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Abstract

Pre-mRNA molecules can form a variety of structures, and both secondary and tertiary structures
have important effects on processing, function and stability of these molecules. The prediction of
RNA secondary structure is a challenging problem and various algorithms that use minimum free
energy, maximum expected accuracy and comparative evolutionary based methods have been
developed to predict secondary structures. However, these tools are not perfect, and this remains
an active area of research. The secondary structure of pre-mRNA molecules can have an
enhancing or inhibitory effect on pre-mRNA splicing. An example of enhancing structure can be
found in a novel class of introns in zebrafish. About 10% of zebrafish genes contain a structured
intron that forms a bridging hairpin that enforces correct splice site pairing. Negative examples of
splicing include local structures around splice sites that decrease splicing efficiency and potentially
cause mis-splicing leading to disease. Splicing mutations are a frequent cause of hereditary
disease. The transcripts of disease genes are significantly more structured around the splice sites,
and point mutations that increase the local structure often cause splicing disruptions. Post-splicing,
RNA secondary structure can also affect the stability of the spliced intron and regulatory RNA
interference pathway intermediates, such as pre-microRNAs. Additionally, RNA secondary
structure has important roles in the innate immune defense against viruses. Finally, tertiary
structure can also play a large role in pre-mRNA splicing. One example is the G-quadruplex
structure, which, similar to secondary structure, can either enhance or inhibit splicing through
mechanisms such as creating or obscuring RNA binding protein sites.
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1. Introduction

1.1 Determining the structure of an RNA molecule

RNAs play a crucial role in many biological processes including regulation of gene
expression and catalysis of cellular processes. RNA molecules can form a variety of
structures. There is a correlation between the tertiary structure of an RNA molecule and its
interactive and functional capacity [1]. It is however very difficult to predict 3D structure of
an RNA molecule with high accuracy and precision. Multiple reviews previously covered the
experimental tools used to solve RNA secondary structures [2—4]. This review section will
focus on the utilization of computational methods for secondary structure predictions.

Many algorithms have been developed to study RNA secondary structure. Generally
speaking, folding algorithms can be divided into two categories: single sequence methods
and comparative methods, each having their own advantages and disadvantages.

The single sequence category of tools relies on finding the structure with minimum free
energy (MFE) for each sequence. Dynamic programming (DP) has been used extensively in
such tools. In essence, the algorithm computes the sum of all possible base pairs and their
energy parameters or to put it simply, it determines base pairing probability from the
partition function calculation. The partition function is used to count the particles of a
system that are distributed over the available energy levels (i.e. the particles follow the
Boltzmann distribution). In the RNA structure prediction problem, instead of counting
particles, possible RNA structures conformations were counted. In accordance with the
Boltzmann distribution, the fraction that a secondary structure conformation occupies in the

ensemble of structures amounts to M where AG is the Gibb’s free energy change of
RNA secondary structure conformatlon S, Ris the gas constant, and T is the absolute
temperature of the system. Partition function Qs therefore a summation over all possible

—AG
energy levels of all possible secondary structure conformations (Q= Z e = ) If the
partition function is seen as a way to calculate the spread over the energy levels of RNA
secondary structures, its reciprocal gives an easy way to calculate the probability of any

—AG(secondary structure)

given secondary structure conformation: (secondary structure)= :
From this equation it follows that to calculate the base pairing probability between
nucleotides 7and j (#;), we take the sum over the probabilities of all secondary structures &
—AG(k)

e~ RT
that contain the pair: Z 9 [5]. Examples of folding algorithms in this category
include mfold [6] and RNAfoId [7]. Multiple additional assumptions have been used to limit
the search space for MFE structures, including limiting base paring to Watson-Crick and
wobble GU, as well as exclusion of pseudoknots (features of RNA structure in which base
pairings occur between the unpaired bases of a loop and some other bases outside the loop).

