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RNA structure and the mechanisms of alternative splicing
C Joel McManus and Brenton R Graveley

Alternative splicing is a widespread means of increasing protein
diversity and regulating gene expression in eukaryotes. Much
progress has been made in understanding the proteins
involved in regulating alternative splicing, the sequences they
bind to, and how these interactions lead to changes in splicing
patterns. However, several recent studies have identified other
players involved in regulating alternative splicing. A major
theme emerging from these studies is that RNA secondary
structures play an under appreciated role in the regulation of
alternative splicing. This review provides an overview of the
basic aspects of splicing regulation and highlights recent
progress in understanding the role of RNA secondary structure
in this process.
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Introduction

The removal of introns and joining together of exons
through pre-mRNA splicing is an essential part of eukar-
yotic gene expression. Shortly after the discovery of
introns and split genes [1,2], it was recognized that spli-
cing can be regulated to produce multiple mRNA mol-
ecules from a single gene. Although it was initially
expected to be rare, alternative splicing has since been
found to occur in plants, animals, and fungi. Because
many alternative splicing events are tissue-specific, this
process plays an important role in cellular differentiation
and organismal development.

By allowing single genes to encode mRNA for multiple
proteins, alternative splicing has a dramatic impact on the
amount of information encoded in the transcriptome.
There is a general correlation between organismal com-
plexity and the proportion of genes which are alterna-
tively spliced. For example, alternative splicing has been

found in ~25% of Caenorhabditis elegans genes [3-5],
~60% of Drosophila melanogaster genes [6], and ~95%
of human genes [7,8]. Similar studies have found alterna-
tive splicing affecting a large fraction of many plant
transcriptomes, with ~42% and 56% of genes in Arabi-
dopsis thaliana [9] and Z. mays [10]. Thus organisms with
more tissue and cell types tend to have more alternative
splicing.

The great impact of alternative splicing on the proteome
suggests a very complex regulatory regime. Over the last
three decades, much has been learned regarding the
biochemical mechanisms that regulate alternative spli-
cing. In this review, we will give a brief overview of the
most common splicing regulatory mechanisms, and high-
light recent discoveries which suggest that pre-mRNA
structures may play a more important role in regulating
splicing than previously appreciated.

The basics of splicing regulation

All alternative splicing events can be grouped into one of
four categories: alternative 5’ splice sites, alternative 3’
splice sites, cassette exons, and retained introns (Figure
1a, types of alternative splicing). More complex splicing
events can be made by combining two or more of these
events together. For example, a mutually exclusive spli-
cing event (Figure 1b) is composed of two cassette exons
that are included in a mutually exclusive manner. Sim-
ilarly, an event such as that shown in Figure 1c involves a
cassette exon and an alternative 5 splice site and can
therefore result in one of two different exons included in
the transcript. Along these same lines, genes can evolve
complex splicing patterns that can give rise to many
isoforms by using these splicing events at multiple
locations in the gene.

Many cis-acting sequences are involved in pre-mRNA
splicing, some of which direct the splicing reaction, and
others that regulate alternative splicing (Figure 2). The
most basic of these sequences are those that direct spli-
cing (Figure 2a). For example, the 5’ splice site has the
sequence AG/GURAGU (where ‘/” designates the splice
site), and the 3’ splice site contains a polypyrimidine tract
followed by an AG dinucleotide at the actual 3’ splice site.
An additional sequence element upstream of the 3’ splice
site, called the branchpoint sequence, encompasses the
nucleophile for the first step of splicing.

The splicing reaction is catalyzed by the spliceosome, a
large multicomponent and highly dynamic complex [11].
The spliceosome consists of 5 small nuclear ribonucleo-
protein particles (snRNPs) each of which contains one
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Types of alternative splicing. (a) The basic building blocks of all types of splicing events are depicted. Alternative 5’ splice sites; alternative 3’ splice
sites; cassette exons; retained introns. (b) An example of a mutually exclusive splicing event which is built from two cassette exons. (c) An example of

a complex splicing event containing a cassette exon and an alternative 5’

splice site.

small nuclear RNA (snRNA) and several proteins. In
addition, the spliceosome contains 100—200 non-snRNP
protein components. The cis-acting sequences that direct
splicing are recognized by various components of the
spliceosome. For example, Ul snRNP binds to the 5’
splice site, U2 snRNP binds to the branchpoint, and U2
Auxiliary Factor (U2AF) recognizes the polypyrimidine
tract and AG at the 3’ splice site. Most of the splicing
regulatory mechanisms that have been described to date
act by enhancing or preventing the binding of these
factors to the pre-mRNA. However, recent studies also
indicate that the components of the spliceosome them-
selves are able to regulate splicing [12-14].

