200
nucleotides, while introns can reach 1 Mb [24, 25]. During a process called premRNA splicing, introns are removed and exons are joined together. On average, the
length of a pre-mRNA shortens 10-fold after splicing [26].
It is important for the splicing process to distinguish between exons and introns,
as well as to identify exon-intron borders. The latter are defined by cis-regulatory
sequences called the donor (5’) and the acceptor (3’) splice sites. The 5’ splice site
(5’ss) identifies the beginning of an intron, while the 3’ splice site (3’ss) corresponds
to its end. The consensus nucleotide sequences of the 5’ss and 3’ss are usually
described as GU and AG, respectively, although important deviations from these
standard dinucleotides exist. Another splicing cis-regulatory element is the branch
point sequence (BPS), which contains an adenosine residue and is located 15-50
nucleotides upstream from the 3’ss. This adenosine initiates a nucleophilic attack
during the first transesterification reaction of splicing. The polypyrimidine tract
(PPT) is a pyrimidines-rich sequence that is located between the BPS and 3’ss. The
5’ss, 3’ss, the branch point, and the polypyrimidine tract are the major splicing
cis-regulatory signals (Figure 2-2A) [27].
For the chemical standpoint, the splicing reaction consists of two transesterification steps. First, the 2’-hydroxyl group of the adenosine in BPS makes a nucleophilic
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Figure 2-2: A. Conserved sequences in U2-type pre-mRNA introns in metazoans.
"Y" is for pyrimidine, "R" - for purine. Y(n) indicates the polypirimidine tract.
B. Two-step mechanism of pre-mRNA splicing. "A" indicates the adenosine in the
branch point sequence, "p" is for phosphate group. The figure is adapted from [27].
attack to the phosphate group of the 5’ss. This reaction cleaves the phosphodiester
bond in the exon/intron junction, releases exon 1, and forms a new phosphodiester
bond between BPS and the 5’ end of the intron. The intron remains bound to exon
2 and forms the so-called lariat structure. Next, the 3’ hydroxyl group of exon 1
makes a nucleophilic attack to the phosphate group of the 3’ss. As a result, the
exons are ligated by a new phosphodiester bond, and the intron is released in the
form of a lariat. The two steps of pre-mRNA splicing are shown in Figure 2-2B.
The spliceosome, a macromolecular complex that catalyzes pre-mRNA splicing,
is composed of five small nuclear ribonucleoproteins (snRNPs) – U1, U2, U4, U5,
and U6 and several dozens of auxiliary factors [27]. These snRNPs contain small
nuclear RNAs (snRNAs) that can base pairs with the pre-mRNA. The process of
splicing starts with U1 snRNP recognition of 5’ss, in which the U1 snRNA base pairs
with the nucleotides at the exon/intron border. Next, or simultaneously with the
previous step, splicing factor 1 (SF1) recognizes the branch point adenosine residue
and activates it through a bulge formation. The PPT and 3’ss are recognized by
the U2 snRNP auxiliary factor (U2AF). Then, U2 snRNP displaces SF1 and U2AF
and binds to the BPS. Next, with the recruitment of pre-assembled U4/U6 and
U5 snRNPs, the first transesterification reaction takes place. Then the spliceosome
complex undergoes remodeling, in which U1 and U4 snRNPs are removed. The
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second transesterification reaction occurs, and the intron is released with U2, U5,
and U6 snRNPs bound to it. After intron removal, all snRNPs and proteins are
recycled to catalyze other reactions.
Besides the major spliceosome, which recognizes the GT/AG consensus sequences,
there is the U12-dependent, or the minor spliceosome. It consists of the specific U11,
U12, U4atac, U6atac snRNPs, and the common U5 snRNP. Minor spliceosome catalyzes splicing of less than 1% of introns, which contain non-consensus /AT..AC/
splice sites, distinct BPS and PPT sequences [28]. However, minor splice site sequences are evolutionarily highly conserved [29], and deficiencies in its activity may
lead to developmental defects or lethality [30, 31].

2.2.1

Alternative splicing

While introns are removed from the pre-mRNA, not all exons always remain
included in it. More than 95% of multi-exon human genes are alternatively spliced
[32] and provide on average three or more different mRNA isoforms per gene [33].
Alternative splicing produces an additional layer of gene regulation and greatly expands the variety of proteins produced from the same genome [34]. Different mRNA
isoforms may result in proteins with different properties because of the presence of
functional domains or unstructured polypeptide regions that are important for protein catalytic properties, interaction capabilities, and localization [35, 36]. In some
cases, alternative splicing affects the stability of transcript rather than protein properties. Alternative splicing may be coupled with nonsense-mediated decay (NMD),
different RNA-binding proteins might be bound to different transcript isoforms, thus
controlling its stability and translation efficiency [37]. Alternative splicing serves the
needs of cells in different tissues and developmental stages, maintaining a specific
balance of mRNA and protein isoforms. [38, 39].
According to the current classification, there are several major types of alternative splicing events, including cassette exons, alternative 5’SS, alternative 3’SS,
intron retention, and mutually exclusive exons (Figure 2-3), and also a variety of
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minor subtypes [40]. In comparison to constitutive exons, alternative exons often
have weaker splice site sequences, i.e., they have lower affinity to the spliceosome
due to deviations from the splice site consensus sequences [41].
Constitutive splicing

Alternative exon

Alternative 5’SS

Alternative 3’SS

Intron retention
Mutually exclusive 

splicing

Figure 2-3: Main types of alternative splicing events. Figure is adapted from [40].
Other cis-acting elements within pre-mRNA are represented by splicing regulatory elements (SRE), and they have an affinity for trans-acting factors. Depending
on their positioning and way of action, SREs are divided into intronic splicing silencers (ISS), intronic splicing enhancers (ISE), exonic splicing silencers (ESS), and
exonic splicing enhancers (ESE). The trans-acting RNA-binding proteins (also called
splicing factors) may interact with these sequences and either enhance or repress the
binding of spliceosome components (Figure 2-4)[33]. SREs that are located close to
splice sites tend to have the strongest effect on splicing [42].
The two main classes of splicing factors are heterogeneous nuclear ribonucleoproteins (hnRNPs) and serine-arginine-rich proteins (SR). Usually, SR proteins bind to
enhancer sequences and promote the inclusion of alternative exons, while hnRNPs
tend to bind to silencer sequences and promote the skipping of exons (Figure 2-4
[33, 43]). However, both SR proteins and hnRNPs may play antagonistic roles depending on the context of the binding site [41]. Mainly, splicing factors influence
splice site recognition either by facilitating or inhibiting the binding of U1 and U2
snRNP to splice sites. Apart from these two families, there are many other RNA24
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binding proteins influencing splicing, and some of them are tissue-specific splicing
factors [32]. Moreover, the abundance of the core spliceosomal proteins also affects
alternative splicing and may be associated with disease states [44].

Exon

+

+

SR

SR
ISS
hnRNP

Intron

ESE

-

ESS
hnRNP

Intron

ISE

-

Figure 2-4: Positive and negative regulation of pre-mRNA splicing by cis-acting
and trans-acting elements. SR-proteins are generally promote splicing by interacting with splicing enhancers, while hnRNP proteins generally inhibit splicing by
interacting with splicing silencers. Figure is adapted from [33].
The interplay between pre-mRNA splicing and transcription has long been a
focus of intense research [43]. Firstly, transcription factors may influence alternative
splicing outcome in both direct and indirect ways [45], which demonstrates the
ability of DNA-binding proteins to bind RNA. Secondly, histone modifications in a
position-dependent manner may play a role in splicing outcome [46]. There are two
possible models linking chromatin modifications to pre-mRNA splicing. First, the
interaction may be mediated by slowing down the RNA polymerase II (RNAPII) and
thus creating the “window of opportunity” for splicing factors to bind pre-mRNA
(the so-called kinetic model); or chromatin modifications may recruit splicing factors
to the pre-mRNA (so called recruitment model) [47]. Nucleosome positioning can
shape the splicing outcome due to specific marking of intron/exon junctions [48, 49],
and chromatin remodeling factor PARP1 may modify activity of hnRNPs and SRproteins through their polyADP-ribosylation [50].
The modifications in the pre-mRNA may affect splicing as well. The most studied RNA modification, m6 A methylation is recognized by m6 A readers, which may
interact either with either splicing factors [51] or with the phosphorylated C-terminal
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domain of RNAPII [52], thereby affecting splicing outcome. Besides splicing, m6 A
modifications may affect transcript stability [53] and facilitate translation initiation
[54]. Another RNA modification that may affect splicing is adenosine-to-inosine (Ato-I) editing by ADAR proteins. This modification may alters many downstream
interactions of the RNA since inosine is mostly recognized as guanosine. The RNA
editing sites near 3’ss may alter the transcription of the adjacent exons [55], and
ADAR2 regulates its own pre-mRNA splicing via converting the intronic AA to AI
(mimics conserved AG) 3’ss [56].

2.3

Mechanisms of AS regulation through RNA
structures

The secondary structure of a pre-mRNA molecule, the presence or absence of
double-stranded regions in it, may strongly affect the splicing outcome. RNA secondary structure may expose or mask splicing cis-regulatory elements or serve as
a substrate for modifications or interaction with other factors. In this Thesis, we
will distinguish between short-range and long-range RNA structure based in the
distance between interacting bases within primary RNA structure, i.e., within its
nucleotide sequence. While there is no natural threshold that separates short-range
and long-range RNA structures, we will broadly ascribe base pairing interactions to
long-range scale if they cover from hundreds to several thousands nucleotides.

2.3.1

Local RNA structures

Hairpins
One of the main types of RNA secondary structure influencing splicing is hairpin.
Hairpin consists of a double-stranded stem and a single-stranded loop, usually not
more than dozens of nucleotides, and the position of the splicing regulatory element
inside the hairpin defines its function. Mainly, SREs that are involved in double26
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stranded structures are non-functional since trans-acting splicing factors are unable
to bind stem-forming sequences. Some examples of splicing regulation by hairpins
are reviewed below.
The first example is the fibronectin gene. One of the alternatively spliced exons,
the EDA exon, is highly structured [57]. The proper RNA conformation displays
the ESE sequence in the loop of hairpin V, which enables the regulation of this
exon through the interaction of ESE with SR-proteins [58]. ESS sequence, which
was previously mapped in this exon, determines changes in the RNA secondary
structure. A loop-to-stem change in ESE decreases its regulatory ability indicating
that ESE exposure in a loop is critical for its function.
A hairpin structure in intron 4 of the cardiac troponin T (cTnT) gene is recognized by MBNL1 protein [59]. At the same time, the binding site of U2AF65,
which is important for the recognition of the 3’-end of the intron and U2 recruiting,
is located in the hairpin loop [60]. The inhibitory effect of MBNL1 results from the
competitive binding of U2AF645 and MBNL1, and the hairpin structure plays an
important role in these interactions.
The MAPT gene encodes the tau protein, alternatively spliced isoforms of which
result in proteins with different function. Exon 10 encodes a microtubule-binding
domain, and the balance between proteins with and without this domain (isoforms
4R and 3R, respectively) is important for healthy cells. Changes in the 3R/4R ratio
leads to tau aggregation in neuronal cells [61]. The hairpin structure at the border
of exon 10 and intron 11 is responsible for alternative splicing of exon 10. Studies
showed that this RNA fragment contains six hairpins and one pseudoknot [62]. The
regulatory hairpin should be unwound by the helicase p68 in order to include exon
10 into the transcript [63]. Alternatively, the same structure is stabilized by PSF
protein, which results in exon 10 skipping [64]. Together, these proteins and the
hairpin regulate the alternative splicing of exon 10 in the MAPT transcript and
provide the equal level of 3R and 4R isoforms of tau protein.
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Another gene, in which a hairpin structure plays a major role in splicing, is the
survival of motor neuron (SMN). There are two copies of SMN genes, SMN1 and
SMN2. These genes are nearly identical, but SMN2 generates a shorter transcript
because of exon 7 skipping. The resulting SMN protein is unstable, and together
with the loss of SMN1, it leads to spinal muscular atrophy (SMA) [65]. SMN2 contains mutations in exon 7 and intron 7, which lead to the loss of an exonic enhancer
and create exonic and intronic silencers [66]. Also, there is a hairpin structure at the
border of exon 7 and intron 7, named stem-loop structure 2 (TSL-2) [67]. The 5’ss
is involved in base pairing within this hairpin, which inhibits U1 snRNA binding.
Small molecules that are able to disrupt this interaction (for example, homocarbonyltopsentin) may be used as a therapy for SMA [68]. Additionally, long-distance
interactions in intron 7 were shown to play a role in the control of exon 7 splicing [69].
These interactions could be disrupted by antisense oligonucleotides, which also leads
to the correction of splicing in SMA. There are already two drugs for SMN2 splicing
correction approved by the U.S. FDA (antisense oligonucleotide nusinersen in December 2016 and small molecule risdiplam in August 2020), but other therapeutic
solutions may also soon be available in clinical practice [70], such as Zolgensma, a
gene therapy approved by the U.S. FDA in May 2019.
G-quadruplexes
This type of RNA structure is formed by sequences containing tracts of guanosine nucleotides. In a G-quadruplex, four guanosines form a cyclic complex, in which
all the residues interact via Hoogsteen bonds. The stack of these G-quartets forms
a four-stranded helical structure, which is called a G-quadruplex (GQ). This structure might be intramolecular, as well as intermolecular depending on whether all
guanosines are located in one strand. GQ motifs are enriched in telomeric regions,
gene promoters, and untranslated regions of mRNA [71].
In vitro studies showed that GQs in intronic regions may act as cis-regulatory
elements in alternative splicing. Depending on the position of GQs, they could be
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both silencers and enhancers [72, 73, 74]. Some splicing factors (hnRNPH, hnRNPF,
SRSF1, SRSF9, hnRNPU, and U2AF65) are suspected to bind GQ motifs [75, 76].
Several examples of the regulatory role of GQs in alternative splicing are described
below.
GQs structures were found within intron 6 of the hTERT gene [72]. Alternative
splicing of hTERT transcript results in 22 isoforms, of which only the full-length
mRNA is translated into the active protein with reverse transcriptase activity [77].
The use of a GQ-stabilizing agent, named 12459, results in reduced levels of active telomerase. It was shown that the stabilization of GQs modulates alternative
splicing by skipping exons 7 and 8, which leads to inactive the hTERT-b protein.
Probably, some cis-acting sites in intron 6 are blocked by GQ formation. Another
GQ-stabilizing agent, CX-5461, also showed the same effect on hTERT alternative
splicing [78]. Both agents do not change the total level of hTERT protein but
regulate the ratio between active/inactive isoforms.
Another example of the regulatory role of GQ is described for the TP53 gene.
The alternative splicing of one of its isoforms, p53I2, that results from intron 2
retention and the use of the second start codon ATG40 , leads to the production
of inactive ∆40p53 protein [79]. In intron 3, two six-guanosine tracts crucial for
GQ formation have been found [80]. The usage of the GQ-stabilizing agent, 360A,
increases the level of full-length p53 mRNA. It demonstrates that the formation of
GQ in the intron 3 regulates the splicing of intron 2, which leads to the change in
the the ratio between active and inactive isoforms.
Riboswitches
RNA structures can be altered by the binding of small molecules, and these
changes are important for alternative splicing outcomes. One of such small molecules
is thiamine pyrophosphate (TPP), and it can regulate eukaryotic riboswitches. In
contrast to prokaryotes, which riboswitches affect transcription and translation, the
TPP riboswitches regulate alternative splicing. They are usually located in introns
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and can hide or expose splice sites depending on the structure they possess. This
mechanism of alternative splicing regulation has been confirmed in algae, plants,
and fungi [81].
The TPP riboswitch in Neurospora Crassa NMT1 gene regulates alternative
splicing [82]. When TPP concentration is low, the structural conformation of the
riboswitch allows the usage of the upstream 5’ss, and this leads to the translation
of NMT1. When TPP concentration is high, the conformation of the riboswitch
changes and a downstream 5’ss is used. As a result, the upstream open reading
frame is included in the transcript, which competes with the translation of the main
open reading frame and decreases the level of the NMT1 protein. Other examples include the alternative usage of 3’ss in Chlamydomonas reinhardtii THIC gene
[83], and the usage of 5’ss through long-range RNA complementary interaction in
Neurospora Crassa NCU01977 transcript [84].