Furthermore, the free energy landscape is constantly changing depending on multiple
environmental variables like pH, temperature, chaperones and solvent condition. It is
therefore not uncommon to consider structures that reside close to the MFE structure on the
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energy landscape. Programs have been developed to find the suboptimal structures for a
given RNA sequence e.g. RNAsubopt [7]. Recently, several methods have been developed to
predict secondary structures using maximum expected accuracy (MEA) approach, e.g.
CONTRACfold [8], CentroidFold [9], and IPknot [10]. The goal of these algorithms is to find
a secondary structure that maximizes the expected base-pair accuracy. In all of the above
tools, the accuracy of a prediction is inversely proportional to the sequence length. To
counteract this problem, it is possible to predict stable structures using a small window
based approach, where base pairs are limited to a particular distance within that window
(Figure 1). Algorithms such as Rfold [11] and RNAplfold [7] implement this strategy.
However, such approach will not capture the long distance interactions between distant
sequences and there is a need for further noise reduction (i.e. exclusion of pairs that exhibit a
low thermodynamic probability) after calculation.

There are many applications where it may not be necessary to accurately predict the entire
structure. For example, one may only need to know whether the binding site for a single
stranded RNA binding protein (RBP) is accessible. Another frequently used model utilizes
secondary structure as a mechanism to bring a distal element near a particular site. To this
end simulation studies that insert complimentary k-mers into introns demonstrate a few
simple rules of thumb that are a useful means of gaining intuition about the likelihood of
distal complementary regions forming a secondary structure. Complimentary k-mers of
length 12 can give maximal or near maximal bridging across an intron. Increases in k-mer
length, did not result in appreciable increases in pairing (Figure 2) [12].

Comparative sequence methods can predict structures with higher accuracy than single
sequence models as they take evolutionary information into consideration [13]. The
assumption is that multiple molecules that perform similar functions will form similar
structures regardless of their differences in sequence. However, it is not always feasible to
use this approach, as it requires a priorithat a set of homologous sequences be available.
RNAalifold [7] and Pfold [14] are some exemplars of commonly used tools for comparative
secondary sequence analyses. The combination of conservation and predicted structure is
also available in the public annotation of genome in the Evofold track on the UCSC genome
browser.

It has been estimated that the current algorithms correctly predict the secondary structure
about 80% of the time. Comparative methods surpass single sequence approaches. Within
the single sequence analysis category, the MEA methods outperform MFE procedures [13].
Despite the advances in the computational prediction of RNA structure, there are still
challenges and thus it remains an active area of research.

2. Secondary structure enforces correct 5' and 3'ss pairing in zebrafish

Pre-mRNA splicing is modulated by RNA secondary structure. RNA secondary structure
can assist in productive splicing by bringing distant elements into close proximity for
recognition or by creating a binding platform for RBP [15]. On the other hand, RNA
structure can also act negatively by preventing RNA-protein interaction or RNA-RNA
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interactions [16-18]. RNA structure has the potential to play a large role in regulating the
splicing outcome.

A positive role of RNA structure for pre-mRNA splicing has been identified using
comparative genomics strategies. Using pairwise comparisons of genomic sequences near
the intron-exon junctions, lineage-specific k-mers around the splice site were discovered
[12]. This unique distribution of k-mers suggests that these discovered sequence motifs
regulate splicing in a lineage-specific manner. Using this method, complementary
dinucleotide repeats across introns were first discovered in zebrafish and then further
confirmed in other teleost species. A k-mer motif consisting of AC repeats at the 5’ end of
the intron and GT repeats at the 3’ end of the intron, was found in 2% of zebrafish introns.
At least one instance of this novel class of structured intron was found in 10% of all
zebrafish genes. Structural analysis including folding energy calculation and biochemical
probing showed that the (AC)m-(GT)n introns formed an extensive stem structure to bring
the 57 splice site and the 3’ splice site at two ends of the intron to close proximity to
facilitate splice site pairing and accurate splicing.

