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Abstract

Almost all polymerase Il transcripts undergo alternative pre-mRNA splicing. Here, we review the
functions of alternative splicing events that have been experimentally determined. The overall
function of alternative splicing is to increase the diversity of mMRNAs expressed from the genome.
Alternative splicing changes proteins encoded by mRNAs, which has profound functional effects.
Experimental analysis of these protein isoforms showed that alternative splicing regulates binding
between proteins, between proteins and nucleic acids as well as between proteins and membranes.
Alternative splicing regulates the localization of proteins, their enzymatic properties and their
interaction with ligands. In most cases, changes caused by individual splicing isoforms are small.
However, cells typically coordinate numerous changes in “splicing programs’, which can have
strong effects on cell proliferation, cell survival and properties of the nervous system. Due to its
widespread usage and molecular versatility, alternative splicing emerges as a central element in
gene regulation that interferes with almost every biological function analyzed.
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1.0 Introduction

The comparison of mMRNA with genomic sequences in the late 1970s showed that prior to
the export into the cytosol, viral sequences are removed from the pre-mRNA and the
remaining sequences are joined together (Berget et al., 1977; Chow et al., 1977). It was
quickly found that almost all mammalian polymerase 1 transcripts undergo this process,
called pre-mRNA splicing. Due to splicing, only a small fraction of sequences from the
primary transcripts are joined together and exported as exons into the cytosol, forming the
mature mRNA. The majority of intervening sequences (introns) remain in the nucleus where
they are subsequently degraded (reviewed in (Sharp, 2005)). It is now clear that the vast
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majority of pre-mRNAs contain exons that can be alternatively included into the mature
mRNA or removed from it, which is called alternative splicing.

Frequently transcripts contain several alternative exons and their usage can be combined,
largely increasing the diversity of the mRNA expressed from the genome and giving
alternative splicing a central role in forming complex organisms. Alternative splicing
patterns constantly change under physiological conditions, allowing an organism to respond
to changes in the environment by determining which part of the genome it expresses. Most
of the changes in alternative splicing are studied in artificial experimental systems, but
alternative exon usage changes in real life scenarios. The stress of exams on medical
students causes a change in alternative pre-mRNA splicing of the phosphatidylinositol 3-
kinase-related protein kinase (SMG-1). This change may have later effects on nonsense-
mediated RNA decay and the p53 pathway (Kurokawa et al., 2010).

Alternative splicing can play a role even before life and after death. The importance of
alternative splicing before fertilization is illustrated by Nitric Oxide Synthase 1 where
splicing isoforms are involved in controlling the erectile function (Hurt et al., 2006). The
role after death is shown by the poor meat quality of turkeys that underwent transport and
heat stress prior to slaughtering. This stress changes the splicing patterns of ryanodine
receptors, ultimaltey leading to an increase of water content in the meat and lowering the
quality (Strasburg and Chiang, 2009).

A change in alternative splicing can lead to human diseases, as summarized in section 3.1.4.
However, changes in alternative splicing can be exploited for useful purposes, as they could
be part of a pest control approach that generates male flies with a splicing defect eliminating
female offspring (Fu et al., 2007).

Most of the splicing isoforms are only known through sequence comparison. The realization
of alternative splicing's importance resulted in more functional studies of alternative exons
reviewed here. This paper extends an earlier review published about seven years ago (Stamm
et al., 2005) and shows impressive progress in the field. Functions of alternative exons
published prior to 2005 are not covered here (but can be found in (Stamm et al., 2005)).
They are summarized in Supplemental Figure 1.

Despite more than 20,000 publications dealing with alternative splicing, we still do not know
the function of most alternative exons. However, key features emerge: most changes caused
by alternative splicing are subtle and often hard to detect, changes in alternative splicing of
different genes are controlled by ‘splicing programs’ centered around 50-300 regulatory
proteins that work in combination. These splicing programs controlling different genes can
have drastic physiological effects.

We will first give a brief summary of alternative splicing regulation and then describe
functions of alternative exons that were experimentally determined during the past seven
years.
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2.0 Mechanism of alternative splicing

An alternative exon can only exert a function on the protein level after it is recognized by the
splicing machinery and included in the mRNA. We therefore briefly summarize the
mechanism of alternative pre-mRNA splicing. Previous work resulted in an explosion of
mechanistical insights into alternative splicing regulation, which has been covered in
excellent reviews (Matlin et al., 2005; Li et al., 2007b; Graveley, 2009; Wahl et al., 2009).
Readers interested in a more basic introduction to alternative splicing and RNA are referred
to specialized books covering the subject (Elliott and Ladomery, 2011; Stamm et al., 2012).

Human exons are between 50 and 300 nt in length, averaging about 137 nt (Berget, 1995).
Thus they represent short sequences of the pre-mRNA that are surrounded by larger introns,
which have an average length of 3,400 nt (Deutsch and Long, 1999). A large
macromolecular complex, the spliceosome, recognizes exons and removes the intervening
sequences (introns) while the pre-mRNA is synthesized by RNA polymerase Il in the
nucleus. The spliceosome is composed of at least 170 proteins and five ShRNAs (small
nuclear RNAs) (Behzadnia et al., 2007). Exons are defined by three major sequence
elements: the 5" splice site, the 3" splice site and the branch point (Figure 1). The
spliceosome recognizes these elements and assembles in a stepwise manner on the nascent
pre-mRNA. First, the U1 snRNP binds to the 5" splice site, then splicing factor 1 binds to
the branch point, which facilitates binding of the U2AF factor on the 3" splice site. This E
(early) complex is committed to the splicing reaction by the substitution of SF1 by U2
snRNP, resulting in the prespliceosomal A complex. Through the exchange and recruitment
of more factors, the A complex is transformed into the splicosomal B complex that removes
the intron and joins the exons in a transesterification reaction.