2.3.2

Long-range complementary interactions

Similar to local structural motifs, long-range complementary interactions may
change splicing patterns dramatically. Experimentally confirmed long-range complementary interactions may be divided into functional sub-groups: structures that
regulate alternative 5’ or 3’ ss, structures that regulate exon skipping, and structures
that approximate RBP sites to the place of action.
RNA base pairings in alternative 5’and 3’ splice site choice
Long-range RNA complementary interactions may regulate alternative donor
and acceptor site usage in Drosophila transcripts. The CG33298 gene encodes an
ATPase, and contains a base pair that overlaps with the proximal donor site of exon
13. In this case, the structure loops out 185 nt and is needed for the suppression
of the proximal donor splice site. The atrophin gene encodes a transcriptional corepressor and contains a base pair that overlaps with the proximal acceptor splice
site of exon 10. In this case, the structure is needed for the equal usage of the two
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acceptor splice sites, which have different strengths. The Nmnat gene encodes a
nicotinamide mononucleotide adenylyltransferase. Long-range RNA helix loops out
about 350 nt regions and leads to the exclusion of exon 5 and poly(A) signal from
pre-mRNA. In this case, the RNA structure brings the distal acceptor splice site
close to the donor splice site and thereby promotes splicing [85].
The human splicing factor 1 (SF1) gene contains 14 exons, and some of them are
alternatively spliced. A long-range RNA complementary interaction in the intron
between exons 9 and 10, which was confirmed experimentally, loops out 262 nts [86].
Mutations in the minigene construct that disrupted this base pairing changed the
choice of 3’ss (a suboptimal acceptor splice site 21 nts downstream of the major
one), and the compensatory mutations restored the wild-type splicing. The usage of
the distal 3’ss was also noticed in different cancer cell lines and brain tissues, which
may indicate the corresponding change of function on the protein level.
The human proteolipid protein 1 (PLP1) gene encodes a transmembrane proteolipid present in central nervous system. This gene can produce two alternatively splices isoforms, PLP1 and DM20. These isoforms differ by alternative donor
splice sites of exons 3a and 3b, while the acceptor splice site of exon 4 is the same.
A decrease in PLP1/DM20 ratio may lead to X-linked leukodystrophy PelizaeusMerzbacher disease (PMD). PLP1/DM20 ratio is regulated by long-range RNA
complementary interactions between conserved sequences separated by 581 nts. The
formation of the regulatory loop leads to the production of the PLP1 isoform. Mutations that disrupt long-range RNA helix result in the formation of the DM20
isoform, and compensatory mutations return the PLP1/DM20 ratio to the normal
level [87].
RNA bridges
RNA binding proteins may bind to splicing enhancer sequences and promote the
inclusion of nearby exons. However, in some genes such as the myosin heavy chain
B gene [88], FGFR2 [89], ENAH, and KIF21A [90], the splicing outcome depends
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on an enhancer site located more than 1 kb downstream of the regulated exon. It
has been demonstrated that in the ENAH gene, a long-range RNA complementary
interaction in the intron downstream of exon 11a brings the distal RBFOX motif
close to the alternative exon. This mechanism may be computationally extrapolated
to many other transcripts as soon as many RBP binding sites are predicted to be
deeply intronic, and conserved RNA bridges are more thermodynamically stable
near alternative exons than constitutive ones [90].
RNA base pairings in exon skipping regulation
The human TERT gene encodes the catalytic subunit of the human telomerase,
and only the full-length alternative isoform is active. There are a variable number
of tandem repeats in intron 6, and nine of them are required to promote exons 7 and
8 skipping [91]. Mutations introduced within the repeats lead to the inclusion of
exons, while compensatory mutations promote exon skipping again. The GQ motif
described previously is also located in the same regulatory area, but the impact of
GQ formation on long-range RNA complementary interactions is still unknown.
Local hairpin structure TSL-2 in the human SMN2 gene was already described
in the section 2.3.1. In addition, long-range RNA complementary interactions in
intron 7 are also involved in exon 7 skipping [92]. Three relatively short helices
(8-nt, 7-nt, and 8-nt-long) are located near each other and loop out approximately
40-nt, 120-nt, and 80-nt-long regions. This long-range RNA structure inhibits the
inclusion of exon 7, but the addition of antisense oligonucleotides complementary to
stem-forming sequences promotes exon 7 inclusion into the final transcript.
Long-range RNA base pairings may also create the system of competing RNA
structures, and thus regulate the splicing of mutually exclusive exons. In the next
section, we describe mutually exclusive splicing in detail.
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Mutually exclusive alternative splicing

During mutually exclusive alternative splicing, one and only one exon from a cluster of exons is included into the final transcript. Mutually exclusive exons (MXEs)
are often tandemly arranged and highly homologous, which indicates that they originate from tandem exon duplications [93]. Nevertheless, the use of different MXEs
may provide sufficient variability of protein properties, such as for ion channels and
receptors [94, 95]. MXE variants are often specific to tissue and developmental
stages in Drosophila [96, 95]. The same is true for the regulation of the majority of
human MXEs (65% of the total 1,399 MXEs) [97].
Several mechanisms may regulate mutually exclusive splicing. First, steric hindrance prevents the inclusion of several MXEs together. The intron length should be
no less than 50-60 nt for the pre-mRNA splicing of Drosophila and mammalian transcripts [98, 99]; otherwise, the spliceosome cannot assemble efficiently [100]. This
mechanism takes place, for instance, in the mammalian 𝛼-tropomyosin transcript
[101] and in the insect Dscam1 exon 17 regulation [102].
The second possible mechanism to regulate MXE splicing is to use different
spliceosomes. A specific arrangement of U2- and U12-types splice sites on either
of the exons does not allow introns with mixed splice sites to be spliced [103, 104].
This mechanism of spliceosome incompatibility is employed in MAPK8/JNK1 [103]
and other MAPK genes [97].
The third mechanism is linked with nonsense-mediated mRNA decay (NMD). If
the lengths of both MXEs are not multiples of 3 nt and the rest of the transcript
complements them to maintain the reading frame, then the inclusion of both MXEs,
or skipping of both of them would lead to a frame shift and consequent introduction
of a premature stop codon. The latter is recognized by the NMD pathway, which
leads to the degradation of aberrantly spliced mRNA [105]. This mechanism has
been demonstrated for the FGFR2 [106] and CACNA1C transcripts [107].
According to current estimates, only a quarter of human MXE clusters are regulated by the mechanisms described above [97]. Other mechanisms include the
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regulation by RBPs, interactions between snRNPs with splicing factors [33], and
competing RNA secondary structures. The most striking example of long-range
competing RNA structures that regulate alternative splicing is in the Drosophila
Dscam1 gene. Additionally, competing RNA structures are responsible for the choice
of MXEs in several other Drosophila genes, which are described in detail below.
Dscam1
The Dscam1 gene in D.melanogaster encodes an axon guidance receptor and theoretically can produce 38,016 isoforms [96]. This gene contains 95 alternative exons
organized into four mutually exclusive clusters: 12 alternative exons in cluster 4,
48 alternative exons in cluster 6, 33 alternative exons in cluster 9, and 2 exons in
cluster 17. The ectodomain of Dscam1 consists of 10 Ig domains and 6 fibronectin
type III repeats, in which N-terminal parts of Ig2 and Ig3 and the whole Ig7 domain are encoded by exon clusters 4, 6, and 9 [108]. Alternative transmembrane
domains are encoded by exon cluster 17. Dscam1 with exon 17.1 regulates dendritic
development, while Dscam1 with exon 17.2 governs axonal arborization [109].
Three mutually exclusive exon clusters (exon 4, 6, and 9 clusters) display different
patterns of expression bias. Variable exon 6s has the least expression bias, and its
splicing pattern is conserved in different cells and tissue types [110]. In contrast, the
expression of exon 4s varies not only in the same cells in different individuals but also
the splicing profile of a given neuron can be changed over time [111]. The splicing
pattern of exon 9 is characterized by the preferred inclusion of exons 9.6, 9.9, 9.13,
9.30, and 9.31 [110]. It is also noteworthy that alternative splicing is independent in
different clusters [112]. Moreover, the expression of Dscam1 isoforms in individual
cells is not determined but is rather stochastic [110, 111]. It is almost impossible
to see identical subsets of Dscam1 splice isoforms in two different neurons. Thus,
the diversity of combinations of isoforms could provide a mechanism for neuronal
self-avoidance [113].
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Remarkably, mutually exclusive splicing in all these clusters is regulated by competing RNA base pairings. A seminal paper by Graveley identified two classes of
conserved intronic elements in the exon 6 cluster and hypothesized that they are
able to form competing RNA structures [114]. According to the hypothesis, there
is a single docking site located downstream of constitutive exon 5 and multiple selector sequences located upstream of each exon 6 variant. Each selector sequence is
partially complementary to the docking site. Competing RNA structures can form
only one at a time, and thus the spliceosome can include only one exon 6 variant
into the Dscam1 mRNA (Figure 2-5). Similar base-pairing interactions were later
found in exon 4 and 9 clusters [115]) [116]. However, besides the interactions between upstream docking site and downstream selector sequences, the inclusion of
some 4 (or 9) variants depends on interactions between upstream selector sequences
and the downstream docking site. These sites in both clusters are highly divergent
in different clades, but their secondary structures remain conserved.