To explore intronic bridging analogous to the structured (AC)m-(GT)n introns in zebrafish,
RNA secondary structure prediction tools such as RNAfold can be used to predict the
minimum folding energy and predicted secondary structure [19]. All zebrafish introns less
than 740 nucleotides in length were folded using RNAfold (Figure 2A). Predicted minimum
fold energy (-AG) increases with length of sequence. Zebrafish introns with ACACAC
hexamer at the beginning of the intron and GTGTGT hexamer at the end of the intron have
significantly higher predicted stability that background introns in the same intron size bins
(Figure 2A). (AC)m-(GT)n introns were shuffled and refolded, while preserving
dinucleotide composition. The shuffled introns are less structured than their native sequence,
demonstrating that their stable predicted structures are not due purely to dinucleotide
composition[12]. To determine whether dinucleotide repeats can drive predicted secondary
structure, an /n sifico analysis was performed using all possible dinucleotide repeats. Each
dinucleotide was added with different repeat lengths to the beginning 5’ end of the intron,
with the complementary sequence added to the 3’ end. These synthetic introns were again
folded using RNAfold, and their structures analyzed to determine the percent of introns in
which the complementary dinucleotide repeats paired and forced bridging in the structure
(Figure 2B). The dinucleotide repeats were able to drive bridging in the predicted structure
to varying extents, however, they behaved asymptotically, with all k-mers achieving
maximum bridging at a repeat length of six.

In the zebrafish (AC)m-(GT)n introns, the bridged structure-mediated splice site interaction
is strong enough to bypass the need of essential splicing factor U2AF2 (U2 Small Nuclear
RNA Auxiliary Factor 2), which usually recognize a polypyrimidine track upstream to the 3’
splice site and stabilize the U2 snRNP on the branchsite for the 3’ splice site determination.
Knockdown of U2AF2 in vitroand in vivo both lead to defective splicing of the control
introns but normal splicing of (AC)m-(GT)n introns. (AC)m-(GT)n introns were also found
in lamprey, indicating it was an ancient splicing mechanism evolved before the divergence of
Tetrapod and Teleost. The repeats were lost in mammals and other higher vertebrates;
instead, exonic splicing enhancer-like sequences were found enriched in the human introns
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homologous to the (AC)m-(GT)n introns of zebrafish, suggesting a compensatory
mechanism evolved to replace the dinucleotide repeats [12].

Although no evidence has been reported for AC and GT repeat-mediated splicing in human
transcript processing, multiple copies of complementary GGG and CCC repeats were
identified in some human introns [12]. These introns had significant lower folding energy
compared to their own shuffled sequence, suggesting that the complementary G/C triplet
could stabilize the intron to facilitate splice site interaction like the AC and GT repeats in
zebrafish introns. While alternate structure models for G triplets invoking G quadraplex
formation are discussed in section 6, the G triplet structures and requirement for splicing
factors need to be further explored.

Intronic RNA structure is also critical for splicing the hyper-polymorphic exons. One of the
counter-intuitive features of exonic splicing is the co-existence of processing information
and coding information in exons. Because of the sequence variations, the sequence
information in the exons is mutable, making the exonic splicing enhancers difficult to
maintain over evolutionary time. A well-known example of hyper-polymorphic genes is
HLA (Human Leukocyte Antigen) family genes. HLA family genes encode proteins
recognizing fractions of antigens and representing them on the cell surface to trigger
downstream immune responses. Pathogens are under the selective pressure to evolve away
from the recognition by the surveillance of the host immune system. The host HLA family
genes are then under selective pressure to generate new alleles in order to capture the rapidly
evolving and greatly diverged antigen. That is why HLA family genes, especially the exons
responsible for interactions with antigens, are among the most variable sequences in the
human genome. The splicing of these exons is hence very challenging. Therefore, introns
flanking hyper-polymorphic exons evolve into heavy secondary structures to ensure the
splice site interactions. It has been shown that there was a positive correlation between
exonic SNP (single nucleotide polymorphism) density and the structural stability of the
flanking introns [20]. It suggests the secondary structure is used extensively to aid the
splicing of highly polymorphic exons.

In conclusion, RNA secondary structure can stabilize the splice site interaction and reduce
the need of #rans splicing factors that recognize primary sequences in introns or in exons
(Figure 3).