In addition to the general sequences described above that
direct the splicing reaction, several classes of auxiliary
regulatory signals have been defined that function to
regulate alternative splicing [15]. These are broadly cate-
gorized based on their location (in exons or introns) and
their effects on splicing (enhancers or silencers), resulting
in exon splicing enhancers (ESEs) and silencers (ESSs),
and intron splicing enhancers (ISEs) and silencers (ISSs).
To add to the complexity, the functions of these regu-
latory elements can depend on their locations in a pre-

mRNA. Thus an ESE can also act as an ISS, depending
mainly on whether it is located in an exon or and intron,
respectively.

There are also a large number of RNA binding proteins
that function in splicing regulation. The two largest
families are SR proteins and hnRNPs [15]. SR proteins
usually promote splicing, while hnRNPs are usually
inhibitors. These proteins can be regulated both at their
expression level and post-translationally through sig-
naling networks to modulate their activity in specific
tissues and cell-types. The mechanisms of splicing invol-
ving these classes of regulatory factors have been the
subject of many excellent reviews. We therefore devote
the remainder of this review to a less appreciated aspect of
splicing regulatory mechanisms — RNA structure.

A structured environment

Diagrams similar to Figure 2b are helpful in thinking
about the regulatory mechanisms of specific alternative
splicing events. However, these representations are an
oversimplification, as pre-mRNAs adopt complex second-
ary and tertiary structures 7z vivo [16]. These structures
can modulate alternative splicing by altering the function
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Basics of the mechanisms of alternative splicing. (a) The architecture of a pre-mRNA and the important cis-acting sequence elements that direct the
splicing reaction. The consensus sequences for the 5’ splice site, branchpoint and 3’ splice site for human introns is shown. (b) Schematic diagram of
the sequences and proteins involved in regulating alternative splicing. Four types of regulatory sequences are known: intronic splicing enhancers
(ISEs), intronic splicing silencers (ISSs), exonic splicing enhancers (ESEs) and exonic splicing silencers (ESSs). The enhancer elements are recognized
by activator proteins. Within exons, these activators are most commonly members of the SR protein family. The silencer elements are bound by
repressor proteins. Within exons, these repressors tend to be members of the hnRNP protein family. Regardless of their binding location, activators
tend to enhance the binding of spliceosomal components to the regulated splice site while repressors tend to inhibit binding or function of the

spliceosomal components.

of splicing regulatory elements and proteins [17,18]. The
study of these RNA structures has mostly occurred on a
case-by-case basis, thus the total impact of pre-mRNA
structures on splicing regulation remains to be deter-
mined. However, several intriguing examples have been
recently reported.

Because initial folding of pre-mRNA occurs co-transcrip-
tionally, much 7z vivo RNA structure is expected to be
local. This expectation, combined with the availability of
many local RNA structure prediction programs such as
mfold and evoFold [19,20], has led to much research on
the effects of local structure on alternative splicing. There
are many examples of local pre-mRNA structures that
regulate alternative splicing, often by preventing spliceo-
somal recognition of the 5 splice site, 3’ splice site, and
branch point sequence elements [17]. More recently,
several groups have performed genome-wide studies of
pre-mRNA structure potential near these core elements.
By combining structure predictions with conservation
information, Shepard and Hertel [21°°] found that con-
served secondary structures are enriched at alternative
splice sites. The genes harboring these elements were
functionally enriched for splicing factors, suggesting that
the presence of these structures may in turn affect the
regulation of genes further downstream in splicing regu-
latory networks. Another recent study showed that
alternative cassette exons are enriched for high GC con-
tent that likely promotes stable RNA structures obscuring
splice sites [22].

Local RNA structures can also affect the availability of
other splicing cs-regulatory elements. One example
comes from the EDA exon of the fibronectin gene. This
cassette exon contains both ESE and ESS elements.
However, Baralle and colleagues found that the function
of these elements in recruiting SR proteins is dependent
on their structural context [23,24]. These types of effects
do not appear to be restricted to specific genes. For
example, Hiller ez a/. [25] used folding prediction pro-
grams to determine the genome-wide likelihood of
known human splicing regulatory elements being
single-stranded or in a base-paired state. There was a
clear tendency of these elements to remain single
stranded, and further experiments showed that seques-
tration of splicing regulatory elements in RNA structures
reduced their regulatory activities. Thus the structural
contexts of splicing regulatory elements affect their regu-
latory activities.