Figure 2-5: The model of Dscam1 exon 6 cluster regulation. Adapted from [114].
Additionally, intra-intron RNA structures are formed in the exon 4 and 6 clusters.
The inclusion stem (iStem) is identified in the intron between exon 3 and the first
exon 4 variant [117]. This structural element is required for the effective inclusion of
the entire exon 4 cluster but does not determine which variant of exon 4 would be
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selected. Another structure that is located immediately upstream of the docking site
in the exon 6 cluster is also involved in the inclusion of the entire exon 6 cluster [118].
The proposed mechanism of action involves structure-binding protein factors that
promote the recognition of weak splice sites and inactivate the splicing repressors
(i.e., hrp36 in exon 6 cluster) [119].
RNA secondary structures are also involved in AS regulation in the exon 17
cluster [115] [102]. The inclusion of both MXEs is inhibited by steric hindrance
(the distance between 5’ss and branch point is not enough for effective spliceosome assembly), but the choice between exons is regulated by RNA structures. In
D.melanogaster, alternative intronic secondary structures could either activate exon
17.1 inclusion by approximation mechanism or inhibit its inclusion by the hindrance
of PPT accessibility. In non-Drosophila insect species, an intron-exon RNA structure may be formed, which leads to masking the 3’ss upstream of exon 17.1 and the
inhibition of its inclusion. Therefore, the mutually exclusive splicing in the exon 17
cluster is regulated by both steric hindrance and RNA secondary structure.
Competing RNA base pairings
14-3-3𝜉 gene in D.melanogaster encodes a protein responsible for memory and
learning [120]. This gene contains an exon 5 mutually exclusive cluster with 3
alternative exons: 5a, 5b, and 5c. The choice between alternative isoforms depends
on competing RNA structures [116]. There are two selector sequences, IE1 and IE2,
located downstream of the 5’ss, and a docking sequence IEa in an intron upstream
of constitutive exon 6. Interaction between selector sequence (IE1, IE2) and the
docking site (IEa) forms a splicing-activating complex which leads to the inclusion
of exon 5a and 5b, respectively. Without base pairings, exon 5c is included, whereas
exons 5a and 5b are spliced out. In the proposed model, the choice of alternative
exons is regulated by the strength of base pairings and the distance between them,
as well as by splicing repressors and activators.
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The Drosophila GATA factor Serpent (Srp) plays important roles in different processes such as fat body development and the humoral immune response [121, 122].
This gene has an exon cluster with two mutually exclusive exon forms, exon 4.1
and exon 4.2. The splicing choice is directed by two highly conserved RNA pairings
with two different docking sites and two different selector sequences [123]. These
structures may be mutually exclusive, and the exon 4.2 inclusion depends on the
upstream base pairings (stem I), while the exon 4.1 inclusion depends on the downstream base pairings (stem II). These structures may form long-range pseudoknot
as well, and in this case, the exon choice may depend on the kinetics of RNA folding
and splicing.
The same dual secondary structures were predicted for another Drosophila gene,
RIC-3 [123]. RIC-3 encodes a transmembrane protein responsible for the maturation
of neuronal nicotinic acetylcholine receptors [124]. Stems I and II are located around
alternative exons 6.1 and 6.2, and these sequences are highly conserved among
Drosophila species. The same bidirectional competing structures were also experimentally demonstrated for the Lepidopteran MRP1 exon 8 cluster [125]. MRP1
encodes an ABC-transporter associated with drug resistance.
PGRP-LC gene encodes a receptor involved in the innate immune response [126].
There are three major isoforms of this protein, PGRP-LCx, PGRP-LCy, and PGRPLCa [127]. These isoforms differ by 3’-regions, and competing RNA structures control the mutually exclusive choice of 3’-variable regions of Drosophila PGRP-LC
pre-mRNA [128]. These two mutually exclusive base pairings regulate splicing by
activating the proximal 3’ss and masking the intron-proximal 5’ss, and the selection
of 3’ region variants is correlated with RNA pairing strength. A similar mechanism
is used in the regulation of 3’ regions of other genes in Drosophila, CG4235, and Pip
[128].
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RNA structure analysis using physical and
chemical methods

Experimental approaches for RNA secondary structure analysis can be divided
into physical and enzymatic/chemical.
Physical methods of determination of RNA structure include X-ray crystallography, cryogenic electron microscopy (Cryo-EM), nuclear magnetic resonance (NMR)
spectroscopy, and others. These methods are the most accurate for RNA structure
determination, but they are also expensive and time-consuming, and can be effectively used only for short RNAs. Moreover, it is hard to implement crystallization
techniques for long and highly flexible RNA molecules.
Chemical approaches provide information about RNA structure by measuring
the accessibility of nucleotides to chemical modifications or RNase cleavage [129,
130]. In these experiments, several types of reagents may be used: base-specific
reagents, backbone-cleaving reagents, and reagents that modify the 2’-OH of the
RNA backbone. After the reverse transcription, each modification results in either
termination or mutation at the modified position. The pool of resulting cDNA
molecules is sequenced, which enables determination of modification frequency and,
consequently, structural information. These approaches are often used together with
computational RNA folding algorithms to improve the accuracy of RNA structure
prediction [131]. However, RNA structure probing method based on the difference
in reactivities of single-stranded and double-stranded residues can tell whether a
nucleotide is paired, but they cannot tell to which other nucleotide.
However, it is possible to determine the interacting RNA nucleotides by a group
of approaches that are based on proximity ligation. They were first developed to
assess the chromatin structure [132], but similar techniques exist for RNA. The
main steps in these protocols include crosslinking, proximity ligation, and consequent sequencing of RNA-RNA interactions. These methods may be used to identify intermolecular RNA-RNA interactions (for example, miRNA-mRNA pairs with
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CLASH-seq [133]), as well as for both inter- and intramolecular RNA-RNA interactions (for example, LIGR-seq [134] and RIC-seq[3]). These methods can be used
in vivo and don’t require prior knowledge about RNAs or RNA-binding proteins.
Moreover, like all chemical approaches, they can be used at high throughput to
obtain a global snapshot of RNA structure and interactome.

2.6

Computational methods of RNA structure
prediction

Computational methods may be broadly divided into thermodynamic and comparative approaches. Thermodynamic methods assume additive contributions to
RNA equilibrium free energy of elementary structure units. They use dynamic programming, in which the most thermodynamically stable RNA secondary structure
(the minimum free energy structure) or a number of suboptimal structures are determined. The dynamic programming works by recursively computing the equilibrium
free energy from shorter to longer fragments of the molecule, thus assuming that
RNA structure is nested, i.e., its diagram doesn’t contain crossing base pairings.
Therefore, most thermodynamic methods are unable to predict RNA structure with
pseudoknots, and if they do so, the computational complexity increases dramatically [135]. Thus, the thermodynamic methods may work well for small RNAs, but
not for long-range interactions and pseudoknots in large RNAs.
The comparative approaches to RNA structure prediction make use of compensatory nucleotide substitutions, which can be detected in multiple sequence alignments of homologous sequences [136]. Several variants of this approach exist, including methods based on stochastic context-free grammars [137]. However, the
alignment of homologous RNA sequences is not always available and, moreover,
stochastic context-free grammars are based on hidden Markov models, thus being computationally extensive and not applicable to long-range RNA interactions.
However, if a candidate RNA structure is found, its evolutionary support can be
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estimated by measuring pairwise covariations on a phylogenetic tree [138]. Comparative approaches could be combined with thermodynamic approaches for predicting
a consensus RNA secondary structure [139], but the applicability of such methods
to long-range RNA interactions until recently has been limited.

2.6.1

Computationally predicted long-range RNA structures

In this section, we discuss long-range RNA base pairings that were predicted
computationally, but not yet confirmed experimentally.
Myosin heavy chain (Mhc) gene in D.melanogaster may have 480 different isoforms because of five exon clusters: exon 3 cluster (2 MXEs), exon 7 cluster (4
MXEs), exon 9 cluster (3 MXEs), exon 11 cluster (5 MXEs), and exon 15 cluster
(2 MXEs). Remarkably, competing RNA structures including a docking site and
selector sequences have been identified in exon clusters 7, 9, and 11 [116]. Due to
difficulties with minigene constructs, structures in these clusters were not experimentally demonstrated yet; however, selector sequences and docking sites are highly
conserved among Drosophila species, which strongly suggests their importance in
alternative splicing regulation.
The human CD55 gene contains a predicted exon 10 MXE cluster with 5 exons [97]. The alternative splicing of this cluster may be regulated by competing
RNA structures. The docking site was found between exon 10e and exon 11, and
selector sequences were identified downstream of each exon 10 variant, however the
experimental validation of this gene is still missing.
The human Dynamin 1 contains a mutually exclusive exon 10 cluster. The regulation of alternative splicing in this gene is still unclear. Using computational approach, two conserved complementary regions have been found in this cluster [140].
The predicted selector sequence is located downstream of exon 10a and the predicted
docking site is located upstream of exon 11 . The proposed model of regulation of alternative splicing involves RNA base pairings together with a hypothetical repressor
(like hrp36 in Dscam1 exon 6 cluster).
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The human dystonin (DST) gene encodes a protein from the plakin family. The
group of exons, 47-52, code the plectin type of repeats. Computational research
revealed conserved complementary RNA sequences around this group of exons [141].
Different DST isoforms have tissue- and stage of development-dependent expression
[142], and the inclusion of this group of exons may be regulated by long-range RNA
complementary interactions.
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The main objectives of this research project are:
• Screening of the predicted long-range RNA structures that are associated with
alternative splicing in human transcripts.
• Characterization of long-range RNA structures and their impact on alternative
splicing in Phf20l1, Cask, and Ate1 human genes.
• Study of the impact of long-range RNA structure on alternative splicing in the
Ate1 human gene under RNAPII slowdown.
• Genome-wide characterization of the impact of RNAPII slowdown on alternative splicing using RNA-sequencing.
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4.1

Minigene constructs and mutagenesis

Whole genomic DNA was isolated from the A549 cell line using the Quick-gDNA
MiniPrep kit (Zymo Research). Ate1 minigene was assembled from three fragments:
the first one was inserted into pRK5 vector (kindly gifted by Prof. Petr M. Rubtsov,
the Addgene accession number 3944) using restriction-free cloning (protocol from
[143]), and the next two fragments were inserted into the resulting plasmid using
NEBuilder®HiFi DNA Assembly Cloning Kit (New England Biolabs) according to
manufacturer’s protocol. Phf20l1 minigene was created on the basis of the pRK5
vector using restriction-free cloning (Phf20l1 fragment was inserted after the CMV
promoter). Cask fragment of DNA was amplified using phosphorylated primers and
then inserted into pRK5 vector with Rapid DNA Ligation Kit (Thermo Scientific)
according to manufacturer’s protocol. Phosphorylated primers were obtained using
T4 PNK (Thermo Scientific). Fragments for minigenes assembly were amplified
with primers listed in the Table A.1 and Q5 High-Fidelity DNA polymerase (New
England Biolab). All primers were synthesized by Evrogen (Moscow, Russia) and
Lumiprobe (Moscow, Russia). All minigenes were verified by sequencing in the
Shared Resource Centre "Genome" (Moscow, Russia).
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Minigene mutagenesis was performed using either protocol from [144] or using
phosphorylated primers that introduced the desired changes with subsequent ligation
using a Rapid DNA ligation kit (Thermo Scientific). All primers for mutagenesis are
listed in Table A.2; all PCR reactions were performed using Phusion High-Fidelity
PCR Master Mix (Thermo Scientific). All mutants were verified by sequencing.

4.2

Antisense oligonucleotides

LNA/DNA mixmers were designed based on [145]. All oligonucleotides were
locked nucleic acid (LNA)-based with a DNA substitution at every other nucleotide.
Antisense oligonucleotides (AONs) that target Ate1 and Cask were 13-mers. AONs
that target Phf20l1 were 18-mers. All LNA/DNA mixmers had phosphonothioated
backbones for protection from cellular nucleases. Synthesis of LNA/DNA mixmers
was carried out by Syntol JSC (Moscow, Russia). The sequences of used AONs are
listed in Table A.3.

4.3

Cell culture

Human A549 lung adenocarcinoma cell line (kindly gifted by Dr. Ilya Terenin,
Moscow State University) was maintained in DMEM/F-12 medium containing 10%
fetal bovine serum, 50 U/ml penicillin, and 0.05 mg/ml streptomycin (all products
from Thermo Fisher Scientific) at 37∘ C in 5% CO2. Trypsin-EDTA (Thermo Fisher
Scientific) was used for subculturing of cells according to ATCC recommendations.
Cell line authentication was confirmed using short tandem repeat analysis. The cell
line was tested for the absence of mycoplasma using MycoReport kit (EuroGene).

4.4

Cell culture transfections

Minigene plasmids were transfected using Lipofectamine 3000 (Invitrogen) with
reverse transfection protocol. 200,000 cells were seeded in wells of 24-well plate prior
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to the transfection. For one well, 1 𝜇l of Lipofectamine, 1 𝜇l of P3000 reagent, and
500 ng of plasmid were used in 50 𝜇l of RPMI medium (Thermo Fisher Scientific).
Mixes were incubated for 15 minutes at room temperature and then added on top
of seeded cells. 24-hour post-transfection cells were harvested by lysis buffer from
PureLink RNA minikit (Invitrogen).
AONs treatment was performed using Lipofectamine RNAiMAX (Invitrogen)
on 50–70% confluent cells in a 12-well plate at 5, 25, and 100 nM concentrations
of AONs. The transfection procedure was performed accoriding to manufacturer’s
protocol. Cells were harvested by lysis buffer from PureLink RNA minikit (Invitrogen) after 48 h of treatment. 𝛼-amanitin (Sigma) was added at concentrations 1 or
2 ug/ml to 50–70% confluent cells. After 24 h of treatment, cells were harvested.
In the experiments, when cells were transfected with minigenes and AONs together, the conditions were as follows. Plasmids and AONs were mixed together
prior to the transfection, and then these mixtures were transfected using Lipofectamine 3000 (Invitrogen) to 50–70% confluent cells. After 24 h of treatment, cells
were harvested.
The experiments with overexpression of NELFE were performed using pCMV3NELFE plasmid (Cat: HG15217- UT, Sino Biological). Cells were transfected with
a plasmid using Lipofectamine 3000 (Invitrogen) and harvested after 24 hours. Cells
without transfected plasmid were used as a control.