3. Pre-mRNA Secondary Structure in Human Disease Genes

The importance of RNA secondary structure in splice-site selection has gained interest in
numerous studies investigating both individual genes, and with the emergence of a growing
achieve of genomic data, at the genome-wide level. When initial studies began
experimentally investigating the contribution of pre-mRNA secondary structure to the
process of splicing, investigators found that a number of splicing defects were due to an
altered pre-mRNA secondary structure near the splice sites [21-26]. Although it was
apparent that secondary structure was important to the fidelity of splicing, no explicit trend
was discernable from the studies. Instead, it is speculated that a looser structure or set of
structures facilitates the correct splicing of a transcript [27].
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With the increased capacity to generate genomic data, more studies have taken a global
approach to investigating the contribution and importance of pre-mRNA secondary structure
to splicing. For example, Patterson et a/. found that including pre-mRNA secondary
structure information into conventional sequence-based splice-site prediction algorithms
improved the programs predictive capabilities [27]. Thus, highlighting the importance of
pre-mRNA secondary structure in identifying and predicting appropriate splice-sites. In
addition to the significance of pre-mRNA secondary structure in splice-site prediction
programs, Hiller ef a/. found that a) experimentally verified splicing enhancer and silencer
motifs were significantly more single-stranded in the local secondary structure of the pre-
MRNA near splice-sites and b) this structural context was maintained by purifying selection
[28]. More recently, it appears that structures around alternative splice sites are significantly
more stable than constitutive and skipped splice sites [29, 30]. This marked differences in
stability may mediate splicing by altering splicing regulatory motifs recognition rate to
promote or inhibit the binding of splicing silencers or enhancers. Therefore, suggesting an
additional structural regulation mechanism in terms of splice-site recognition. As evidenced
by these studies, the importance of pre-mRNA secondary structures is an integral component
in controlling the fidelity of splicing by prompting the selection of appropriate splice-sites.

Although numerous studies have utilized genomic data to interrogate the importance of pre-
MRNA secondary structure in splice-site selection, an exploration of the relationship
between pre-mRNA secondary structure of splice-sites in disease has not been investigated.
To explore this relationship on a global scale, we have compared the pre-mRNA secondary
structure of splice-sites in disease genes reported by the Human Gene Mutation Database
(HGMD) to the remaining genes in the genome [31]. Due to the local structure preference of
pre-mRNA sequences in v/ivo [32], a 140 nucleotide window spanning each splice-site (70
nucleotides up- and down-stream of each splice-site) was used to predict the local secondary
structure of the splice-sites using a minimum free energy program (MFE), RNAfold [7].
RNA structures with a lower MFE, as calculated by AG, are likely to have more base-pairing
interactions compared so similar sized sequences with higher AG’s. Thus, sequences with
lower AG’s are generally considered more stably structured. Through our analysis, we found
that both the 3" and 5’ splice sites in disease genes are more stable than splice-sites in the
remaining genes of the genome (Figure 4A-B, p = 7.04e-96 and p = 1.61e-219, Mann-
Whitney, for 3’ss and 5’ss respectively).

Sequences with a higher GC content have previously been positively correlated both with
structural stability and sites with thermodynamic advantages [30]. To determine if this
marked difference in AG between disease genes and non-disease genes could be the result of
the varying GC content present in the splice-sites, the nucleotide content of the splice-sites
were maintained while shuffling the order of the splice-site sequences. When shuffling the
arrangement of the splice-site sequences, the same result as in Figure 4 was found. This
suggests that the GC content plays a large role in determining the AG of the splice-sites.
Although it appears that the GC content is an important factor in determining the stability of
the splice-sites (in terms of AG), it is important to note that this apparent difference in
splice-site stability, and GC content, between disease genes and genomic genes highlights
the importance of local structures in the recognition and correct splicing of disease genes.
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Despite the evident significance of pre-mRNA secondary structure in facilitating splicing
and splice-site recognition, it is possible that additional RNA tertiary structures may also be
a mechanism regulating splicing [30]. As more technological advancements are made in
predicting RNA structures, a clearer trend regarding structure and splicing may become
discernible.