While the above examples highlight the splicing regulat-
ory effects of local RNA structure, long-range interactions
can also affect alternative splicing. Perhaps the most
striking example of RNA structure in alternative splicing
comes from the Drosophila Dscam gene. Dscam encodes a
cell adhesion protein important for fly neuronal wiring
and immune responses. An incredibly large number of
Dscam isoforms, 38,016, can be generated through
mutually exclusive splicing of 4 cassette exon clusters
[26]. The exon 4, 6, 9, and 17 clusters encode 12, 48, 33,
and 2 alternative cassette exons, respectively. The introns
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Secondary structures involved in alternative splicing of the Drosophila Dscam pre-mRNA. (a) Mutually exclusive splicing of the exon 4 cluster.
Schematic diagram of the basepairing interaction between the selector sequence downstream of exon 4.1 and the docking site upstream of exon 5.
This interaction would facilitate splicing between exon 4.1 and exon 5. (b) Mutually exclusive splicing of the exon 6 cluster. Schematic diagram of the
basepairing interaction between the docking site downstream of exon 5 and the selector sequence upstream of exon 6.1. This interaction would
facilitate splicing between exon 5 and exon 6.1. (¢) Mutually exclusive splicing of the exon 9 cluster. Schematic diagram of the basepairing interaction
between the selector sequence downstream of exon 9.1 and the docking site upstream of exon 10. This interaction would facilitate splicing between
exon 9.1 and exon 10. (d) Mutually exclusive splicing of the exon 17 cluster. Schematic diagram indicating the location of the four sequences (A, A, B,
and B') predicted to be involved in basepairing. When sequences A and A’ pair (left) exon 17.1 would be included while when sequences B and B’ pair

(right) exon 17.2 would be included.

within the exon 6 cluster contains highly conserved
sequences with secondary structure potential which could
span several thousand nucleotides [27°°,28]. The first
intron contains a ‘docking’ sequence and subsequent
introns contain selector sequences with varying base-
pairing potentials to the docking site (Figure 3b). This
base-pairing is required for inclusion of exon 6 variants,
and the strength of this pairing interaction contributes to
the frequency of exon 6 variant inclusion [29°]. However
pairing strength alone does not determine exon 6 variant
inclusion frequency, suggesting that other factors have a
large effect in Dscam exon 6 inclusion frequencies.

Initially, the intricate competing RNA secondary struc-
ture mechanism present in the Dscam exon 6 cluster
appeared to be an anomaly — similarly organized RNA
structural elements were not found in the Dscam exon 4 or
9 cluster or in other genes containing large arrays of
mutually exclusive exons. However, recently Yang
et al. [30°°] found functionally analogous structures in
several clusters of multiple mutually exclusive exons
including the exon 4 and 9 clusters of Dscam (Figure
3a and c). All of these new structural elements differed
from the exon 6 structures in that the docking sites are
located in the downstream intron of the cluster, while the
exon 6 docking site is in the upstream intron. None-
theless, in all cases, each variable exon contains a selector

sequence in the adjacent intron that can basepair with the
docking site in a mutually exclusive manner. Importantly,
the sequences of the docking sites and selector sequences
differ significantly between clusters indicating that the
basepairing potential rather than the sequence of these
elements is important. Moreover, the discovery of these
elements in 6 other clusters from 3 genes indicates that
the mechanism initially discovered to ensure mutually
exclusive splicing of the Dscam exon 6 cluster is not an
anomaly, but rather appears to be a common mutually
exclusive splicing mechanism.

Dscam contains other RNA structures involved in alterna-
tive splicing. First, basepairing between two conserved
structural elements called the iStem located in the first
intron of the exon 4 cluster has been shown to be required
for exon 4 inclusion [31]. Second, though the exon 17
cluster contains only two mutually exclusive exons, con-
served sequence elements have been identified that
could explain the mutually exclusive splicing of these
exons [28]. The intron upstream of the first exon 17
variant contains four highly conserved sequences that
can basepair in a mutually exclusive manner (Figure
3d). In one configuration the 3" splice site of exon 17.1
would be accessible and splicing could occur to this exon.
However, in the other configuration, where sequence B
pairs with sequence B/, the 3’ splice site of exon 17.1

Current Opinion in Genetics & Development 2011, 21:373-379

www.sciencedirect.com



RNA structure and the mechanisms of alternative splicing McManus and Graveley 377

would be sequestered and exon 17.2 would be included.
These two structural elements, along with those pre-
viously described, highlight the important role of RNA
structure in alternative splicing and pre-mRNA structure.

Long-range structures may form more frequently and
play a larger role in regulating alternative splicing than
currently appreciated. In support of this, Raker ez /.
[32°°] found evidence for 202 long range structures in
Drosophila introns. Mutation of the sequences in these
proposed structures led to changes in the alternative
splicing of their respective genes. While many of these
sequences were conserved across ~40 million years of
evolution, other sequences are not so deeply conserved.
For example, the RNA structures identified by Yang ez a/.
[30°°] involved in mutually exclusive splicing were typi-
cally clade specific and not universally conserved among
Drosophilids. Similarly, the iStem involved in Dscam exon
4 splicing is conserved at the sequence level in species
closely related to D. melanogaster, but only at the structural
level in more distantly related Drosophilids [31]. These
results suggest that higher-resolution comparative geno-
mics may be necessary to reveal structurally conserved
intronic sequences.