4.5

Cell culture treatments

For 𝛼-amanitin (Sigma) treatments, 1 and 2 𝜇g/mL of 𝛼-amanitin was added to
cells at 50–70% confluency. After 24 h of treatment, cells were harvested.
The experiments with 𝛼-amanitin and AONs/minigenes treatments were performed as follows. Cells were transfected with AONs/minigenes using reverse transfection. After 12–14 h of transfection, the media was changed, and 𝛼-amanitin was
added. After 24 h of 𝛼-amanitin treatment, cells were harvested.
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RT-PCR experiments

Total RNA was extracted using PureLink RNA minikit (Invitrogen) and treated
with RNase-Free DNase I (Thermo Scientific) at 37∘ C for 60 min, followed by inactivation at 75∘ C for 10 min in the presence of 5 mM of EDTA (Thermo Scientific).
First-strand cDNA was synthesized using Maxima First Strand cDNA Synthesis
Kit for RT-qPCR (Thermo Scientific) according to the manufacturer’s instructions.
All primers for PCR analysis are listed in Table A.4 (for RT-PCR analysis) and in
Table A.5(for qRT-PCR analysis).
We used competitive RT-PCR analysis for the assessment of the ratio between
different splice isoforms in one PCR tube. We used 20–30 ng of cDNA obtained
from the total RNA for each PCR reaction. Reactions were carried out using PCR
Master Mix (2×) (Thermo Scientific). RT-PCR was carried out under the following
conditions: denaturing at 95∘ C for 3 min, 35 cycles of denaturing at 95∘ C for 30 s,
annealing at 54∘ C for 30 s, and extension at 72∘ C for 1 min, followed by extension at
72∘ C for 5 min. The resulting products were analyzed on a 3% agarose gel stained
with ethidium bromide and visualized using ChemiDoc XRS+ (Bio-Rad).
For RT-qPCR experiments, we used 20–30 ng of cDNA obtained from the total
RNA and Maxima SYBR Green qPCR Master Mix (2X) (Thermo Scientific) on a
CFX96 or CFX384 Real-Time system (Bio-Rad). Minus-RT controls without RT
enzyme in the cDNA synthesis reaction were performed in every RT-qPCR analysis.
For each mutant and/or treatment experiment, at least three biological replicates
in PCR triplicates were analyzed. The PCR cycle parameters were as follows: 95∘ C
for 10 min and 35 cycles with denaturation at 95∘ C for 10 s, annealing at 54∘ C for
20 s and extension at 72∘ C for 30 s. For each pair of primers in RT-qPCR analysis,
the primer efficiencies were estimated using a calibration curve. The expression of
isoforms was calculated by the efficiency method [146], with primers efficiency of
more than 90% in all cases. The expression levels of all isoforms were normalized to
the expression of the constitutive exon in the corresponding sample. Then, the sum
of all isoform expression levels was taken as 100% to enable comparative analysis of
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different biological replicates. We additionally checked the sum of expression levels
of all isoforms, and it was not statistically different from the expression level of the
constitutive exon in all cases.

4.7

Western blotting

The plasmid pCMV3-NELFE (Cat: HG15217-UT, Sino Biological) was transfected into A549 cells using Lipofectamine 3000 (Invitrogen). Cells were lysed with
RIPA buffer after 24 h. Cells without transfected plasmid were used as a negative
control. Cell lysates (3 ug of total protein) were separated by gel electrophoresis
on a 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) under denaturing conditions and transferred onto a nitrocellulose membrane. Immunoblotting
was done first at 4∘ C overnight using antibodies against NELFE from [147] (1:500)
and GAPDH (Thermo Fisher Scientific, #39-8600, 1:3000). Next, a horseradish
peroxidase-conjugated goat anti-rabbit IgG (Invitrogen, G21234, 1:2500) was added
for 1 h at the room temperature, followed by detection using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare Life Sciences) and Bio-Rad
ChemiDoc XRS + imaging system.

4.8

Library preparation and RNA-seq experiment

A549 cell line was treated with 1 and 2 𝜇g/mL of 𝛼-amanitin (Sigma) and nontreated cells were used for a control. After 24 h of treatment, cells were harvested,
total RNA was isolated using PureLink RNA Mini Kit (Thermo Fisher Scientific).
Poly(A)+ mRNA was purified using Dynabeads Oligo(dT) 25 (Thermo Fisher Scientific) following the manufacturer’s instructions.
Illumina cDNA libraries were constructed using NEBNext Ultra II Directional
RNA Library Prep Kit for Illumina (New England BioLabs) following the manufacturer’s protocol with the only modification: the change of fragmentation time from
15 to 10 min. Complementary DNA libraries were sequenced using the NextSeq500
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(Illumina, San Diego, CA, USA) instrument; 33–41 million raw reads were obtained
for each sample with a 75 bp read length. The results of RNA-seq have been deposited at Gene Expression Omnibus under the accession number GSE153303.

4.9

Statistical analysis

The data were analyzed and visualized using R statistics software version 3.4.1
and ggplot2 package [148]. The difference between exon inclusion rates in experiments with Phf20l1 and Cask minigenes was assessed and visualized by the ggsignif
package, PSI values were compared by t-test. Ternary diagrams were constructed
using the ggtern package [149]. Confidence intervals (regions) in ternary diagrams
were constructed using the Mahalanobis distance [150]. Error bars in the plots and
numbers after the ± sign represent 95% confidence intervals. When appropriate,
the comparison of 𝜓 values was done by a post hoc 𝑡-test with pooled variances after
Mahalanobis distance comparison based on confidence intervals [150].In all figures,
we used standard notation for boxplots including the median, upper and lower quartiles and upper and lower fences without outliers. In RNA-seq experiments under
RNAPII slowdown conditions two-tailed Mann–Whitney and Wilcoxon’s tests were
used.
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5.1

Screening of predicted long-range RNA
structures

To prioritize the candidates for experimental validation, we used a list of 916,360
pairs of conserved complementary regions (PCCRs) located in introns of human
protein-coding genes that was obtained using a computational pipeline for prediction
of long-range RNA structures [2]. These regions were at least 10-nt-long and had the
hybridization free energy ∆𝐺 ≤-15 kcal/mol. Since the false discovery rate among
these predictions drops with increasing PCCR energy, we used the hybridization free
energy as the main covariate for prioritizing the candidates. Anther useful covariate
was the degree of evolutionary conservation, measured as the average phastCons
score [151] within base paired nucleotides [2]. PCCRs that occur in more constrained
conserved regions were viewed as more probable, however only few of them had
compensatory nucleotide substitutions and, consequently, we decided not to use Rscape E-value as a filter [138]. Finally, we used RIC-seq data from [3] as an additional
experimental support for RNA structure.
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Additionally, we imposed other criteria for PCCRs that were related to their location and complexity. In order to have association with splicing, we selected PCCR
that loop out alternative exons and characterized these exons using splice junctions
counts calculated from A549 RNA-seq data [152]. PCCRs that overlap with many
other PCCRs were excluded from the analysis for the simplicity of tested systems.
We additionally considered the functional annotation of selected target genes. We
were interested in onco-associated targets, splicing factors, and transcription factors.
Also, we aimed at selecting genes with functionally distinct splice isoforms. The lists
of isoforms with different functions, tissue- or development-specific expression and
localization were taken from [153, 154, 155, 156].
The list of all tested targets is shown in Table 5.1.
Table 5.1: A short summary of all experimentally tested targets by AONs .
and/or minigenes. Columns are (left to right): NCBI gene name; cell line; id of
PCCR from [2] or location of the alternative splicing event; AON sequences; AON
effect classified by size (no effect, small, large), predictability (the opposite effect
identifies effect different from that predicted for the secondary structure regulation)
and reproducibility (non-reproducible effects); mutagenesis effect classified by size
(no effect, large) and problems (aberrant splicing denotes problems with minigene
splicing pattern, contradicting effect describes problems with the explanation of
mutagenesis results). N/A – there were no such experiments with the particular
target.
Gene name

Exp

PCCR id

AONs sequences

AON effect

Mutations
effect

SRSF7

A549

466058

N/A

N/A

Aberrant

DDR1

A549

727966

N/A

N/A

No effect

ATE1

A549

148881

TGCTTCTGAAGGT

Large

Large

148879

N/A

N/A

Large

exon 7b

TGCACTTTCAGAA

Large

Large

TTCTGAAAGTGCA

Large

Large

N/A

No effect

MAP3K4

A549

758066

N/A

PHF20L1

A549

838701

TTGCTGCTATTTGGGGCT Large

Large

AATCCCAAATAACAGCAG

Large

Large

Table 5.1: Continued on next page
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Table 5.1: continued from previous page
Gene name

Exp

PCCR id

AONs sequences

AON effect

Mutations
effect

CAMK2G

A549

exon 13/21

N/A

N/A

Aberrant

FUBP1

A549

exon 3/21

N/A

N/A

No effect

CREB1

A549

533237

N/A

N/A

Aberrant

OPA1

A549

exon 5/31

N/A

N/A

No effect

MAZ

A549

343724

GACGGCTGTGTCC

Small

No effect

TGGGACACAGCCG

Small

No effect

TGTGTAGGCCAAC

No effect

No effect

GTTGGCCTACACA

No effect

No effect

730865

ATACGGTGGCAAT

Small

N/A

730848

GATGCCAGCCATA

Small

N/A

883325

CCCCACCCCGCTG

Small

N/A

883328

GAGGTCTGTACAT

Small

N/A

ATGAGCAGTACCC

Small

N/A

TGTTTACAGCATA

Non-

N/A

MBNL1

MAPK14

DNM1

DST

A549

A549

A549

A549

623895

739752

reproducible
P4HA1

H2AFY

SRSF6

SRSF3

ANKRD13A

SFPQ

A549

A549

exons 9a/b

exons 6a/b

MCF10A 554605

A549

A549

A549

731025

exon 7/12

21347

GGGTTCAGATTGG

Large

N/A

CCAGTTTCAATCC

No effect

N/A

CCAGTCAGAATTC

No effect

N/A

GGTGATTGGAAGG

Small

N/A

GTAGTTACCTGAG

No effect

N/A

CCTGAGACTTCAG

No effect

N/A

GGACAGCTGGAAG

No effect

N/A

AACATGCAACAAT

Opposite

N/A

AACTGATTACATG

Opposite

N/A

CACTCAGCACAAC

Large

No effect

TGTGCCGAAGAAC

Large

No effect

CTGGATGTGACAT

No effect

N/A

ACATCACATCCCA

No effect

N/A

TGAGTCGATCCAC

Opposite

N/A

TGGATCATGTCAC

Opposite

N/A

Table 5.1: Continued on next page
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Table 5.1: continued from previous page
Gene name

Exp

PCCR id

AONs sequences

AON effect

Mutations
effect

GAAATGTGATGCC

No effect

N/A

TCF3

A549

439607

CAAGTGCGAGGTG

Large

Contradicting

HNRNPD

A549

651231

TGTGCAGCAGGCC

Small

Large

ACTTTAATTAACC

No effect

Contradicting

CACNA1A

U87MG

443839

CTAGGTGGGGAGC

Large

N/A

CACNA1D

U87MG

587278

CCATGGCACCCAG

No effect

N/A

GRK6

A549

720432

GAGGCAGAGCAGG

Opposite

N/A

KIF1B

A549

2420

GAGCACAGATGCC

No effect

N/A

OCRL

A549

930417

GGCTCTGGGGAAA

Opposite

N/A

KIAA1468

A549

436534

GCATCCCTTCTTG

Non-

N/A

reproducible
ACCAAGAGAAAGA

No effect

N/A

436542

CCAAGAAGAATGC

No effect

N/A

436539

TGATGGTTATTTC

No effect

N/A

GAAACAGTCCATC

No effect

N/A

CASP2

A549

804350

AGCCACCACCCAG

No effect

N/A

KRAS

A549

214619

CAATGCAGAGAGA

Large

N/A

TGGAAGCCAATAA

No effect

N/A

GCACACCAATTCG

Large

Large

AAATTGGTGTGCA

Large

Large

CASK

A549

902118

RBM15

A549

62473

TTATTGGTGCTAT

No effect

N/A

WSB1

A549

375359

TGACACCGAGCAC

No effect

N/A

AGAP3

A549

805022

GGGCTCCTGGGAG

No effect

N/A

DDX46

A549

695689

N/A

N/A

Contradicting

695692

N/A

N/A

No effect

695693

N/A

N/A

No effect

CAMTA1

HAP1

1595

GTCAGCGTTTGCA

No effect

N/A

ABCC5

A549

633851

ACAGAAGCTCTTC

Small

N/A

CCTGTAGTGAAAC

Small

N/A

TTGGAAAGGATTC

Opposite

N/A

SORBS1

A549

130983

Table 5.1: Continued on next page
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Table 5.1: continued from previous page
Gene name

Exp

PCCR id

AONs sequences

AON effect

Mutations
effect

PRC1

A549

UBP1

A549

CATTGCAAACCGC

Small

N/A

334064

GGATTCTCAGCCT

Snall

No effect

334059

GCACACCAATTCG

No effect

Contradicting

exon 9/17

GCAAAACCCCAGC

No effect

N/A

TTCTTGCACAATG

Small

N/A

GTGTTAGATTTAG

Small

N/A

GTGAAATCCCAGG

Small

N/A

WHSC1

A549

639563

CTCTTCCTGCCTC

No effect

N/A

CCNL1

A549

624768

N/A

N/A

No effect

RBMX

A549

937662

CAGCCACTTTCCA

No effect

N/A

HNRNPDL

A549

651333

GATCTTTAAATTA

Opposite

N/A

TCAATAATTAAAG

Opposite

N/A

Table 5.1: It ends from the previous page.