2.1 Common features of alternative exons determined by genome-wide analysis

Alternative spliced exons share the sequence features of constitutively used exons, but, in
general, these sequences deviate more from the consensus sequences (i.e. are weaker), which
implies a lowered affinity to the spliceosome resulting in reduced recognition. The branch
point of constitutive exons is typically within 40 nt of the 3" splice site, but this distance can
be much larger in alternative exons, up to 400 nt. In these cases, there are no AG nucleotides
between the branch point and the 3" splice site, called the AG dinucleotide exclusion zone
(Gooding et al., 2006). The higher phylogenetic conservation of branch points preceeding
alternative exons reflects a difference between constitutive and alternative exons, which
indicates that the cis-elements marking alternative exons are so weak they cannot tolerate
more perturbations (Kol et al., 2005).

Similarly, splice sites and exonic enhancers are generally weaker in alternative exons (Wang
et al., 2005b), an evolutionarily conserved feature (Garg and Green, 2007). This
conservation indicates it is an evolutionary advantage for an exon to be used alternatively.

An important finding of genome-wide analysis was the discovery of evolutionary conserved
intronic regions, which suggests deep intronic regions contribute to splicing regulation
(Sugnet et al., 2006; Yeo et al., 2007), (Sironi et al., 2005; Venables, 2007; Voelker and
Berglund, 2007). These motifs are typically not discovered by in vitro methods that can
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analyze only shorter sequences and could explain the mechanism of action of disease-
causing deep intronic sequences. (Kashima et al., 2007; Spena et al., 2007; Davis et al.,
2009).

regulating alternative splicing

The 5" splice site, the 3" splice site and the branch point sequences follow only loose
consensus sequences. Therefore, additional factors are required for exon recognition, which
are brought into play by RNA sequence elements that can be either exonic or intronic. These
short sequences bind to proteins that stabilize the binding of U1, U2 or SF1 to form the A
complex. Likewise, binding of proteins to splicing silencers that block A complex formation
inhibit exon recognition. The proteotypical exon enhancing proteins are SR-proteins and
contain a domain rich in arginine and serine, called RS-domain. In contrast, most hnRNPs
bind to splicing silencers and inhibit exon recognition. As a general rule, SR-proteins and
SR-domain containing proteins promote exon inclusion and hnRNPs antagonize exon
inclusion. However, there are numerous exceptions to this rule, for example the GTPase
Rac1, where a critical exon is regulated by the completion of two SR-proteins, SRp20 and
ASF/SF2 (Goncalves et al., 2009) and the myosin phosphatase targeting subunit-1
(MYPTL), which is regulated by antagonism between the two hnRNPs PTB and TIA-1
(Shukla et al., 2005). Furthermore, SF2/ASF and htra2-beta, two SR-proteins cause exon
skipping of several exons regulated by ceramide (Sumanasekera et al., 2012).

The active concentration of splicing regulatory proteins can be influenced by the cell
through different expression levels or through sequestration in cellular organelles, which
resulted in the concept that alternative splicing is regulated by the ratios of antagonistic
splicing factors. PTB (polypyrimidine tract binding protein) is an hnRNP and a well-studied
example of the regulation by antagonistic proteins. For example, PTB competes with RBM4
for a CU-rich regulatory element in alpha-tropomyosin (Lin and Tarn, 2005), with TIA1 for
a U-rich cis-element in myosin phosphatase (Shukla et al., 2005) and in FAS (lzquierdo et
al., 2005) with U2AF for regulation in the src gene (Sharma et al., 2005) and with SRp30c
for regulation of the hnRNPA1 gene (Paradis et al., 2007). Antagonism can also occur
among SR-proteins, for example between SRp20 and SF2/ASF in the raclb gene (Goncalves
et al., 2009). Splicing regulatory proteins cannot only antagonize each other, but can also
enhance their action on an exon, where they act like coactivators. This is exemplified by
Fox-3 and PSF that together promote usage of a neuron-specific exon in the myosin heavy
chain (Kim et al., 2011).

The importance of the concentration of splicing factors is further highlighted by the fact that
most splicing factors autoregulate their expression levels, often by generating inactive
variants as seen in FOX proteins (Damianov and Black, 2010), SF2/ASF (Sun et al., 2010)
and tra2-betal (Stoilov et al., 2004). As the splicing factors work within protein, RNA
complexes, their action depends on the binding site's sequence context.

Global analysis of drosophila cells shows that different splicing factors control a variable
number of pre-mRNAs and that many alternative exons are regulated by multiple trans-
acting factors, suggesting the relative ratios of these factors control exon usage (Blanchette
etal., 2005).
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2.3 Emerging role of RNA in alternative splicing reaction

Despite the large progress that has been made in determining the regulation of model exons,
our mechanistical understanding is not complete. The comparison between exonic splicing
regulatory sequences and alternative splicing usage in human and chimpanzee shows that
changes in c/s-elements are not associated with alternative exon variations between the two
species (Irimia et al., 2009), suggesting the existence of other regulatory factors.

The current models of splice site selection outlined in Figure 1 propose proteins as the main
regulators. However, there are less than 50 proteins known that regulate alternative splicing
and less than 300 proteins known that bind RNA (Chen and Manley, 2009; Graveley, 2009),
which contrasts with the more than 2,500 identified transcription factors (Babu et al., 2004).
RNA itself could be involved in this regulation and there is emerging evidence of a larger
role of non-coding RNA in exon selection. These RNA elements can be located on the pre-
MRNA and regulate the binding of U1 snRNP by stabilizing the interaction of U1 with
competing 5" splice sites (Yu et al., 2008). The RNAs can also be generated from other
transcripts and then regulate pre-mRNAs (reviewed in (Khanna and Stamm, 2010)).

miRNAs are a well-studied group of small RNAs and were shown to influence alternative
splicing. For example, miR-124 acts on the splicing regulator PTB (Makeyev et al., 2007)
and influences PTB-dependent splicing events indirectly. miR-10a/10b, miR-28 and
miR-505 target SF2/ASF (Verduci et al., 2010; Meseguer et al., 2011) and influence
SF2/ASF dependent exons. Similarly, miR-23a/b regulates the expression of CUGBP and
ETR-3-like proteins that control the majority of alternative splicing in the developing muscle
(Kalsotra et al., 2010).

Longer RNAs that regulate alternative splicing include MALAT1 that regulates the
phosphorylation of SR-proteins (Tripathi et al., 2010), as well as fragments of snoRNAs that
regulate numerous alternative exons (Kishore et al., 2010).