Some splicing regulatory mechanisms involve inter-
actions between RNA structures and splicing regulatory
proteins. For example, mutually exclusive splicing of
Dscam exon 6 requires repression of all but one exon,
such that repression is likely the default state. Olson ez @/.
showed that the RNA binding protein hrp36 is required to
repress the inclusion of multiple exon 6 variants, while
several SR proteins likely promote inclusion [33].
Depletion of hrp36 allows multiple inclusion of exon 6
variants. Through an as of yet unknown mechanism, the
docking site-selector sequence RNA structure are pro-
posed to lead to the removal of hrp36 and activation of
exon 6 splicing. Another example of dynamic interactions
between RNA structure and splicing regulatory proteins
comes from the human cardiac troponin T (¢TN'T) gene
[34°]. Splicing of ¢ TN'T exon 5 is regulated by the RNA
binding protein MBNLI1, and this activity requires
MBNLT1 binding at the 3’ end of the upstream intron.
Intriguingly, MBNL1 binding stabilizes a local RNA
hairpin structure, which in turn blocks the association
of the splicing factor U2ZAF65. This dynamic interplay
between splicing regulatory proteins and RNA structural
elements may play a larger role in splicing regulation than
currently known.

RNA structures can also change in response to binding
small molecules, and this may be an important mechan-
ism of splicing regulation. The recent discovery that
riboswitches participate in alternative splicing is one of
the most surprising examples of RNA structure-mediated
splicing regulation. Riboswitches are metabolite-sensing
small RNAs whose structure changes in response to

binding specific small molecules. These structural
changes then mediate changes in transcription and trans-
lation in response to the bound metabolite. Although
nearly all identified riboswitches appear to be restricted
to bacteria, recent studies have identified thiamine pyr-
ophosphate (TPP) binding riboswitches in fungi [35],
algae [36], and plants [37]. In contrast to their bacterial
counterparts, eukaryotic TPP riboswitches affect gene
expression by regulating alternative splicing. These
changes in alternative splicing in response to TPP bind-
ing in turn alter translational regulation [38]. Thus
alternative splicing can be regulated through RNA struc-
tural responses to both regulatory protein and small
molecule binding.

The above examples underscore the importance of pre-
mRNA secondary structure in specific alternative splicing
events. However, the full affects of these structures is
difficult to assess because their 7z vivo conformations are
largely unknown. While RNA folding algorithms are
helpful in identifying potential secondary structures, they
often result in multiple structures of equivalent stability.
In some cases comparative genomics can improve struc-
ture models, but the rapid evolution of intronic sequence
limits the usefulness of this approach. Furthermore, there
may be multiple conformers for a pre-mRNA in different
tissues, dependent upon the presence of tissue-specific
RNA binding proteins. Ultimately, higher resolution
structures of pre-mRNAs would be needed to help under-
stand the relationship between structure and function in
splicing. PARS [39°] and FragSeq [40] use enzymatic
structure probing and high-throughput sequencing to
study RNA structures. This approach and comparative
genomics using more closely related species should reveal
more about pre-mRNA structure, which may prove
invaluable to understanding alternative splicing regula-
tion.

Towards cracking the code

There are two main goals in alternative splicing
research — predicting alternative splicing regulation
from sequence alone (commonly called the ‘splicing
code’), and determining the molecular mechanisms of
alternative splicing. The former would be incredibly
useful towards understanding the splicing regulatory
effects of human polymorphisms, while the latter is
necessary to attempt to design treatments for splicing
related diseases. Barash ¢r a/. [41°°] took an integrative
approach towards the first goal. By combining known and
predicted sequence motifs with primary structural infor-
mation, this group was able to make accurate predictions
of cassette exon usage in four major mouse tissue types.
The success of this approach suggests enormous promise
for future studies of the splicing code. However, these
predictions are currently limited to only one of the four
basic types of alternative splicing, in very broadly cate-
gorized tissue types, and many alternative splicing events
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occur in other tissues or in specialized cell types. Given
the multitude of splicing regulatory roles played by RNA
structural elements, integration of more structural data
may allow for substantial improvements in future iter-
ations of the splicing code.

Conclusions

In summary, the regulation of alternative splicing is much
more complex than was initially imagined. Although
much progress has been made using gene-of-interest
models to understand different alternative splicing mech-
anisms, there is still much that remains unknown. One of
the biggest unknowns is how RNA structure affects
alternative splicing globally. As the research community
builds more sophisticated models of splicing regulation,
we may find a much larger role for local and long-range
RNA structures. Much remains to be done before we can
truly understand how RNA sequences, structures, and
regulatory proteins converge to direct splicing events in
specific tissues and cell types. In the coming years, we
anticipate more systems-level approaches towards under-
standing splicing regulation, especially in regards to the
effects of RNA-structure.
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