Among all tested targets, the greatest effect from AONs treatment and minigene
mutagenesis was in Ate1, Phf20l1, and Cask. In what follows, we will experimentally
demonstrate long-range RNA structures involved in alternative splicing regulation
in these three human genes.

5.2
5.2.1

Phf20l1
Biological function

The plant homeodomain finger protein 20-like 1 (Phf20l1) interacts with monoand dimethylated lysines of histones and non-histone proteins. Its Tudor and PHD
domains interact with H3K4me1, H4K20me1, H3K27me2, and DNMT1 [157, 158,
159]. Phf20l1 is also involved in the stability of methylated SOX2 and pRb proteins
[160, 161]. The regulatory role of Phf20l1 is essential for epigenetic inheritance in
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mammals, cell pluripotency and differentiation, and the maintenance of the G1-S
phase checkpoint. Aberrations in Phf20l1 gene expression are common for breast,
colorectal, and ovarian cancers [162, 163, 164].
The Phf20l1 gene produces three protein isoforms, and all of them contain two
Tudor domains [159]. The two longest isoforms, Phf20l1-a and -b, differ by the
alternative cassette exon 6, when the short Phf20l1-c isoform doesn’t contain exon
6 as well as has a poly(A)-signal after exon 8. All three isoforms were overexpressed
in a panel of breast cancer cell lines, but the level of Phf20l1-c was dramatically
higher in several cell lines [165].

5.2.2

RNA secondary structure controls exon 6 inclusion

One of the Phf20l1 gene exons, exon 6, is alternatively spliced. Flanking introns of exon 6 contain conserved complementary regions, which could contribute
to alternative splicing regulation (Figure 5-1). The chosen sequences can create a
stable RNA duplex, and the published RIC-seq data confirm the presence of this
duplex in the PHF20L1 transcript expressed in the HeLa cell line Figure A-1.
Two stem-forming sequences are separated by more than 500 nt and functionally
may loop out the alternative exon. In order to investigate the functional role of
these conserved complementary regions, we used minigene mutagenesis and antisense oligonucleotides.
We constructed a minigene that contains a part of Phf20l1 spanning exons 5 and
7 (Figure 5-2A). We introduced mutations that changed the stem forming sequences
to the complementary ones (Figure 5-2B). All effects of mutations on alternative
splicing of Phf120l1 minigene were assessed by RT-PCR. Mutated minigenes with
disrupted base-pairing (which are called m1 and m2) generate only transcripts with
exon 6 included. The compensatory double mutant m1m2 restores the base-pairing
and reverts the splicing pattern to that of the WT (Figure 5-2C,D). The m1 and m2
mutants had splicing pattern statistically different from the WT, while the double
mutant m1m2 was not statistically different from the WT.
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A

B

5

7

CCCAAAUAGCAGCA
||||||||||||||
GGGUUUAUUGUCGU

6

Figure 5-1: A. Phf20l1 contains two evolutionarily-conserved intronic elements. The
conserved positions are indicated by asterisks. Stem-forming sequences are highlighted in orange. B. The scheme of long-range RNA complementary interaction in
the exon 6 region.
To evaluate the role of this looping-out stem in the endogenous transcript, we
used antisense oligonucleotides (AONs) complementary to both stem-forming sequences (called here AON1 and AON2, Figure 5-3). RT-PCR analysis revealed that
5 nM or higher concentration of either of two AONs is efficient to increase exon
6 usage in the endogenous transcript. For the control, non-treated cells and cells
treated with the control AON were used. Control AON has no targets in the Phf20l1
transcript. Two AONs have the same effect on Phf20l1 alternative splicing, and the
efficacy of AON2 is comparable to that of AON1.
In sum, the effects of AON1 and AON2 on splicing of Phf20l1 are concordant
with each other and consistent with the results of the mutagenesis. Taken together,
they indicate that the RNA structure formed around exon 6 in the Phf20l1 transcript
controls the inclusion of this exon.
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Figure 5-2: A. The scheme of Phf20l1 minigene. Arrows indicate primers for RTPCR analysis. B. Disruptive and compensatory mutations. The mutated nucleotides
are highlighted in blue C. The rate of exon 6 inclusion in single and double mutants.
D. Exon 6 inclusion rate in three bioreplicates. PSI levels were compared by t-test.
Asterisks indicate the range of p-values: 0.05 ≤ p < 0.1 (*); 0.01 ≤ p < 0.05 (**);
p < 0.01 (***); not significant (NS).
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Figure 5-3: A. The sequences of AONs are shown on the scheme of Phf20l1 gene
fragment. Primers used for RT-PCR analysis are also schematically represented on
the scheme. B and D. Gel electrophoresis image shows the result of RT-PCR analysis
after AON1 and AON2 treatments. C and E. Quantification of electrephoresis gels
images with results of AON1 and AON2 treatments. NT corresponds to non-treated
cells. PSI levels were compared by t-test. Asterisks indicate the range of p-values:
0.05 ≤ p < 0.1 (*); 0.01 ≤ p < 0.05 (**); p < 0.01 (***); not significant (NS). All
experiments were performed in three bioreplicates.
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Cask
Biological function

Cask represents calcium/calmodulin-dependent serine protein kinase, but residues
in CaMK-like are mutated, and the protein does not possess kinase activity [166].
In contrast, Cask functions as a scaffolding protein involved in presynaptic and
postsynaptic processes [167, 168]. Also, Cask can enter the nuclei of neurons and
interact with Tbr-1, a T-box transcription factor involved in forebrain development
[169]. Knockout of the Cask gene is lethal for mice within a few hours after birth
[170], which suggests its important function in development. Though the expression
level of Cask is the highest in the brain, its expression is not restricted to neurons
[166, 166]. Based on multiple studies, Cask is also suspected of playing a role in
epithelial cell polarity establishment in mammals [171].
Eight variants of the Cask mRNA were identified in the human fetal brain [172].
All variants differ by three cassette exons (11, 19, and 20), as well as the usage
of alternative donor sites of exon 23. Exons 19 and 20 encode a linker between
PDZ and SH3 domains. In murine neurons, the inclusion of exon 19 (69 bp) or
20 (36 bp) is induced by KCl treatment which mimics neuronal excitation [173].
Probably, different isoforms have altered binding properties to Cask partners during
development stages, as well as in different cell populations with distinct neuronal
activity [172].

5.3.2

RNA secondary structure controls exon 19 inclusion

The Cask gene consists of 27 exons, four of which can be alternatively spliced.
Exon 19 is a cassette exon, and its flanking introns contain conserved complementary
regions, which could regulate alternative splicing (Figure 5-4A). These sequences
are highly conserved among almost all vertebrates and can create a stable RNA
duplex. Stem-forming sequences are separated by more than 3,000 nt and potentially
could loop out the alternative exon (Figure 5-4B). We used minigene mutagenesis
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and antisense oligonucleotides for the investigation of the impact of this stem in
alternative splicing regulation.

Figure 5-4: A. Cask contains two evolutionarily-conserved intronic elements. The
conserved positions are indicated by asterisks. Stem-forming sequences are highlighted in orange.B. The scheme of long-range RNA complementary interaction in
the exon 19 region.
In the minigene that contains a part of Cask spanning exons 18 and 20 (Figure 5-5A), we introduced mutations that changed the stem forming sequences to
the complementary ones (Figure 5-5B). All effects of mutations on alternative splicing of Cask minigene were assessed by RT-PCR. Mutated minigenes with disrupted
base-pairing (which are called m1 and m2) generate more transcripts with exon 19
included compared to the WT. The compensatory double mutant m1m2 restores the
base-pairing and reverts the splicing pattern to that of the WT (Figure 5-5C,D).The
m1 and m2 mutants have a splicing pattern statistically different from the WT, while
double mutant m1m2 is not statistically different from the WT.
To evaluate the role of this looping-out stem in the endogenous transcript, we
used antisense oligonucleotides (AONs) complementary to both stem-forming sequences (called here AON1 and AON2, Figure 5-6). RT-PCR analysis revealed that
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Figure 5-5: A. The scheme of Cask minigene. Arrows indicate primers for RT-PCR
analysis. B. Disruptive and compensatory mutations. The mutated nucleotides are
highlighted in blue. C. The rate of exon 19 inclusion in single and double mutants.
D. Exon 19 inclusion rate in three bioreplicates. PSI levels were compared by t-test.
Asterisks indicate the range of p-values: 0.05 ≤ p < 0.1 (*); 0.01 ≤ p < 0.05 (**);
p < 0.01 (***); not significant (NS).
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5 nM or higher concentration of either of two AONs is efficient to increase exon
19 usage in the endogenous transcript. For the control, non-treated cells and cells
treated with the control AON were used. Two AONs have the same effect on Cask
alternative splicing, and the efficacy of AON2 is comparable to that of AON1.
In sum, the effects of AON1 and AON2 on the splicing of Cask are concordant
with each other and consistent with the results of the mutagenesis. Taken together,
they indicate that the RNA structure formed around exon 19 in the Cask transcript
controls the inclusion of this exon.

5.4
5.4.1

Ate1
Biological function

Arginylation is a widespread post-translational protein modification that transfers an L-arginyl residue from the Arg-tRNA onto the polypeptide chain [174]. It
is mediated by the arginyl transferase encoded within the Ate1 gene [175]. Ate1 is
essential in most eukaryotic systems and is implicated in the regulation of physiological pathways including proteolysis [176, 177], response to stress and heat shock
[178, 179, 180], embryogenesis [181, 182, 183], regenerative processes [184, 185, 186],
and aging [187, 188]. Ate1 has recently been identified as a master regulator affecting
disease-associated pathways [189, 190, 191], and its knockout results in embryonic
lethality and severe developmental defects in mice [182, 183, 192, 193].

5.4.2

Ate1 alternative isoforms

Like many other eukaryotic genes, Ate1 generates several mRNA isoforms through
alternative splicing [194]. In mammals, they differ by mutually exclusive choice of
two adjacent, homologous 129-bp exons (7a or 7b) and by alternative choice of the
initial exon (1a or 1b) [195]. The two major mRNA isoforms of Ate1 are Ate1-1
(1b7a) and Ate1-2 (1b7b), while the isoforms that contain both exon 7a and 7b are
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Figure 5-6: A.The sequences of AONs are shown on the scheme of Cask gene fragment. Primers used for RT-PCR analysis are also schematically represented on the
scheme. B and D. Gel electrophoresis image shows the result of RT-PCR analysis
after AON1 and AON2 treatments. C and E. Quantification of electrephoresis gels
images with results of AON1 and AON2 treatments. NT corresponds to non-treated
cells. PSI levels were compared by t-test. Asterisks indicate the range of p-values:
0.05 ≤ p < 0.1 (*); 0.01 ≤ p < 0.05 (**); p < 0.01 (***); not significant (NS). All
experiments were performed in three bioreplicates.
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suppressed by mutually exclusive splicing [191]. In mice, Ate1-1 and Ate1-2 are expressed stably in all tissues, but their ratio varies from 0.1 in the skeletal muscle to
10 in the testis [194, 196, 197]. While Ate1-2 is almost completely cytosolic, Ate1-1
localizes in both cytosol and nucleus [194] and can specifically interact with Liat1, a
testis-specific molecule [198]. Furthermore, Ate1-knockout cells can form tumors in
subcutaneous murine xenograft assays, in which the tumor growth can be partially
rescued by the reintroduction of stably expressed Ate1-1, but not Ate1-2 [189]. The
isoforms Ate1-3 (1a7a) and Ate1-4 (1a7b) encode a variant of arginyl transferase that
is specific for N-terminal cysteine with tissue-specific expression, cellular localization, and carcinogenic potential similar to those of Ate1-1 and Ate1-2, respectively
[195]. The ratio of Ate1 isoforms containing exons 7a and 7b switches substantially
during male meiosis in mice suggesting a role in the mitotic-to-meiotic transition of
the germ cell cycle [197]. All these observations suggest that the sequences of amino
acids encoded by exons 7a and 7b result in functionally distinct arginyl transferases.