RNA elements within a pre-mRNA influence splice site selection, often by influencing the
secondary structure (reviewed by (Buratti and Baralle, 2004)). Most proteins regulating
alternative splicing bind to single stranded RNA and changing the RNA structure can
“mask” such binding sites by forming double-stranded RNA structures (Hiller et al., 2007b).
The effect of secondary structure is well studied for the DSCAM pre-mRNA, where the
structure of the pre-mRNA regulates alternative exon usage. In the DSCAM pre-mRNA, one
alternative exon is chosen from 48 alternative exons by the formation of a double-stranded
RNA structure between a conserved sequence in the pre-mRNA and the alternative exon
(Graveley, 2005). The 5" splice site of tau exon 10 is possibly determined by its
sequestration in a secondary structure (Varani et al., 1999) that is possibly opened by the
RNA helicase p68/DDX5 (Kar et al., 2011). However, there is experimental evidence that
regulatory proteins contribute to exon 10 regulation by binding near the proposed secondary
structure, which is currently investigated (Wang et al., 2011).

Finally, metabolites can change pre-mRNA structures. Three Neurospora crassa genes
contain a thiamine aptamer in introns located at the 5" end of genes involved in thiamine
metabolism. Two of these introns have alternative 5” splice sites. The thiamine aptamer
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sterically blocks one of the alternative 5” splice sites in the absence of thiamine
pyrophosphate. Upon binding of thiamine phosphate, the aptamer changes its conformation,
making the alternative 5” splice site accessible to the splicing machinery. Thus, a metabolite
can change alternative splicing by changing the secondary structure of a pre-mRNA (Cheah
etal., 2007).

Since not all short non-coding RNAs have been identified, it is likely that RNAs play a
larger role in splice site selection than previously thought. A new cloning method provided
evidence for widespread expression of dsSRNAs in mouse brain, suggesting that pre-mRNA
regulation by antisense RNAs is much more common than previously anticipated (Shen et
al., 2011). tRNAs are another emerging regulation by RNA where the initiator tRNA, devoid
of a loaded methionine, can regulate alternative splicing events that depend on the AUG start
codon for their usage (Kamhi et al., 2010).

2.4 Alternative splicing is integrated with other mechanisms of gene expression

Alternative exon usage is coordinated with other events of gene expression, most notably
transcription. Two models have been suggested for the mechanism: the recruitment model
and the kinetic model. The recruitment model assumes splicing factors assemble at the CTD
(carboxy terminal domain) of RNA polymerase Il and are released onto the nascent pre-
mRNA during transcription. As these factors influence splice sites in a concentration
dependent manner, the pre-loading of the CTD influences alternative exon usage (Das et al.,
2006; Das et al., 2007b). The kinetic model postulates that protein complexes need time to
assemble on an exon, which leads to its recognition. Everything that slows down a
polymerase would give more time for the recruitment of the regulatory complexes and would
favor alternative exon usage, as these exons usually depend more strongly on auxiliary
factors (reviewed in (Kornblihtt, 2006; Kornblihtt, 2007)). The Kinetic model attained
considerable attention as genome-wide studies showed that exons associate with different
histone modifications than introns (Kolasinska-Zwierz et al., 2009). DNA that encodes
constitutive exons shows a higher degree of nucleosome occupancy than alternative exons or
introns (Tilgner et al., 2009; Chen et al., 2010). Furthermore, exons associate with distinct
histone modifications that are at least partially evolutionarily conserved (Andersson et al.,
2009; Kolasinska-Zwierz et al., 2009; Huff et al., 2010). These histone marks could
contribute to the regulation of alternative splicing (Luco et al., 2010). (Reviewed in
(Kornblihtt et al., 2009; Schor et al., 2010)).

Histone modifications are not the only epigenetic modifications associated with alternative
splicing. For example, the methylation pattern of honeybees correlates with splice sites and,
most interestingly, is regulated by the different intake of royal jelly in workers and queens
during development (Lyko et al., 2010). Therefore, it becomes clear that epigenetic
modifications correlate with alternative splicing and influence the process mechanistically.
This should be kept in mind when analyzing the function of alternative exons, as the exon
usage could simply reflect an overall change in chromatin structure that changes alternative
splicing as a ‘side effect’.
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2.5 Global analysis indicates that alternative exons are jointly regulated in networks of

exons

The development of new technologies, especially genome-wide splicing arrays, deep-
sequencing and CLIP (Cross link and immunoprecipitation) analysis (Moore and Silver,
2008; Liu and Elliott, 2010), and the emergence of high-throughput sequencing (Sultan et
al., 2008) provided new insights into the global regulation of alternative exons and their
function. For example, it was found that 76% of all genes are expressed during brain
development, with a striking coordination of alternatively spliced exons that implies they are
functionally relevant (Johnson et al., 2009). Similar coordinated changes in expression of
alternative splicing were observed in a cell model of myogenic differentiation (Bland et al.,
2010): during differentiation of a primary model of human erythrocytes (Yamamoto et al.,
2009), during epithlial mesenchymal transition (Warzecha et al., 2010), during chemically
induced cell death that results in a coordinated change of splicing of apoptotic factors
(Moore et al., 2010) and after stimulation with insulin (Hartmann et al., 2009). The analysis
of these model systems showed that numerous alternative exons changed to achieve a
biological outcome simultaneously. Some of the exons changed under different experimental
conditions could just be co-regulated, without a direct contribution to the phenotype.

Similar to functional networks of alternative exons, there are networks of exons regulated by
a common factor. These exons could be identified by CLIP analysis that shows the in vivo
binding profiles between a protein factor and RNAS, especially when coupled with
microarray analysis that shows functional changes. In the CLIP method, an RNA binding
protein is cross-linked in situ to the pre-mRNA, the complexes are immunoprecipitated, the
RNA isolated and cloned or subjected to direct sequencing in HITS/CLIP. CLIP was
pioneered for NOVA (Ule et al., 2003; Licatalosi et al., 2008; Ruggiu et al., 2009) and has
since been applied to numerous other factors, including TIA-1 (Wang et al., 2010), hnRNPC
(Konig et al., 2010), PTB (Xue et al., 2009; Llorian et al., 2010), SF2/ASF (Sanford et al.,
2009) and FOX2 (Yeo et al., 2009). Functionally, the role of given splicing factors on
alternative splicing have been determined by array analysis after knockdown of a splicing
factor by siRNA. These experiments identified new target genes of splicing factors, as for
SAMG68 (Chawla et al., 2009).