4. Disease mutations that alter RNA secondary structures

Mutations that alter RNA secondary structures are known to be deleterious [33, 34]. They
may cause structural changes in the coding mRNA transcripts, UTRs, tRNAs or rRNAS,
which in turn may affect any of the gene processing steps, including transcription, splicing,
translation and decay [33, 35-37]. A recent deep sequencing of RNase-generated fragments
of human transcriptomes indicated that as many as 15% of single nucleotide variants alter
local RNA secondary structures [38]. There were indications of evolutionary pressure
against these variants, termed “riboSNitches”, in RBP binding sites as well as miRNA target
sites. They were also shown to be more likely to result in splicing changes, compared to
variants that don’t alter the secondary structures [38]. It remains to be determined what
fractions of riboSNitches impact the different gene processing steps. Interestingly,
antagonistic epistatic interactions involving compensatory mutations that restore fitness by
preserving RNA secondary structures have also been described [39]. These findings indicate
that variants that alter RNA secondary structures are likely to play a larger role than
previously thought in the etiology of human diseases.

We recently developed Massively Parallel Splicing Assay (MaPSy), which enables us to
directly compare the splicing performance of thousands of mutant and wildtype substrates
[40, 41]. Thermodynamically less stable RNAs (higher free-energy structures) splice more
efficiently, particularly those with more open (unpaired) bases in the splice-site regions
(Figure 5A,B). Mutations that cause local changes in the RNA secondary structures,
particularly those that are in proximity to splice-sites, can significantly alter splicing. For
example, several mutations that destabilize the secondary structure of the splice-site donor of
exon 10 of the MAPT were found to cause frontotemporal dementia phenotype, a severe
neurodegenerative disorder, due to the increased splicing efficiency of exon 10 [24]. The
majority of human disease mutations, however, tend to trigger more stable RNA structures,
which result in less efficient splicing. Thermodynamically less stable RNAs are more
predisposed for having mutations that result in lower free-energy structures (Figure 5C).
Interestingly, a subset of Exonic Splicing Mutations (ESM) that was identified with MaPSy
substantially changed the predicted folding free energy of the transcripts, mostly to
significantly more stable structures (Figure 5D) [7]. Subsequent spliceosome assembly of
some of these ESM showed disruptions in all stages of the spliceosome assembly in this
subset of ESM, in contrast to the majority of ESM that mainly inhibit one of the stages of
the spliceosome assembly. These mutations are likely to be independent of RBP and other
trans-acting factors, and thus unlikely to exhibit cell or tissue specific effects.

In summary, highly structured substrates splice with lower efficiency than more open
substrates. However the splicing of open substrates appear to be more susceptible to ESM,
presumably because splicing factors typically recognize ssRNA. The increase of structure is
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also a mechanism of splicing disruption. Large-scale analysis of splicing mutations identify
single point mutations that trigger structural rearrangements that make structures more
stable. The effect of this increased stability can be seen as a loss of efficiency at each stage
of spliceosome transition.

5. Double Stranded RNA (dsRNA) post splicing and the Innate Immune
Response

The immune response is dependent on the recognition of pathogen associated molecular
patterns (PAMPS) by pathogen-recognition receptors (PRRs) [42]. Distinguishing between
endogenous and exogenous gene products is vital to survival. All organisms from early
prokaryotes to vertebrates employ defense strategies to elicit resistance upon detection of
foreign molecular signals. Detection of bacterial and fungal PAMPs is well understood. The
microbe associated products such as cell wall components, endotoxins, lipidglycans and
glycoproteins are generally not found in the host and can be readily discerned [43].
Detection of viruses however depends heavily on the recognition of nucleic acid, in
particular dsRNA.

Many viruses exist as dSRNA during the viral life cycle [44]. Endogenous dsRNAs derived
from antisense transcription can initiate dynamic posttranslational gene regulation through
the regulatory RNA interference (RNAI) pathways. Host dsSRNA is cleaved by then enzyme
'‘Dicer a ribonuclease I11. Dicer recognizes pre-microRNAs, which are short dsSRNA hairpins
in precursor single stranded RNAs [45]. Pre micro RNAs are commonly derived from
primary microRNAs as well as lariat intron intermediates from pre-mRNA splicing. In
higher eukaryotes, toll-like receptors (TLRs) function as the primary PRRs for exogenous
dsRNA, which generally contain significantly longer regions of complementarity than pre-
microRNASs [43, 46]. TLRs are transmembrane proteins characterized by leucine-rich
repeats in the extracellular domain. They are differentially expressed in immune cells and
are stimulated by a diversity of signals [47]. TLR3 has been shown to specifically act as a
receptor for dsRNA by initiating the interferon (IFN) response and activating a number of
IFN stimulated genes, such as the apoptosis inducing dsRNA-dependent protein kinase
(PKR) and RNA-specific adenosine deaminase (ADAR) which prevents nuclear processing,
as well as the inflammatory response [48]. TLR signal transduction is dependent on the E3
ubiquitin ligases TRAF3 and TRAF®6 to target molecules for downstream activation [49].