5.4.3

Conserved complementary regions in exon 7 cluster

In order to identify the mechanism responsible for mutual exclusive splicing of
exons 7a and 7b, we used comparative sequence analysis to search for potential
regulatory sequences in their intervening and flanking introns (Figure 5-7). The
regions immediately upstream of exons 7a and 7b, termed here as R1 and R4,
are highly similar to each other and show remarkable sequence conservation across
vertebrate species. The intron between exons 7a and 7b contains two conserved
regions, termed here as R2 and R3, where R3 is complementary to both R1 and R4,
while R2 is complementary to another highly conserved region R5 located ∼30 kb
downstream in the intron between exons 7b and 8. The base pairing between R1 and
R3 was predicted in earlier works [141]. The pattern of complementarity between
these regions suggests that R1 and R4 could compete with each other for base pairing
with R3 and, together with base pairing of R2 with R5, they form a pseudoknot
(Figure 5-8).
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Figure 5-7: Scheme of Ate1 mutually exclusive cluster 7. Ate1 contains five
evolutionarily-conserved intronic elements (R1-R5). The conserved positions are
indicated by asterisks.
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Figure 5-8: Proposed complementary interactions in the Ate1 pre-mRNA. R1 and
R4 are highly similar to each other and are both complementary to R3; R2 is
complementary to R5, which is located 40 Kb downstream. R1 and R4 compete
for base pairing with R3.
The occurrence of competing RNA structures in mutually exclusive exons in
Ate1 is reminiscent of splicing control mechanisms in other genes [199]. We therefore
analyzed in detail the function of these complementary regions using site-directed
mutagenesis and antisense oligonucleotides.
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Competition between R1R3 and R3R4 controls
mutually exclusive splicing

To check whether RNA structure is implicated in the regulation of splicing in
Ate1, we created a minigene construct containing a fragment spanning between
exons 6 and 8 under the constitutive CMV promoter and quantitatively assessed
splice isoforms in transfection experiments using human adenocarcinoma A549 cells
(Figure 5-9). In the minigene, the endogenous intron downstream of exon 7b was
reduced in size to ∼2 kb due to obvious limitations of cloning large fragments.
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Figure 5-9: The scheme of the Ate1 minigene.The intron between exon 7b and exon
8 was reduced from 29 kb in the genome to 2 kb in the minigene (top); primers
for quantitative and qualitative assessment of alternative splicing (bottom).
Our strategy was to make point mutations that disrupt RNA structure when
introduced alone, but restore it when introduced in different combinations. First,
we tested the effect of disruptive and compensatory mutations on double-stranded
structures of R1R3 and R3R4 (Figure 5-10A) and assessed the corresponding splicing changes in Ate1 minigene by RT-PCR (Figure 5-10B). The mutation disrupting R1R3 base pairing (m2) increased the usage of exon 7a, whereas the mutation
disrupting R3R4 (m11) increased the usage of exon 7b (Figure 5-12A and Fig65

Chapter 5. Long-range RNA structures

5.4. Ate1

ure 5-10B). The mutated R3 (m1), which is unable to base-pair with R1 or R4,
increased the proportion of transcripts containing double exons. The compensatory
double mutation m1m2, which restored R1R3 but disrupted R3R4, increased the efficiency of exon 7b inclusion while exon 7a inclusion became almost fully suppressed.
Conversely, the compensatory double mutation m1m11, which restored R3R4 while
disrupting R1R3, led to a more efficient inclusion of exon 7a compared to the WT.
Finally, the proportion of splice isoforms in the triple mutant (m1m2m11), in which
both R1R3 and R3R4 were restored, was similar to that in the WT.
To evaluate the effect of disruptive and compensatory mutations quantitatively,
we repeated the same measurements using qRT-PCR and constructed a ternary plot
for the inclusion rates of exon 7a, exon 7b, and double exons (Figure 5-10C). The
mutants formed four separate clusters depending on which double-stranded structure
(R1R3, R3R4, none, or both) was disrupted. The 95% confidence regions around
these clusters confirmed that the exon inclusion rates were significantly different
when different helix sets were disrupted. Despite small, but statistically discernible
differences between individual mutants within each cluster (Figure 5-11), the pattern of exon inclusion in the triple mutant (m1m2m11) with both R1R3 and R3R4
restored was more similar to that in the WT than it was in all other mutants (Figure 5-10B). Notably, the ratio of exon 7a/7b inclusion changed proportionally to the
difference of thermodynamic stabilities of R1R3 and R3R4 in all mutants except m2
and m11 (Figure 5-12B), and the proportion of isoforms containing both exon 7a
and 7b increased whenever R1R3 base pairing was disrupted.
It could be questioned whether the double-stranded regions formed by R1–R5
are substrates of ADAR adenosine deaminases [200]. To address this question,
we sequenced nucleotide sequences surrounding the regions R1–R5 in the minigene
and in the corresponding transcript, but no pattern specific to adenosine-to-inosine
RNA editing was detected (Figure 5-13). RADAR, currently the largest database
of RNA editing sites, contains no evidence of RNA editing in R1–R5. Additionally,
we examined the responses of exons 7a and 7b to shRNA depletion of ADAR1
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Figure 5-10: R1R3 and R3R4 mutagenesis. A. Disruptive and compensatory mutations in R1, R3 and R4. B. The rate of inclusion of exons 7a, 7b, and double exons
(7a7b) changes in single and double mutants; WT splicing is qualitatively restored
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profiled by RNA-seq within ENCODE consortium [201], but no significant changes
of exon inclusion were detected. Together, these results indicate that R1–R5 are not
substrates of ADAR enzymes.
The cloned fragment of Ate1 lacks a substantial part of intron 7, which may
affect splicing. We therefore independently examined the role of R1, R3, and R4
in the endogenous Ate1 transcript using locked nucleic acid (LNA)/DNA mixmer
as antisense oligonucleotides (AONs) that interfere with RNA secondary structure

68

Chapter 5. Long-range RNA structures

−17.5

m11m2

m11

B

● m11m1

m2
●

0.5

m1

−20.0

m1m2

log(7a/7b)

ΔGR3R4, kcal/mol

A

5.4. Ate1

m1
−22.5

m11m1

m11m1m2

−25.0

m11m2
wt

−0.5

m11m1m2

●

−1.0

wt
−30.0

0.0

m11
m1m2

m2

●

−27.5

−25.0

−22.5

−20.0

−1.5

−17.5

−10

−5

0

5

10

ΔGR1R3−ΔGR3R4, kcal/mol

ΔGR1R3, kcal/mol
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mutants. B. Log-ratio of exon 7a/7b isoforms depends on the difference of thermodynamic stabilities of R1R3 and R3R4.
[145]. Since R1 and R4 overlap with splice sites, we chose to use AON with specific
sequence complementary to R3 (AON1) (Figure 5-14A). RT-PCR analysis revealed
that the transfection of 5 nM or a higher concentration of AON1 efficiently induced the inclusion of double exons and suppressed the inclusion of individual exons,
while the transfection of the control AON didn’t show any difference from the nontreated cells (Figure 5-14B). Quantitative RT-PCR (qRT-PCR) with isoform-specific
primers confirmed consistent dose dependence of AON1 treatment (Figure 5-14C).
Taken together, the mutagenesis and AON1 treatment indicate that the function of
competitive base pairings between R1, R3, and R4 is to control mutually exclusive
splicing of exons 7a and 7b.

5.4.5

The ultra-long-range R2R5 base pairing controls
isoform bias

To elucidate the function of the other two conserved regions, R2 and R5, we applied a similar mutation strategy to the minigene carrying a reduced Ate1 fragment
(Figure 5-15A). When introduced separately, the disruptive mutations m3 and m4
almost completely abrogated the inclusion of exon 7a and strongly enhanced the
inclusion of exon 7b, while the compensatory double mutant m3m4 reverted the
splicing pattern to that of the WT (Figure 5-15B). Remarkably, the disruptive mu-
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Figure 5-13: The profiles of Sanger sequencing of regions R1–R5 in the minigene
and in the mRNA show no traces of RNA editing.
tations affected only the ratio of isoforms carrying mutually exclusive exons, but not
the proportion of transcripts with both exon 7a and 7b (Figure 5-15C).
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In the endogenous gene, however, R2 and R5 are located ∼30 Kb apart from
each other, while in the minigene construct the distance between them is reduced to
∼2 Kb. Hence, we used AONs complementary to R2 and R5 (AON2-1 and AON22, respectively) to confirm that the ultra-long-range base pairing between R2 and
R5 also modulates alternative splicing in the endogenous Ate1 transcript (Figure 516A). RT-PCR and qRT-PCR analyses revealed that 5 nM or a higher concentration
of AON2-1 was sufficient to decrease exon 7a usage and increase exon 7b usage in
comparison with non-treated cells and cells treated with the control AON, while the
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while the compensatorym3mutation
(m3m4)
proportion of transcripts with double exons remained low (Figure 5-16B and Figure 5-16C). The efficacy of AON2-2 in reducing the inclusion of exon 7a decreased
to a comparable extent only at higher concentrations of AON2-2 (100 nM). Since
the hybridization strengths was similar to that of AON2-1.
In sum, the effects of AON2-1 and AON2-2 on splicing are concordant with
each other and consistent with the results of the mutagenesis. Taken together, they
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indicate that the RNA structure formed by R2 and R5 is functionally distinct from
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that of R1R3 and R3R4, and it serves to control the isoform ratio rather than the
mutually exclusive choice of exons 7a and 7b.

5.4.6

Crosstalk between competing and ultra-long-range RNA
structures

We have demonstrated that the secondary structure of Ate1 pre-mRNA contains
two distinct modules, R1R3/R3R4 and R2R5, where the former ensures mutually
exclusive exon inclusion, and the latter regulates the respective isoform ratio. To
investigate how these modules interact with each other, we examined the response of
alternative splicing in mutants with disruptive and compensatory mutations within
R1, R3, and R4 to the treatment with AON2-1, which blocks the interaction between
R2 and R5.
Towards this end, we treated the minigenes carrying mutations in R1, R3, and
R4 with AON2-1 and measured the changes in alternative splicing with respect to
cells treated with control AON (Figure 5-17A). The effect of AON2-1 was equivalent to that of the point mutations that disrupted the interaction between R2 and
R5 regardless of mutations changing base pairings within R1R3 and R3R4, i.e., it
suppressed the inclusion of exon 7a and promoted the inclusion of exon exon 7b
without affecting the proportion of double exons. This experiment demonstrated
that the ultra-long-range RNA structure formed by R2 and R5 plays a dominant
role in choosing between exons 7a and 7b, while not being directly responsible for
their mutually exclusive choice.
To discern the interplay between R1R3/R3R4 and R2R5 in the endogenous Ate1
transcript, we examined the effect of simultaneous disruption of base pairings with
AON1 and AON2-1 on exon selection. We treated A549 cells with the combination
of 25 nM AON1 and 25 nM AON2-1 and compared the splicing pattern with the
effect from single AON treatment and with that of the control AON (Figure 5-17B).
Remarkably, the treatment with AON1 alone increased the proportion of double
exons by 28% without changing the rate of exon 7b inclusion, while the treatment
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with AON2-1 alone, conversely, increased the inclusion of exon 7b by 31% without
introducing double exons. Simultaneous addition of AON1 and AON2-1 led to an
intermediate result, in which exon 7b inclusion increased by 16% and the inclusion
of double exons increased by 7%. This effect was similar to the response of m1
mutant to the treatment with AON2-1, in which the interaction between R1, R3,
and R4 was disrupted by point mutations (Figure 5-15C).
These results support our hypotheses about functional distinction between two
RNA structure modules in Ate1 pre-mRNA. The module of competing base pairings
(R1R3/R3R4) is responsible for mutual exclusivity of exons 7a and 7b, whereas the
module of ultra-long-range base pairings (R2R5) controls the isoform balance.

76

Chapter 6
The impact of RNAPII slowdown on
alternative splicing regulation
The transcription elongation speed strongly impacts alternative splicing [202]. It
is currently accepted that slow transcription elongation opens a window of opportunity for the upstream splice sites to be recognized, which promotes the inclusion
of exons that are otherwise skipped, although in some cases the effect can be the
opposite [203, 204, 205]. We therefore evaluated how the transcription elongation
speed influences Ate1 splicing, as well as splicing of all introns with predicted pairs of
long-range conserved complementary regions, using 𝛼-amanitin, a selective inhibitor
that interacts with the core subunit of RNAPII and switches transcription to the
“slow mode” [206, 207].
To assess the efficiency of elongation inhibition by 𝛼-amanitin, we used 28S
rRNA/GAPDH ratio measured with qRT-PCR and additionally assessed splicing
changes in the genes that are known to respond to RNAPII slowdown [208]. Indeed,
upon 𝛼-amanitin treatment, the 28S rRNA/GAPDH ratio increased almost twofold
(Figure 6-1A), and splicing products that were previously reported for slow RNAPII
were detected (Figure 6-2).