The CLIP method allows detailed evolutionary comparisons. For example, the targets of the
mammalian NOVA-1 and its drosphila ortholog Pasilla have been compared. Interestingly,
NOVA-1 and Pasilla regulate a completely different set of genes in both organisms, but
recognize exons with similarly arranged regulatory sequences. This indicates that sequences
regulated by a splicing factor evolve rapidly, whereas the regulatory principle is highly
conserved (Brooks et al., 2011).

Almost all genome-wide studies of alternative splicing are based on assays that detect
changes in mMRNA expression. As protein expression from RNA is regulated by a wide
variety of mechanisms, such as miRNA action, nonsense-mediated decay and translational
efficiency, it is important to test whether the proteome reflects the changes in alternative
splicing. The emerging proteomic studies indicate that indeed the proteome reflects the
diversity seen on the RNA level (Tress et al., 2008; Severing et al., 2011).
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Despite the large body of work accumulated in the past 10 years, more amazing features of
the splicing process are being discovered. Trans-splicing, the connection of two different
mMRNAs, has been long known in trypanosomes, but there is evidence it can also occur in
humans and drosphila (Horiuchi and Aigaki, 2006; Al-Balool et al., 2011). Related to trans-
splicing, a rearrangement of exon order different from their genomic order has been
observed (Dixon et al., 2005). Pre-mRNA splicing is strictly a nuclear event, but can occur
in the cytosol of platelets, which are devoid of a nucleus (Denis et al., 2005). Finally, there is
evidence that splicing can bypass the 3" end formation signals and connect the RNA of two
neighboring genes, which could create fusion transcripts from adjacent genes (Frith et al.,
2007).

Most of the mechanistical insight into alternative splicing derived from biochemical
experiments and transfection studies, where the behavior of millons of molecules is
averaged. These studies are now being refined by single molecule analysis. By visualizing
the binding of PTB on its target pre-mRNA, evidence was found that PTB stabilizes RNA
loops that flank an exon (Cherny et al., 2010), which questions earlier studies that proposed
PTB creates one larger loop containing the regulated exon (Wagner and Garcia-Blanco,
2001).

Most of the functional studies of splicing isoforms are performed in cell models that are easy
to manipulate. To obtain a more physiological picuture, an increasing amount of mouse
models has been generated (reviewed in (Moroy and Heyd, 2007)). These studies sometimes
gave surprising results, for example, they generated a mouse line that showed an increased
sensitivity to dioxin (Pohjanvirta, 2009). Similarly, mice expressing only selected mu-
receptors responded to heroin, but not to the chemically related morphine, which reflects the
preference of most human addicts (Pan et al., 2009). More challenging insights can be
expected when functional studies move from cells to whole organisms in the future.

Tremendous progress has been made in determining the mechanisms of splice site selection
and in determining the genome-wide regulation of alternative exons during the past years.
The data suggest that most alternatively spliced isoforms are part of a program that changes
the isoform repertoire of multiple genes. These coordinated changes have to be taken into
account when analyzing the function of a given exon. It is possible that a functional change
is not caused by a single exon, but by the coordinated change of multiple, coregulated
alternative exons. The coregulated exons may not be apparent in an experiment. Now we can
at least start to predict the regulation of exons based on their sequence elements and can
determine exons that are coregulated by a splicing factor experimentally (Das et al., 2007a).
The field can therefore start to analyze the physiological functions of coordinated changes in
alternative splicing.

3.0 Function of alternative splicing

3.1 General principles

The overall function of alternative splicing is to increase the diversity of the mMRNA
expressed from the genome. Due to the combinatorial control mechanisms that regulate

Gene. Author manuscript; available in PMC 2017 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelemen et al.

Page 9

alternative exon recognition, splicing programs coordinate the generation of mMRNA
isoforms from multiple genes. Evolution can select some of these isoforms to fulfill defined
functions. Other isoforms could simply represent co-regulated exons without any direct
function. It is also possible that a specific isoform shows only a functional effect when
expressed with other isoforms generated by a coordinated change in splicing. The magnitude
of alternative splicing regulation ranges from subtle modifications of protein functions, for
example in ion channels to making binary on/off switches, observed in apoptosis genes.

3.1.1 Genome-wide overview of functions—Genome-wide studies indicate protein-
parts encoded by alternative exons are predominantly located in coiled regions on the
outside of the protein. Therefore, alternative exons do not change the general structure of the
protein, but mainly influence local structures on the protein surface (Wang et al., 2005d).
Alternative exons are often located in unstructured protein regions, allowing the introduction
of protein domains without disrupting the overall protein structure (Romero et al., 2006).
Together, this indicates the major function of alternative splicing is to modify, but not to
radically change the function of a protein. Evolutionary analysis supports this notion, as
human-mouse comparison shows that short alternative exons preserving the reading frame
are conserved between human and mouse, indicating that small, incremental changes are
caused by alternative splicing (Zhang et al., 2007a).

3.1.2 Alternative splicing as a part of evolution—Alternative splicing is an
evolutionarily old process and likely appeared in the common ancestor of eukaryotes (Irimia
et al., 2007). The function of individual exons can be determined by evolutionary
comparison (reviewed in (Keren et al., 2010)). All comparisons rely on the hypothesis that
functionally important alternative exons will be conserved in evolution. In contrast, non-
functional exons will be eliminated by purifying selection. A frequently used property of
alternative exons is the symmetry of an exon. An exon is symmetric when it can be divided
by three, which indicates it keeps the reading frame. In general, conserved alternative exons
in reading frames are symmetrical, whereas exons in non-protein coding regions and
species-specific exons show a higher fraction of non-symmetrical exons (Magen and Ast,
2005; Xing and Lee, 2005).