Other PRRs that play an important role in the recognition of exogenous dsRNA and
activation of the IFN response are retinoic acid inducible gene-I (RIG-1) like receptors
(RLRs). To regulate downstream IFN activity, ubiquitin chains are also necessary for RIG-I
to oligomerize and initiate signaling activity, which is thought to be regulated by the E3
ligase tripartite motif protein 25 (TRIM25) [50, 51]. Virus induced host stress responses lead
to the localization of RLRs in cytoplasmic stress granules (SGs) with host mMRNAS, 40s
ribosomes and RBPs. These ribonucleoprotein complexes sequester viral dsRNA, allowing
for detection by RLRs although at the same time halt translation of both host and viral
mMRNAs, performing both pro and antiviral functions simultaneously [43]. While each piece
of the cellular dsRNA recognition machinery is highly specialized, they are interdependent
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in the detection of exogenous RNA. Just as the absence of Dicer triggers the IFN response
[52], in the absence of the IFN-I pathway, RNA. is sufficient to prevent viral dSRNA
accumulation when viruses contain the homologous sequence [53].

Conservation of RNA secondary structure is a common viral strategy. Stable secondary
structures have been reported in the Hepatitis viruses, HIV, SARS, Polio, a and  Influenza
viruses, as well as Herpes A and B. They are usually located at or near splice sites and are
functional [54-59]. Herpes Simplex Viruses, for example, are well known for their periods
of latency and reactivation. In the Herpesvirales family dsSRNA has been demonstrated to
arise from RNA secondary structure, specifically from pre-mRNA splicing intron lariat
intermediates (Figure 6A, B). The latency associate transcript (LAT) is a non-coding RNA
with unusually high conservation (~86% identical for a stretch of 500nt at the 3' end)
between HSVI, HSVII and, chHSV. In addition to using a non-canonical guanosine branch
point nucleotide, the lariat tail of the 2kb LAT intron is thought to form a hairpin [54, 60],
protecting the lariat intermediate from being debranched by the debranching enzyme DBRL1.
The result is the stabilization of the lariat, which presents dsRNA to the host and modulates
the immune response.

The stable LAT intron has been proposed to govern the transition between the latency phase
and the lytic phase via the chromatinization of the virus by the host machinery, including the
histone chaperones chromatin assembly factor (CAF1) and anti-silencing function 1 (ASF1)
[61, 62]. As the chromatin free encapsidated viral genome replicates, it becomes nucleosome
occupied in an irregular manner, acquiring euchromatin-associated histone modifications.
The induction of latency, however, is coupled with the heterochromatinization and global
repression of lytic factors [63]. Deletion of the LAT does not appear to have an effect on
establishing latency, but significantly reduces the reactivation of the virus in infected cells
[61]. Although the mechanism is not entirely understood, it is clear that this epigenetic
switch is directly linked to the expression of the LAT intron, perhaps due to its secondary
structure.

beyond secondary to tertiary structure: G-Quadruplex

In addition to the numerous roles of RNA secondary structure, RNA tertiary structure may
affect alternative splicing. G-quadruplexes (G4) are non-canonical tertiary structures that
form in both DNA and RNA. They are composed of stacked G-quartets (i.e. planar tetrads
formed through Hoogsteen base-pairing of guanine residues in G-triplet sequences and
stabilized by a central monovalent cation) [64] (Figure 7). In DNA, G4s occur frequently in
telomeres and promoters regions. They may also form along the lagging strand during DNA
replication, which may lead to double-stranded breaks if not processed by helicases [65]. In
RNA, G4s are often present at the 5° end of the first intron, and in both the 5> and 3’
untranslated regions, but not limited to these regions [66, 67].