77

Chapter 6. AS regulation under RNAPII slowdown

A

6.1. Ate1 splicing regulation

B

3

15

2

1

●

NELFE/GAPDH ratio

28S/GAPDH ratio

***

●

●

0

10

5

0
0.0 0.5 1.0 1.5 2.0

0h

α−amanitin, ug/mL

24h

time, hrs

Figure 6-1: A. 28S rRNA/GAPDH ratio in samples treated with 𝛼-amanitin. B.
NELFE overexpression relative to GAPDH in samples with overexpressed NELFE
subunit. NELFE/GAPDH ratios were compared by t-test. Asterisks indicate the
range of p-values: 0.05 ≤ p < 0.1 (*); 0.01 ≤ p < 0.05 (**); p < 0.01 (***); not
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6.1

Splicing pattern of Ate1 depends on RNAPII
elongation rate

In the endogenous Ate1 transcript, the exposure to 2 ug/mL 𝛼-amanitin led
to a notable decrease of exon 7b usage, increased exon 7a usage, and slight elevation of inclusion of double exons (Figure 6-3A). This pattern was opposite to the
effect of AON2-1 treatment, in which the exon 7a/7b ratio has decreased (Figure 516C). Consistent with this, the reanalysis of RNA-seq data for the R749H mutant
from [209] confirmed that the usage of exon 7a increases, while the usage of exon 7b
decreases when RNAPII is slowed down (Figure 6-4C). In the minigene construct,
however, the ratio of exon 7a/7b isoforms did not change significantly (Figure 6-3B).
This suggests that transcription elongation slowdown could promote the interaction
of R2 with R5 by allowing sufficient time for RNA to fold, and that the absence of
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the effect in the minigene construct could be related to the shortening of the loop
between R2 and R5.
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To dissect the interplay between transcription elongation speed and RNA structure, we tested the effect of 𝛼-amanitin on the endogenous Ate1 transcript in cells
treated with AON2-1 at the concentration disrupting R2R5 base pairing. The addition of AON2-1 abolished the effect of 𝛼-amanitin, i.e., the inclusion rate of exon 7a
decreased, the inclusion rate of exon 7b increased, and double exons were not affected by 𝛼-amanitin (Figure 6-3C). This indicates that the increase of exon 7a/7b
ratio after 𝛼-amanitin treatment in the endogenous Ate1 with intact R2R5 structure was not due to a longer opportunity window for the spliceosome to recognize
exon 7a, but rather due to a longer time for the RNA structure to fold. We therefore
conclude that the formation of ultra-long-range RNA pairing between R2 and R5
depends on transcript elongation speed, and that the impact from its slowdown on
Ate1 splicing is mediated by the ultra-long-range RNA base pairing R2R5.
One of the mechanisms of RNAPII pausing in mammalian cells involves NELF
complex, which has been shown to operate not only in the promoter-proximal
regions, but also to interact with the integrator complex that specifically controls NELF-mediated RNAPII pause and release in coding genes [210, 211]. The
NELFE subunit, the binding of which to RNA has been linked to RNAPII pausing [212, 213, 214], is highly expressed in testis, where the inclusion level of exon 7a
of Ate1 is also the largest. Furthermore, we found that the inactivation of NELFE by
shRNA in HepG2 and K562 cell lines [201] results in a significant decrease of exon 7a
inclusion from 94% to 48%, and that CUGAGG, the canonical motif of NELFE in
Drosophila [215], occurs 14 times in the intron downstream of exon 7b, while only
6.5 such occurrences would be expected by chance alone (Poisson test, 𝑃 = 0.007).
This observation suggests that NELFE-mediated RNAPII pausing could influence
the ratio of exon 7a/7b isoforms by affecting cotranscriptional folding of R2R5.
To further interrogate the role of NELFE in the regulation of Ate1 splicing, we
expressed it under the CMV promoter in A549 cells and confirmed the overexpression
using NELFE/GAPDH ratio measured by qRT-PCR (Figure 6-1B) and by Western
blot analysis (Figure 6-4B). Then, we measured the inclusion levels of exons 7a and
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7b 24 hours past CMV-NELFE transfection and found that NELFE promotes the
inclusion of exon 7a and suppresses the inclusion of exon 7b (Figure 6-4A). Notably,
the overexpression of NELFE also induced splicing products that were previously
reported for slow RNAPII (Figure 6-2). The same pattern was observed upon 𝛼amanitin treatment, from which we conclude that testis-specific inclusion of exon 7a
could be due to slow RNAPII elongation that is caused by testis-specific expression
of NELFE.
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6.2. Genome-wide analysis

RNAPII slowdown affects splicing of introns with
long-range RNA structures

The kinetic model of co-transcriptional splicing suggests that RNAPII elongation
slowdown expands the "window of opportunity” for the recognition of weak splice
sites, thereby increasing the rate of inclusion of upstream exons[209, 216]. Besides
this direct impact on splice site recognition, slow RNAPII elongation may also affect
the way the transcript folds, which is another important determinant of how the
transcript will be processed by the splicing machinery [203]. To investigate the role
of long-range RNA structure in co-transcriptional splicing, we performed RNA-seq
experiments, in which we used 𝛼-amanitin to slow down the RNAPII elongation
speed [217], and additionally analyzed publicly available data on the impact of the
RNAPII elongation speed on splicing [209].
The expected consequence of RNAPII slowdown is that the inclusion rate of exons that follow short introns will increase, and the inclusion rate of exons that follow
long introns will decrease. All introns shorter than a median value (925 nt) were considered "short", all introns longer than the median were considered "long". Indeed,
this trend was observed both when the RNAPII elongation speed was decreased by
𝛼-amanitin and in the slow RNAPII mutant R749H (Figure 6-5A)[209]. To check
whether RNAPII slowdown differently affects introns with and without PCCRs,
we matched each exon that follows an intron containing a PCCR with a randomly
chosen exon that follows an intron of the same length, but without PCCRs. The
difference in inclusion rates of these matched exons showed that exons that follow an
intron with a PCCR tend to be more included than exons following an intron without PCCRs at both concentrations of the inhibitor and in R749H RNAPII mutant
(Figure 6-5B). This can be considered as evidence for RNAPII slowdown to affect
exon inclusion through pre-mRNA folding, in addition to modulation of splice site
recognition. Namely, slower RNAPII elongation speed may not only facilitate the
processing of upstream splice sites by the spliceosome but also allow sufficient time
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for the intronic RNA structure to fold, thus promoting exon inclusion. A particular
example of such a kinetic mechanism linked to RNA structure takes place in the
Ate1 gene, in which a long-range base pairing dynamically regulates the ratio of
mutually exclusive exons.

Figure 6-5: A. The change of inclusion rate of exons following short introns (n =
2844, 2650, and 4032 for 1 𝜇g/mL, 2 𝜇g/mL, and R749H mutant, respectively)
vs. exons following long introns (n = 2931, 2762, and 3807 for 1 𝜇g/mL, 2 𝜇g/mL,
and R749H mutant, respectively) in response to RNAPII slowdown with 𝛼-amanitin
and in the slow RNAPII mutant R749H. B. The difference between the inclusion
rate change of exons following introns with a PCCR and the inclusion rate change
of exons following introns of the same length, but without PCCRs in response to
RNAPII slowdown (n = 191, 184, and 156 for 1 𝜇g/mL, 2 𝜇g/mL, and R749H mutant, respectively). In all panels, boxplots are represented by the median, upper
and lower quartiles, upper and lower fences without outliers; *, **, and *** denote
a statistically discernible difference at the 5%, 1%, and 0.1% significance level, respectively (two-tailed Mann–Whitney and Wilcoxon’s tests, in panel B with respect
to H0: ∆ΨPCCR - ∆ΨnoPCCR = 0).
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The regulation of splicing by RNA structures has always been considered as an
exceptional mechanism that works in only a few rare cases [218]. The structures in
Ate1, Phf20l1, and Cask identified in this work add more examples to this bulk of
anecdotal evidence.

7.1

Screening of the predicted RNA structures

In this study, we used a list of 916,360 pairs of conserved complementary regions (PCCRs) in introns of human protein-coding genes that were predicted by a
computational pipeline for long-range RNA structures [2]. We selected several dozen
structures for the experimental validation, however we could not provide experimental confirmation for all tested long-range RNA structures. This raises a question of
whether some of the predicted long-range RNA structures are not functional or
our experimental validation procedure fails to confirm their function. Obviously,
if the target gene is not expressed in the cell line that was used for testing, or if
the splicing pattern of the cloned fragment in the minigene is different from that
of the endogenous gene, this does not invalidate the function of the predicted RNA
structure.
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The discrepancy between the predicted long-range RNA structures and their
functionality in the experiment could be due to several caveats of the screening protocol. First, we used steric blocking LNA-based antisense oligonucleotides (AONs)
to interfere with the predicted long-range structures and registered the changes in
the splicing outcome. In some cases, we had no effect from the AON treatment,
which could be interpreted as the absence of the RNA structure or lack of regulatory connection between RNA structure and splicing outcome. In principle, it is
possible that the specificity of the designed AON is not sufficient to induce changes
in RNA structure due to discrepancies between the genome of the cell line and the
reference genome, thus resulting in a false negative result. In other cases, we observed an opposite effect from the AON treatment, which could be due to complex
non-direct interactions in gene regulatory networks, or due to interference with important cis-regulatory elements other than RNA structure that also affect alternative
splicing. In other cases, we observed a small effect, which could be due to a short
dynamic range of splicing outcomes in cell lines or due to the action of a stronger
regulator. Another source of discrepancies between the predicted RNA structures
and the splicing outcome stems from the point mutagenesis, which in some cases inevitably affects important cis-regulatory elements such as the polypyrimidine tract.
The point mutations that disrupt or restore RNA structure may also affect the
affinity of the spliceosome binding, which confounds the splicing outcome. Finally,
RT-PCR and qRT-PCR analyses can detect only splicing changes of a relatively big
magnitude, i.e., the changes of exon inclusion rate below 20% changes were hard to
detect using these methods. In sum, the absence of the expected response in the
experiment does not ultimately invalidate the predicted long-range RNA structures,
notwithstanding the fact that the estimated false discovery rate for long-range RNA
structures predictions in [2] can be as large as 50%.
However, it must be noted explicitly that in selecting long-range RNA structures
that are potentially associated with splicing, we had no evidence for their impact
on splicing other than exon loop-out. In two cases, Phf20l1 and Cask , we clearly
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demonstrated that RNA structure looping-out an exon indeed promotes exon skipping, and the disruption of RNA structure leads to the increased exon inclusion rate.
The functional relevance of exon skipping in Phf20l1 and Cask and their possible
regulators are not known and deserve further investigation. Interestingly, the exon
looping-out mechanism was observed in the absence of RNA structure, where it was
mediated by protein factors. For instance, hnRNP A1 [219] and PTB [220] splicing factors bound to the pre-mRNA tend to form dimers, thus placing an exon to
the loop and promoting its skipping. These factors may also have other functions,
e.g., hnRNP A1 also reduces U1 recruitment to 5’ ss downstream of alternative
exon [221], and PTB blocks an interaction between U1 and U2 snRNPs [222].

7.2

Two structural modules in Ate1

Mutually exclusive splicing is among the top five most abundant alternative splicing classes after exon skipping, alternative 5’- and 3’-splice site usage, and retained
introns [223]. Instances of MXEs have been described in diverse phyla including C.
elegans, D. melanogaster, and plants [125, 97, 199, 224]. Pre-mRNAs of many essential human genes such as glutamate receptor subunits 1-4 (GluR1-4) and voltagegated sodium channels (SCN genes) undergo mutually exclusive splicing [94, 225].
MXE clusters often have tissue- and developmental stage-specific expression [97],
and mutations in them have been linked to hereditary diseases [226, 227, 228, 229]
and cancer [230, 231]. MXEs within a cluster often share high similarity at the
sequence level indicating that some of them have emerged through tandem genomic
duplications [93]. Furthermore, this mechanism could also generate competing RNA
structures by duplicating one of the two arms of an ancestral stem-loop resulting in
two selector sequences that compete for the same docking site [232].
Mutually exclusive splicing can be regulated by several distinct mechanisms including spliceosome incompatibility [104], steric hindrance of splice sites [224], or
frame shifting coupled with degradation by nonsense-mediated decay [106], but com-

87

Chapter 7. Discussion

7.2. Two structural modules in Ate1

peting RNA secondary structure represents the major mechanism reported in most
documented cases [199]. Here, we demonstrate for the first time an example of MXE
in a human gene with two independent structural modules that have distinct functions: a competing RNA structure module (R1R3/R3R4) that controls mutually
exclusive splicing, and an ultra-long-range base pairing module (R2/R5) that spans
over 30 kb and regulates the ratio of transcript isoforms. The latter makes Ate1 a
gene with the longest such RNA structure known to date.
The competing base pairings in R1R3 and R3R4 regulate MXE choice by the
hindrance of one of the two 3’-splice sites that mediates exposure of only one of them
to the spliceosome. On one hand, the relative abundances of these two structures,
and consequently the ratio of exon 7a and 7b transcript isoforms, must depend on
the difference of their folding energies. On the other hand, mutations in R1 and R4
affect the polypyrimidine tracts and decrease the recognition of exon 7a and 7b by the
spliceosome. In all mutants except m2 and m11, the sequences of R1 and R4 either
become obstructed by RNA structure or concordantly decrease their affinity to the
spliceosome. Consequently, the log-ratio of exon 7a and 7b isoforms is proportionate
to the difference of R1R3 and R3R4 hybridization energies in all mutants except m2
and m11 (Figure 5-12B). This is consistent with the previous findings, in which
the rate of exon inclusion inversely correlated with the thermodynamic stability
of the surrounding RNA structure in CFTR minigene system [233], and explains
incomplete reversal of the exon 7a/ 7b ratio in the triple mutant (m1m2m11) since
the balance between the free energies of R1R3 and R3R4 was restored to a different
level compared to the WT.
The fact that the ratio of exon 7a/7b is proportional to the difference of hybridization energies of R1R3 and R3R4 despite the former has a longer loop than
the latter indicates that Ate1 pre-mRNA is a highly folded molecule with many more
complementary interactions than we have identified here. Chemical RNA structure
probing methods are insufficient to determine long-range base pairings since they
can only reveal which bases are single-stranded, but cannot identify the interact88
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ing partners [234, 235, 236, 237, 238]. Other rapidly emerging technologies such
as RNA in situ conformation sequencing (RIC-seq) can be used instead to profile
long-range RNA structures [3, 239, 240, 241]. The published RIC-seq data confirm
the presence of R1R3 and R3R4 base pairings in Ate1 pre-mRNA expressed in HeLa
cells, but they also reveal over 50 other base paired regions in exon 7a/7b cluster
with potential impact on splicing [3] (Figure A-2). Therefore, the regulation of Ate1
alternative splicing could, in fact, be much more complex than we have described
here.