The amount of alternative splicing increases from invertebrates to vertebrates (Kim et al.,
2007a), suggesting the generation of new alternative exons could be a driving force in
evolution. A characteristic of primates is the occurrence of Alu elements that comprise about
10% of the human genome (Hasler et al., 2007). These Alu insertions can evolve into exons,
which contribute to generating a more complex transcriptome in primates (Lev-Maor et al.,
2003; Dagan et al., 2004).

Mouse-human comparison showed that about 11% of cassette exons are alternatively used in
one species, but constitutively used in the other species. This demonstrates that alternative
splicing contributes to species-specific differences (Claverie-Martin et al., 2005; Lei and
Vorechovsky, 2005; Pan et al., 2005; Mola et al., 2007). Within one species, alternatively
spliced exons are conserved mostly in the nervous system. In contrast, testis and cancer cell
lines show the least amount of conserved alternative splicing. For testis, this could suggest a
deliberate increase of variation in expression to allow for evolutionary selection. The diverse
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expression of alternative exons in cancer cells could be caused by a general breakdown of
surveillance mechanism, but could also allow the selection of cancer cells likely to grow in
an organism (Kan et al., 2005).

3.1.3 Splicing in individuals—Individuals belonging to the same species show
differences in alternative splicing. When 250 exons from 22 human individuals were
compared, 6 out of 70 alternative exons showed consistent differences among individuals
(Hull et al., 2007). There are now numerous examples, where a certain haplotype contributes
to differences in alternative splicing patterns (Hull et al., 2007; Douglas et al., 2009; lwata et
al., 2009) (reviewed in (Graveley, 2008)). These studies suggest that differences in
alternative splicing patterns contribute to differences in gene expression and phenotypes
among individuals. In the future it will be interesting to see how single nucleotide
polymorphisms contribute to alternative splicing and differences among individuals.

3.1.4 Splicing in disease—Given the widespread functions of alternative splicing, it is
not surprising that aberrant regulation of alternative splicing leads to human disease. This
connection to human health is being increasingly recognized and has been covered in
numerous reviews (Wang and Cooper, 2007; Kim et al., 2008a; Cooper et al., 2009; Tazi et
al., 2009; Barta and Schumperli, 2010; Dhir and Buratti, 2010; Hallegger et al., 2010;
Raponi and Baralle, 2010; Tazi et al., 2010; Ward and Cooper, 2010). In most cases, changes
in alternative splicing are caused by point mutations, which have been collected in databases
(Bechtel et al., 2008b; Bechtel et al., 2008a).

Changes of alternative splicing in cancer cells are well-studied, as a deregulation of
alternative splicing is a hallmark of cancer (Klinck et al., 2008; Venables et al., 2009;
Misquitta-Ali et al., 2011) (reviewed in (Kim et al., 2008b; David and Manley, 2010)).
Several protein isoforms generated by alternative splicing are crucial for cancer progression
and are the subject of experimental therapeutic intervention. For example, the RON tyrosine
kinase gene can generate a constitutively active kinase due to the skipping of an alternative
exon (Collesi et al., 1996). The exon, controlled by the splicing factor SF2/ASF, determines
the epithelial to mesenchymal transition, which is the invasiveness of the cancer cells
(Ghigna et al., 2005). It is now investigated whether manipulating this splicing event
changes tumor progression.

Most tumors rely on anerobic glycolysis for their energy requirements, which acidifies the
surrounding media (Gatenby et al., 2006). Therefore tumors have a lower requirement of
oxygen and a different expression profile than glycolytic enzymes. One of these enzymes is
pyruvate kinase, which is upregulated in some cancer cells (Christofk et al., 2008). Currently
it is controversial whether a splice variant or the total pyruvate kinase is upregulated
(Bluemlein et al., 2011), but functional studies showed a reversal from the embryonic to the
adult splicing forms of pyruvate kinase slows cancer growth in mouse models (Christofk et
al., 2008). The deregulation of pyruvate kinase splicing could indicate a cancer-specific
program, as the trans-acting factors regulating the splicing event are under the control of c-
myc (David et al., 2010) (Clower et al., 2010).
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The lower pH of the tumor's microenvironment influences alternative splicing by changing
the intracellular localization of numerous splicing factors. Most splicing factors are nuclear
under steady state conditions, but they shuttle between the nucleus and the cytosol, typically
driven by phosphorylation (Stamm, 2008). For example, under hypoxia (Daoud et al., 2002)
and chemically induced acidic conditions (Hirschfeld et al., 2009), the splicing factor tra2-
betal accumulates in the cytosol and is depleted in the nucleus. As a result, the splicing of
its target genes is altered. Important for cancer, the matricellular protein Cyr61 (cysteine rich
61) that promotes metastasis changes its splicing pattern to an isoform supporting metastasis
(Hirschfeld et al., 2009). Therefore, changes in the tumor microenvironment could
contribute to the deregulation of alternative splicing in cancer.

Lists of alternative exons deregulated in different cancer cells have been compiled in the
literature (see for example (Xu and Lee, 2003; Klinck et al., 2008; Venables et al., 2009)).

Several neurological diseases are characterized by changes in alternative splicing. One of the
best-investigated diseases is Myotonic Dystrophy type 1 (DM1). There, a CTG expansion in
the 3" untranslated region of the DMPK gene causes a sequestration of two splicing
regulatory proteins: CUGBP1 and MBNLL1. As a result, a network of alternative splicing
events is changed, which causes abnormatilies in heart development and skeletal muscle
(reviewed (Ranum and Cooper, 2006; Poulos et al., 2011)).

3.2 Overall changes of cellular properties

The influence of splice variants on global cellular processes has been studied using
transfection assays that either overexpress or remove a splicing isoform. The readout of
these experiments is typically cell proliferation, which can have a significant physiological
relevance, for example in cancer. However, the detailed molecular mechanisms for the
observed effect remain unclear.