G4s are increasingly recognized as important regulators of pre-mRNA processing, including
polyadenylation and alternative splicing [68]. In the case of splicing, G4s may act as a
binding site for certain RBPs or they may obscure other ¢is elements that regulate splicing.
The Fragile-X Mental Retardation Protein (FMRP), an RBP that is absent in fragile X
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syndrome, has been shown to bind numerous mRNAs at a G-quartet structural motif. FMRP
binds this motif in two locations within its own mRNA transcript, both of which
independently lead to ESE activity in exon 15 of the FMR1 transcript, increasing the
proportion of the full-length isoform [69]. G4s may also form within introns, and may lead
to both enhancement and silencing of splicing in different contexts. The ATERT gene may be
alternatively spliced into the inactive hnTERT-B isoform through the stabilization of a G4
within intron 6 [70]. Conversely, the tumor suppressor gene 7253 has been shown to form a
G4 structure in intron 3, which blocks the retention of intron 2 [71]. Likewise the chicken -
tropomyosin gene contains an intronic G-rich motif that enhances the splicing of exon 6A
[72]. Taken together, these examples highlight the ability of G4s to interact with different
splicing factors to either enhance or silence splicing in certain cases, either through direct
binding to the structural motif itself or through exposure of other c¢/s elements upon
formation of a G4.

G-tracts readily assemble into highly-stable G4s /n vitro. Their stability is dependent on the
monovalent cation they envelope. For example, K* is positioned halfway in-between 2 G-
quartets, yielding a highly stable bi-pyramidal symmetry. However, Li* has a much larger
atomic radius which cannot mimic this symmetry, and thus relatively destabilizes the G4.
Although cells have a relatively high concentration of K* in their cytoplasm compared to
other cations, G4s in eukaryotic cells have specifically been shown to be globally unfolded.
The particular mechanism is unknown, but eukaryotic cells express several RNA helicases
which could unfold G4 structures [73]. Moreover, a large number of G4 stabilizing ligands
have been identified, which vary in both their binding location and selectivity for G4 motifs
[74]. The use of some of these ligands can affect splicing throughout the transcriptome.

To highlight the potential for some G4 stabilizing ligands to affect splicing, public RNA-seq
data of three known G4 ligands (PhenDC3, Daunorubicin and TMPyP4) was processed for
differential splicing using the rMATS software package [75, 76]. Compared to amiloride, a
compound known to affect splicing [77], the total number or alternative splicing events
among the G4 ligands are closer to the baseline level seen in the tetracycline control after
correcting for sequencing read counts (unpublished data, Figure 8A). There are 109 events
that were shared among all five experimental conditions. The higher number of alternative
splicing events seen in TMPyP4 may be attributable to increased preference for RNA G4s
over DNA G4s. Using the presence of four or more G-triplets as a proxy for a likely G4,
TMPyP4 shows a greater percentage of G-triplets in the flanking introns of its skipped exon
events, suggesting that its alternative splicing events are more commonly caused by the
stabilization of a G4 (Figure 8B). Taken together, these findings suggest that G4 stabilizing
ligands may have a role in causing exon skipping, although the global effect appears to be
modest.
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Highlights

The prediction of RNA secondary structure is a challenging problem and an
evolving field, however many tools have been developed such as mfold,
RNAfold, RNAsubopt, CONTRATfold, CentroidFold, IPknot, Rfold,
RNAplfold, RNAalifold, and Pfold.

The secondary structure of intronic RNA can assist in pre-mRNA splicing by
bridging splice sites together and ensuring proper splice-site pairing.

Disrupting local RNA secondary structures can alter pre-mRNA processing
and lead to disease. Disease genes have more structured splice sites than
background, and highly structured splice sites globally splice less efficiently
than more open RNAs.

Double stranded RNA structures, derived from host introns post-splicing or
from viral RNAs, play important roles in gene regulation and the innate
immune response.

RNA can also form tertiary structures known as G-quadruplexes, which are
comprised of stacked G-quartets and are important regulators of pre-mRNA
processing steps, such as polyadenylation and alternative splicing.
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Figure 1. Detecting Local Stable Structures
RNA is examined for local stable structures using a sliding window approach. Within

window size of W only base pairings within a maximum distance apart (L) are considered.
The orange arcs represent possible valid base pairings.