7.3

The effect of RNAPII slowdown on transcripts
with long-range RNA structures

Extensive evidence indicates that the speed of transcription elongation may affect
the choice of splice sites by changing timing in which they are presented to the
spliceosome [208, 216, 205]. Slow RNA Pol II elongation generally opens a window
of opportunity for weak splice sites to be recognized, leading to higher inclusion of
alternative exons, although in some cases, the effect can be quite opposite [204, 205].
For instance, a DNA-binding factor CTCF can promote inclusion of weak upstream exons by mediating local RNA polymerase II pausing [242]. For the Ate1
gene, we report for the first time that beyond co-transcriptional recognition of splice
sites, slow transcription elongation also can affect splicing through RNA structure
by opening a longer opportunity window for it to fold because exon 7a/7b ratio
responds to the slowdown of RNA Pol II in the presence of R2R5 long-range base
pairing, but fails to do so when the base pairing is disrupted. In bacterial organisms,
kinetic mechanisms that involve RNA structure represent a commonly used strategy
of regulating premature transcription termination, in which the structure typically
senses specific molecules [243]. In eukaryotes, the kinetics of RNA folding could
be influenced by many other factors including changes in the composition of RNAbinding proteins and environmental signals, thus adding to the already complex and
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dynamic regulatory landscape of alternative splicing. As we show here, one of such
factors is NELFE, a testis-specific subunit of NELF complex, which could promote
exon 7a inclusion by inhibiting RNA Pol II elongation.
To investigate the global effect of RNAPII slowdown on transcripts with longrange RNA structures, we performed an RNA-seq experiment with RNAPII slowdown induced by 𝛼-amanitin and reanalyzed publicly available RNA-seq experiments
with slow RNAPII mutant. It is known that the kinetic profile of RNA Pol II elongation has a significant impact on alternative splicing [202]. Consistent with this,
we observed a global increase of inclusion of exons preceded by shorter introns under
the conditions of RNAPII slowdown. For longer introns, the results were quite opposite, i.e., we observed a decreased inclusion of exons following long introns in samples
with lower elongation speed. A possible explanation for these observations is that in
normal RNAPII speed conditions, the spliceosome may assemble on the pre-mRNA
in several ways, thus leading to alternative intron definitions, some of which result
in exon skipping. In contrast, under RNAPII slowdown, the spliceosome assembly is
limited to shorter intron definitions, thus resulting in decreased exon skipping rate.
Simultaneously, the exons that follow longer introns will likely be skipped because
the spliceosome will prefer to use an intermediate, more proximal acceptor splice
site instead.
Another important conclusion that follows from the RNA-seq analysis is that
structured and unstructured introns respond differently to RNAPII slowdown. In
comparing introns with RNA structure to a matched sample of introns without RNA
structure, we observed that exons following structured introns tend to be included
more in RNAPII slowdown conditions than exons following unstructured introns.
This indicates that RNAPII slowdown provides more time for RNA structure to
be folded, and RNA structure makes the intron effectively shorter for the splicing
machinery. The example of long-range RNA structure in the Ate1 gene supports this
observation and demonstrates that mechanisms similar to bacterial attenuation may
also take place in eukaryotic cells [244, 243]. In sum, long-range RNA structure could
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coordinate the interaction between spatial and temporal components of splicing
regulation.
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Chapter 8
Conclusion
In this study, we performed screening of long-range RNA structures with potential impact on pre-mRNA splicing and investigated the role of such structures
in alternative splicing of three human genes, Phf20l1, Cask, and Ate1. In Phf20l1
and Cask, RNA secondary structure loops out the respective alternative exons and
promotes their skipping. The third gene, Ate1, contains two functionally distinct
RNA structure modules, one of which consists of competing RNA structures and
controls the mutually exclusive choice of exons 7a and 7b. The other consists of an
ultra-long-range RNA structure spanning over 30,000 nts and controls the ratio of
exons 7a and 7b in transcript isoforms. Additionally, we showed that transcription
elongation slowdown by 𝛼-amanitin treatment or transient overexpression of NELFE
increases the inclusion rate of exon 7a, but it fails to do so when the ultra-long-range
RNA structure is disrupted. Using an RNA-seq experiment, we demonstrated that
a similar RNA-structure-dependent response to transcription elongation slowdown
takes place transcriptome-wide, namely that exons that follow structured introns
tend to respond more to 𝛼-amanitin treatment than exons that follow unstructured
introns. These results demonstrate that splicing is coordinated both in time and
in space over very long distances, and that the interaction of these components is
mediated by RNA structure.
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Supplementary information
Table A.1: Primers for cloning Ate1, Phf20l1, and Cask minigenes
ATE1 cloning
pRK5_Ate1_rf_fwd
pRK5_Ate1_rf_rev
pRK5_ate1_fwd
pRK5_ate1_rev
ate1_add1_fwd
ate1_add1_rev
ate1_add2_fwd
ate1_add2_rev

GCACCTCGGTTCTATCGATTGAATTCCCCTGAGTAAGCCTCCA
TGTCGAAAAG
CTGCAGGTCGACTCTAGAGGATCCCCGTATGGCCACTTGATAC
TTGACATACAA
ATTCCTTTGCGGGGATCCTCTAGAGTCG
GGATCCTGGTGTATGGCCACTTGATACTTG
GTGGCCATACACCAGGATCCACCCGATG
TTCATTGCAGCTGTTGACCTAGAGTGGATGAC
AGGTCAACAGCTGCAATGAAAGAATCCAAG
GAGGATCCCCGCAAAGGAATCTTGTGAAC

PHF20L1 cloning
Phf20l1_rf_fwd
Phf20l1_rf_rev

CASK cloning
pRK5_fwd
pRK5_rev
cask_fwd
cask_rev

GTGGTTGATAAAGGTTTTGCTGCCGCTCCAAAGGAAAAACAC
AAAACATG
ACATCCTGGCTACCAGCTTCATGTAGTAAGAGTGTTCAGTATT
CCTAGCT

GGGGATCCTCTAGAGTCGACCTGC
GGGGAATTCAATCGATAGAACCGAGG
GGGAAATGCGGGGGAGTATT
TGTCGTCCTTTTGGTTGGGT
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Table A.2: Primers for mutagenesis
ATE1 mutations
ate1_m1_fwd
ate1_m1_rev
ate1_m2_fwd
ate1_m2_rev
ate1_m11_fwd
ate1_m11_rev
ate1_m1_rear_fwd
ate1_m1_rear_rev
ate1_m4-3_fwd
ate1_m4-3_rev
ate1_m3-3_fwd
ate1_m3_rev

CTCTGATGATATGCTACTCAAGGTGAGGCTACAG
CTGTAGCCTCACCTTGAGTAGCATATCATCAGAG
ACCACCCTCACCTTGAGTAGCAGTTAAAAAAACAAGT
ACTTGTTTTTTTAACTGCTACTCAAGGTGAGGGTGGT
ACTCAAGGTGAGGTTAGTACCTGTC
GCAAGGAAAATACAAGCAAATGC
GGAAGTCTTCGTTATCATCAGAGATGTTTCAATAGCATTTGC
TGAGGCTACAGTAAGATCTCCACAAATC
GACAAAGTTATCTTAAGAGTTAATGTAATGGAACT
AAAGTGCAAAATATACCAAAATTTTAAGT
TTGTCAAAGTGCAAATTTTACCTAGTGCC
TGTCCATTAATTCAGTCTTAGG

PHF20L1 mutations
phf_m1_rear_f
GGGTTTATCGTCCAAGAAAAGGAAGCTTAGACTGTAAA
phf_m1_rear_rev
GCTATCAGCACATAACCCTACAATTA
phf_m2_rear_fwd
GACAATAAACCCATTTTCAGCACCTGGACCTACAAT
phf_m2_rear_rev
CAGAATAGAAAAGAAAATATTTTAAATTTCTAAT
Cask mutations
cask_m1_fwd
cask_m1_rev
cask_m2_fwd
cask_m2_rev

CGTGTGGTTAAATACAACAAAGATAACGGAACAG
AGTGATCTAACAGCACAGG
CTTAACCACACGCCTCTGTTATTGTGGTACGTGCAC
GTAAACTTAGATAGCGGAAACTAAA
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Table A.3: Sequences of AONs. DNA nucleotides: G,A,T,C. LNA nucleotides (red):
+G, +A, +T, +C. Phosphorothioated DNA nucleotides: G*, A*, T*, C*. Phosphorothioated LNA nucleotides (red): +G*, +A*, +T*, +C*.
control AON

+T*G*+G*A*+A*G*+T*C*+T*T*+C*G*+T

AONs against Ate1
AON2-1
+T*G*+C*A*+C*T*+T*T*+C*A*+G*A*+A
AON2-2
+T*T*+C*T*+G*A*+A*A*+G*T*+G*C*+A
AON1
+T*G*+C*T*+T*C*+T*G*+A*A*+G*G*+T
AONs against Phf20l1
AON1
T*+T*G*+C*T*+G*C*+T*A*+T*T*+T*G*+G*G*+G*C*+T
AON2
A*+A*T*+C*C*+C*A*+A*A*+T*A*+A*C*+A*G*+C*A*+G
AONs against Cask
AON1
+A*A*+A*T*+T*G*+G*T*+G*T*+G*C*+A
AON2
+G*C*+A*C*+A*C*+C*A*+A*T*+T*C*+G
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Table A.4: Primers for RT-PCR analysis
Ate1
ate1_rt_fwd
ate1_ex1_rev
ate1_ex2_rev

CCAACCAGCCAAAATCACTCG
GAACTGCGAACTTGGTGGAGATG
GTATGGCCACTTGATACTTGACATA

Phf20l1
phf20l1_fwd
phf20l1_rev

GCCATGCCCGAGGATGCTAA
TCTCTACGTCTGGTGTGGCTATAC

Cask
cask_fwd
cask_rev

GGGAAATGCGGGGGAGTATT
TGTCGTCCTTTTGGTTGGGT

HNRNPDL
HNRNPDL_fwd
HNRNPDL_rev
HNRNPDL2_fwd
HNRNPDL2_rev

GGCAGCAACAGCAACAACAA
GTTTTGGTGATTGCCACCCC
GGGGTGGCAATCACCAAAAC
AGTACCTGACGCAGAAAAGCA

HNRPLL
HNRPLL_fwd
HNRPLL_rev

AGGAATGACAATGACAGTTGGGA
TTGTCTCTGGCGACCCTTTC
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Table A.5: Primers for qRT-PCR analysis
Minigene
pRK5_seq_f
ate1_rt_rev
ate1_rt_fwd1
ate1_rt_rev1
ate1_rt_f2_2
ate1_rt_rev2
ate1_ex1_fwd
ate1_ex2_rev

CACTCCCAGGTCCAACTG
AGCTGGGTTCTGCTGCATTAG
TACCAGAGAATGCATCACACA
AGGAATCTTGTGAACTGGCTTT
TCACACAAGTTAGAGGTGAGGTTAG
AGGATCCCCGCAAAGGAATCT
ACGTTACCAGATGGTTATTCACAAG
GTATGGCCACTTGATACTTGACATA

Endogenous ATE1 mRNA
ate1_const_f
constitutive exon
ate1_const_r
ate1_rt_fwd1
isoform with exon 7a
ate1_rt_rev1
ate1_rt_f2
isoform with exon 7b
ate1_rt_r2
ate1_ex1_fwd
isoform with both exons
ate1_ex2_rev

GCTCTGGTGAACCGTCACATTCAG
GACATGGAGGCTTACTCAAATCAGC
TACCAGAGAATGCATCACACA
AGGAATCTTGTGAACTGGCTTT
TCACACAAGTTAGAGGTGAGGTTAG
CCAAGGGTGAACTGCAAAGGA
ACGTTACCAGATGGTTATTCACAAG
GTATGGCCACTTGATACTTGACATA

constitutive fragment
isoform with exon 7a
isoform with exon 7b
isoform with both exons

28S rRNA
28S_fwd
28S_rev

GGAATGCAGCCCAAAGCGG
GGACCCCACCCGTTTACCTCTT

GAPDH
gapdh_fwd
gapdh_rev

GTCTCCTCTGACTTCAACAGCG
ACCACCCTGTTGCTGTAGCCAA

NELFE
nelfe_fwd
nelfe_rev

AGCGTTCTCGAACCCTTGAG
TATGCTCCTCTGGAACGGCT
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Figure A-1: The published RIC-seq data for HeLa cells confirms id838701 base
pairings in Phf20l1 [3]. The data for mRNAs obtained as a courtesy of Dr. Yuanchao
Xue was converted and displayed as a UCSC Genome browser custom track.
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Figure A-2: The published RIC-seq data for HeLa cells confirms R1R3 and R3R4
base pairings as well as over 50 other base paired regions in exon 7a/7b MXE cluster
with a potential impact on splicing [3]. The data for mRNAs obtained as a courtesy
of Dr. Yuanchao Xue was converted and displayed as a UCSC Genome browser
custom track.
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