Well-studied examples include apoptosis, where alternative splicing can act like an on/off
switch for several genes encoding pro-apoptotic or anti-apoptotic enzymes. For example,
alternative inclusion of parts of the active center of caspase 3 generates pro- and anti-
apoptotic forms (Vegran et al., 2005). However, the overall contribution of alternative
splicing to apoptosis is more complex, as splice variants can increase (Mosley and Keri,
2006) or inhibit apoptosis (Lee et al., 2010a). The role of splicing isoforms is not absolute,
but depends on the cell type where the isoforms are expressed (Caldas et al., 2007) (Figure
2, Table 1).

The role of intronic SNPs (single nucleotide polymorphism) in modifying alternative
splicing is an emerging area of research. Its potential importance is illustrated by a deep
intronic SNP in the oxidized low-density lipoprotein (lectin-like) receptor 1 gene. The SNP
is associated with exon 5 skipping that correlates with acute coronary syndromes, where the
new shorter variant called LOXIN protects cells from apoptosis. Although it is not fully
clear how the SNP influences splice site selection mechanistically, the example shows that
inherited variations of alternative splicing contribute to complex human diseases (Mango et
al., 2005).
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Alternative splicing isoforms have been implicated in almost all aspects of cancer
development: cell proliferation, cell invasiveness, methylation defects and chemotherapy
resistance. It is often difficult to discern whether a particular splice site selection causes the
observed effect or is merely the result of the cancerous transformation. In addition to
functional examples in Table 1B, extensive isoform profiling of cancer cells has been
performed ((Xu and Lee, 2003; Klinck et al., 2008; Venables et al., 2009)). Related to the
role in cancer development, the role of isoforms in angiogenesis that controls blood supplies
to tumors has been documented.

Similar to molecularly well-characterized examples, different mechanisms are used to
modify cellular processes, for example destabilization of the protein (Lin et al., 2009a),
addition of inserts in functional domains (Vegran et al., 2005; Mosley and Keri, 2006; Krieg
et al., 2009) or activation of signaling pathways (Datta et al., 2006).

Finally, it should be pointed out that not all splicing isoforms have a measurable effect, for
example there was no observable difference between TREX2 isoforms (Chen et al., 2007).
As such negative results are difficult to publish, they are likely under reported.

3.3 Change in transcription factors

Transcription is regulated by the formation of protein complexes on the promoter sequences
of DNA. As these protein complexes are assembled by combining several weak interactions
to form one high-affinity complex, they offer multiple regulation points for alternative
splicing variants that generally have moderate influence on binding to DNA or other proteins
in the complex (Figure 3).

Changes in alternative splicing alter the structure of the transactivation domain, which
influences the activation of RNA polymerase Il in either a negative or positive way (Table 2,
A). Skipping of alternative exons that encode the DNA binding domain leads to transcription
factors that have lost their ability to bind to promoters. These isoforms can either be inactive
(Figure 3, B) or act in a dominant negative way. This is usually achieved by replacing the
transcription factor isoform with a DNA binding domain from the transcription factor
complex (Figure 3, C). Nuclear receptors are particularly well-studied. They typically form
after multimerization of cytosolic receptors initiated by ligand binding that leads to their
translocation into the nucleus. The protein interaction in the multimerization domains is
subject to regulation by alternative splicing and usually leads to inactive variants. However,
typical for alternative splicing regulation, alternative exons do not just inactivate a factor, but
can also modulate its activity (Goodson et al., 2005). Since such effects are subtler, they are
likely under reported (Figure 3, D).

Intracellular and intranuclear localization can be regulated by alternative splicing, which
leads to inactive transcription factors when accumulated in the cytosol. The FOXP2 variants
show a drastic example of such a regulation that also includes sequestration. The loss of the
DNA binding domain results in the cytoplasmic localization of FOXP2 variants. Since these
variants still contain a dimerization domain, they can form complexes in the cytosol, which
downregulates the transcriptional activity of the full-length form (Vernes and Fisher, 2009).
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The effect of alternative splicing is not limited to protein isoforms, but extends to ncRNA
(non-coding RNA). ncRNAs bind to transcription factors where different ncRNA isoforms
generated by alternative splicing can modulate the activity of a transcription factor (Feng et
al., 2006a; Hashimoto et al., 2009a) (Figure 3, E).

Most of the studies were performed by transfection analysis. It is important to keep in mind
that alternative splicing frequently occurs in a cell-type or tissue-specific way, as illustrated
by the MYB gene. The MYB gene modulates transcriptional activities through at least six
alternative exons, which are used differentially in lymphomas and during hematopoetic
differentiation. This example shows how cell-type specific splice site selection can
contribute to cell-type specific transcriptional programs (O'Rourke and Ness, 2008).
Alternative splicing of transcription factor isoforms contributes to regulatable on/off
switches that can be triggered by extracellular signals. For example, the TFII-1 gene in
resting cells generates two isoforms, the cytosolic delta isoform and the nuclear beta
isoform. The beta isoform blocks activation of the c-fos gene. Upon growth factor
stimulation, the beta isoform moves from the nucleus to the cytosol and the delta isoform
from the cytosol to the nucleus. In the nucleus, the delta isoformactivates c-fos (Hakre et al.,
2006). This example also illustrates that changes in transcriptional activity are only visible
after cellular stimulation.

3.4 Change in localization of proteins

Alternative splicing can change the intracellular localization of proteins by altering
localization signals, sequences for post-translational modification or interaction sites with
other proteins (Figure 4). These changes can result in all or nothing effects, for example
when an exon introduces a nuclear localization site (Miyake et al., 2005). More often these
changes are gradual, where alternative exons shift the relative distribution of protein
isoforms among cellular compartments, such as in the ING4 variants (Unoki et al., 2006).
Proteins often acquire new functions in different compartments. For example, the lipin gene
generates a nuclear and a cytoplasmatic variant due to inclusion of an alternative exon. The
nuclear form acts as a transcription factor, whereas the cytosolic form has phosphatidate
(PA) phosphatase activity (Han and Carman, 2010; Zhang et al., 2012) (reviewed in (Csaki
and Reue, 2010)). In this gene, the alternative splicing of the crucial exon is regulated by the
splicing factor tra2-betal, which is downregulated in obese subjects (Pihlajamaki et al.,
2011). This suggests a deregulation of a splicing factor can control fat metabolism by
sending a key regulatory protein into different cellular compartments.