Methods. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Soemedi et al.

A

200,
f:, 160 -
EA
g 91200
gl
E >
o 2 80+
o 2
SS9
® 40 w all introns
Q -
100 200 300 400 500 600
intron length (nucleotides)
s
g 1.0r
£
w
o 08
£
8 oef
0
2
S 0.4}
8
e
s 02
S :
EO'O 1 2 8 4 5 8 7 8 9 10
number of added repeats

Page 18

® (AC)g-(GT)g introns

700

--GC_GC
~—=GA_TC
--TC_GA
--CG_CG
-=-CT_AG
-=-=GT_AC
--AG_CT
--TG_CA

--GG_CC
--CA_ TG
--CC_GG
-=TA TA
-=AT AT

Figure 2. Complementary dinucleotide repeats at the ends of Zebrafish introns drive secondary

structure

A. Minimum fold energy of Zebrafish (AC)m-(GT)n introns (red) and all Zebrafish introns
(blue). Introns are binned by length and minimum fold energy is calculated using RNAfold.
B. All possible dinucleotide repeats are added /n sificoto Zebrafish introns 20 nucleotides
downstream of the 5’ss, and the complementary dinucleotide repeat is added 20 nucleotides
upstream of the 3’ss. Synthetic introns are folded using RNAfold and the number of introns

with predicted repeats base-pairing to form a hairpin structure is counted.
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(NN)g

Figure 3. Structure-mediate pre-mRNA splicing
A. In zebrafish, complementary dinucleotide repeats at two ends of the intron bring splice

sites to close proximity and facilitate splicing. The structural effect could overcome the
absence of the essential splicing factor U2AF2. B. Complementary G/C triplet repeats
stabilize human introns structure potentially enhancing splicing similar to A. C. /n silico
experiments suggest that repeats of complementary dinucleotides can bridge intron ends in
the predicted structure of some loci. D. Introns flanking hyper-polymorphic exons are
stabilized by secondary structure to ensure splicing.
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Figure 4. Minimum free energy (AG) of disease gene splice sites
A. RNAfold minimum free energy score (AG) of 3’ss in HGMD disease genes (HGMD) and

the remaining genes in the genome (non-HGMD). B. RNAfold minimum free energy score
(AG) of 5’ss in HGMD disease genes (HGMD) and the remaining genes in the genome
(non-HGMD).
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Figure 5. Role of RNA secondary structures in human diseases
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mt splicing
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Structural accessibilities around splice sites are important for splicing. Degree of openness
(predicted %unpaired bases) in the 3” splice sites (A) and 5” splice sites (B) correlates with
increased splicing efficiency. (C) Thermodynamically less stable transcripts are more
susceptible for exonic splicing mutations (ESM). (D) T to G mutation (blue and red
highlight, respectively) in HMBS gene resulted in more stable structure. (E) Mutant splicing
relative to wildtype in some mutations that stabilized the RNA structure in the different

stages of the spliceosome assembly.
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Figure 6. Structure models of the stable LAT intron lariat intermediate and predicted free
energies

(A) Lariat model structure of the LAT intron from the 5' splice site to the branchpoint
nucleotide (loop of lariat). (B) Lariat model structure of the LAT intron from the branch

point nucleotide to the 3' splice site (tail of lariat).
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Figure 7. Structure of a G-Quadruplex
A G-Quadruplex is composed of 4 interspersed G-triplets which fold into stacked G-quartets

(gray diamonds). Each guanine residue in a G-quartet is associated with its neighboring
guanines through Hoogsteen base-pairing.

Methods. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Soemedi et al.

A

Events

1000
1

500
1

4\0

Page 24

(v)

8_-
« SE
* ASSS
« A3SS
* MXE Q -
RI

60
1

40
L

20
|

Percent of SE with 24 G-Triplets in a flanking intron

od’abq.s

Figure 8. Alternative splicing profile for G4 stabilizing ligands
A. Number of alternative splicing events. SE: skipped exon, A5SS: alternative 5’ splice site,

A3SS: alternative 3’ splice site, MXE: mutually-exclusive exons, RI: retained intron. B.
Percent of SE events in which there are four or more G-triplets in at least one flanking
intron.
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