Most of the studies investigating the intracellular localization of splice variants analyze used
tagged cDNA, mostly GFP, myc and Flag tags. In contrast to pre-mRNAs, these cDNA
constructs do not undergo nonsense-mediated decay. It is therefore crucial to test that the
endogenous mMRNAS are actually expressed as a protein.

A special case of localization is the association of proteins with membranes (Table 3, C-E).
By deleting membrane-binding domains, alternative splicing can control membrane
association of proteins. The soluble proteins can either accumulate in the cytosol or be
secreted, depending on their membrane topology. This mostly results in a loss of function of
the normally membrane-bound protein. However, the soluble proteins can have dominant
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effects, as shown in the MET oncogene, where a soluble, secreted form inhibited the
signaling of the membrane-bound form (Tiran et al., 2008). Finally, the localization among
different membrane compartments is regulated by alternative splicing, which leads to the
accumulation of the variants in different cellular organelles (Table 3, D).

A change in localization due to splice site selection can have severe physiological
consequences. For example, unusual intron retention creates a soluble, secreted form of the
erythropoietin receptor that is released into the blood where it competes with the full-length
receptor, which contributes to erythropoietin resistance in end-stage kidney diseases
(Khankin et al., 2010).

3.5 Change in enzymatic properties

Alternative splicing can change enzymatic properties (Figure 5). The best studied class of
enzymes affected by alternative splicing are kinases, which are frequently inactivated by
inclusion or deletion of alternative protein parts in their active center. In most cases, a
change in usage of the alternative exon completely abolishes the activity (Table 4, A).
However, in some cases the activity is only modulated, typically reduced (Ghosh et al.,
2006) (Dolzhanskaya et al., 2006). Frequently, described enzymatic inactive forms are
generated by premature stop codons. Care should be taken in analyzing these isoforms to
ensure the shortened variants are actually expressed as mRNASs as they could be dregraded
(Schneider et al., 2005), typically by NMD (nonsense mediated decay). Other mechanisms
that influence the activity are the control of enzyme secretion or the control of substrate
binding (Lira et al., 2008).

Kinases can be regulated by autoinhibition. A removal of this domain generates
constitutively active enzymes (Table 4, B).

In few instances, alternative isoforms have a dominant negative effect on the active isoform,

which is achieved by the formation of heterodimers (Table 4, C). Finally, alternative splicing
can change the substrate specificity of enzymes, for example in the cytosolic phospholipase

A2 beta (Ghosh et al., 2006).

3.6 Alternative exons that encode protein domains

Alternative exons frequently encode part of protein domains. These exons are usually
identified by database comparison and their function is deduced from the general function of
the domain that is deleted by exon skipping. Table 5 lists examples of identified domains
where a change of binding to a defined interaction partner was not determined. Tables 6 and
2B list changes in binding domains that alter the interaction with DNA, other proteins and
defined ligands. The role of the domain is illustrated in Figure 6.

3.7 Change in binding to other proteins

As most alternative exons are localized on the protein surface, alternative splicing can
regulate the binding to other proteins. Exons can encode complete interaction domains or
part of binding domains, which changes the interaction with other proteins (Table 6, A;
Figure 6A, B). In most cases, the binding affinity is modulated but the binding is not
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abolished completely. Several cases have been reported where a change in alternative
splicing outside a known protein domain changes the interaction with other proteins,
summarized in Table 6, B.

Similar to a change in protein binding is the influence of alternative splicing on binding of
low molecular weight ligands or hormones (Figure 6C). The classical example is the insulin
receptor, where skipping of the alternative exon 11 generates a receptor that shows the
highest affinity for IGF-11 (insulin-like growth factor 11) (reviewed in (Belfiore et al., 2009)).
This system is more complicated in vivo as the insulin receptor and the IGF-IR (insulin-like
growth factor I receptor) can form heterodimers. There is no difference among the splice
variants in these heterodimers (Slaaby et al., 2006), demonstrating the ability of alternative
exons to “fine-tune’ a biological response.

Another interaction regulated by alternative splicing is the binding of proteins to DNA,
which can be controlled by alternative exons in the DNA binding domain, summarized in
Table 2, B. In addition, binding to membranes is influenced by alternative splicing and
changes the localization of the proteins, summarized in Table 3.

3.8 Change in channel proteins

In general, the effects evoked by alternative splicing are relatively small.
Electrophysiological techniques can analyze channel proteins and determine the properties
of a few or even a single molecule. Alternative splicing can change every aspect of ion
channels: gating times, gating voltages, ion sensitivity and inhibition by other substances
(Table 7, Figure 7). Similar to other events generated by alternative splicing, some variants
can exhibit dominant effects, for example variants of the glutamate transporter SLC1A3
(Vallejo-Illarramendi et al., 2005).

3.9 Influence on mMRNA function

Alternative splicing not only occurs in the coding regions of pre-mRNA, but also in the
untranslated regions, summarized in Table 8. An emerging theme is the regulation of mMRNA
stability through miRNAs, which can be affected by alternative splicing of the miRNA-
binding sites, frequently located in the UTR, as has been seen in the SLC11A2 gene
(Andolfo et al., 2010).

3.10 Other functions of alternative exons

Alternative exons were found to change the stability of proteins by different mechanisms,
that includes a change in the C-terminus making proteins more susceptible to degradation, as
seen for the migration and invasion inhibitory protein MIIP (Song et al., 2005) and the
iodotyrosine deiodinase (Gnidehou et al., 2006) (Table 9, A).

3.11 General conclusion

These examples demonstrate that alternative splicing influences almost all aspects of protein
functions, making it a central element in gene expression. Given the widespread usage of
alternative splicing that affects almost every gene, the experimentally verified examples here
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are only the tip of the iceberg. It is likely that genome-wide approaches will unveil new
functions and new regulatory modules in the future.

4.0 Databases for work on alternative splicing

The experimental analysis of splicing problems has been greatly facilitated by user-friendly,
Web-based analysis tools and databases, summarized in Table 10. Databases for alternative
splicing were mostly generated computationally from different species (Table 10, A), but
have also been generated from protein databases (Table 10, B). Importantly, numerous
specialized databases listed in Table 10, B, help in analyzing alternative splicing functions
and are useful to put a splicing event into a bigger picture.

Finally, software tools are available to analyze splicing events, which are listed in Table 10,
C. With a few exceptions listed in Table 10, all resources are available for free on the Web.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CLIP Cross link and immunoprecipitation
CTD carboxy terminal domain
Cyr6l cysteine rich 61

ESE exonic sequence enhancer
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HITS-CLIP High-throughput sequencing of RNA isolated by crosslinking

hnRNP
IR

ISS
NncRNA
NLS
NMD
NoLS
NOVA
NR
PTB
SNP
SR

U2AF

immunoprecipitation

heterogenous ribonuclear proteins
insulin receptor

inhibitory splicing sequence
non-coding RNA

nuclear localization signal
nonsense mediated decay

nucleolar localization signal
neuro-oncological ventral antigen 1
nuclear receptors

polypyrimidine tract binding protein
single nucleotide polymorphism
serine arginine rich

U2 auxillary factor
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Highlights
Almost every human pre-mRNA undergoes alternative splicing

The overall function of alternative splicing is to increase the diversity of
MRNAs expressed from the genome

Changes caused by individual splicing isoforms are typically small

Splicing changes are coordinated, generating significant biological effects
through combination

Alternative splicing interferes with almost every biological function analyzed
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Figure 1. Control elements of alternative exons
The usage of alternative exons is controlled by the combination of multiple factors. A: RNA

polymerase 11 assembles splicing factors on its CTD, which can predetermine the splicing
outcome of a nascent pre-mRNA. This example shows SR-proteins, but other factors
assemble as well. B: Exon boundaries correlate with DNA nucleosome occupancy and
alternative exon usage is influenced by chromatin marks. C: Large intron regions can loop
out to bring exons together. D: An exon is defined by three crucial elements: the branch
point, the 3" splice site and the 5" splice site, which follow consensus sequences indicated.
E: Exons need additional factors to be recognized. These factors bind to exonic or intronic
sequences. In this example, two SR-proteins bind to exonic enhancers (ESE: exonic splicing
enhancer) and help stabilize binding of U2 and U1 snRNP. F: Exon usage can be repressed
by exonic splicing silencers (ESS) and intronic splicing silencers (ISS) that prevent U1 or
U2 snRNP binding. G: RNA secondary structures can mask exonic or intronic splicing
enhancer and silencer, as proteins binding to these RNA elements typically recognize single
stranded RNA. H: small RNAs can bind to splicing regulatory elements located on different
MRNAs.
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on/off switch

apoptosis cancer development
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® 1ysosome angiogenesis

peroxisome
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Figure 2. Overall changes in cellular properties due to alternative splicing

A eukaryotic cell is schematically depicted. Alternative splicing changes protein isoforms

(red half squares) by introducing new protein sequences (yellow) that are encoded by
alternative exons. Changes in global cellular processes are arranged similar to Table 1 that
lists specific examples.
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Figure 3. Changes in transcription factors
The gray box schematically depicts the general structure of a transcription factor complex.

TD: transactivation domain; CF: Co-factor; TF: core transcription factor, DB: DNA binding
domain. Components of transcription factors that undergo alternative splicing with well-
studied effects are indicated in yellow. The numbering (A-F) of the Figure refers to Table 2
that lists specific examples.

A. Change in transactivation domain

B. Loss in DNA binding

C. Generation of dominant negative isoforms, here a factor that lost its DNA binding
domain, but can still compete for cofactors (indicated by arrow).

D. Alternative splicing of nuclear recpetors. In this example, the ligand binding domain is
subject to alternative splicing (yellow area) that interferes with ligand binding (green
pentagon), which regulates translocation of the dimerized receptor complex into the nucleus
(indicated by gray nuclear membrane).

E. The binding of transcriptional cofactors is regulated by alternative splicing.

F. ncRNAs can direct transcription factors to DNA, which is regulated by alternative splicing
of the ncRNAs.
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Figure 4. Changes in intracellular localization due to alternative splicing
A eukaryotic cell is schematically shown. Proteins that undergo alternative splicing are

shown in red, parts encoded by alternative exons are shown in yellow. The Figure is
arranged similar to Table 3, in clockwise arrangement.

A. Change between cytosol and nucleus, typically by altering a nuclear localization signal
(NLS).

B. Change between plasma membrane and cytosol, typically by changing a transmembrane
region (TM).

C. Change between nucleus and membrane associated forms.

D. Generation of soluble, secreted forms, typically by changing a transmembrane region
(TM).

E. Localization between different internal membranes.

F. Localization in the mitochondria, typically by regulating a mitochondrial-targeting signal
(MTS).

Gene. Author manuscript; available in PMC 2017 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kelemen et al. Page 54

A ;Q B o < O
Figure 5. Change of enzymatic activity due to alternative splicing
The alternative exon is shown as a red circle, parts encoded by alternative exons are shown

in yellow. A: The enzyme converts a substrate (circle) into a product (star). B: Alternative
splicing influences the substrate binding, which prevents substrate formation (striped star).
C: Alternative splicing changes the catalytic center (short triangle), which prevents substrate
formation (examples in Table 4A).
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Figure 6. Regulation of protein-protein and protein-ligand interaction by alternative splicing
Examples are given in Table 6, A-B.

A. Alternative splicing of the domain-binding pocket regulates protein interactions.

B. Alternative splicing of domains that bind to binding pockets regulates protein
interactions.

C. Alternative splicing changes binding of a ligand (green pentagon) to a protein (red).
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A B C o
Figure 7. Change of ion channels due to alternative splicing
The ion-channel is shown in red and the channel opening indicated by yellow half circles.

The triangle indicates a ligand-binding site; the ligand is shown as a hexgon. A: Channel in
its open conformation. Dots indicate the flow of ions. B: Alternative splicing changes the
pore, which in this case leads to a larger flux. C: A change in the ligand-binding site
prevents channel opening.
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