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W) Check for updates

The physiology of alternative splicing

diseases.

The first evidence of alternative splicing coincided
with the discovery of splicing in adenovirus transcripts in
1977 (REFS.™). Due to the polycistronic nature of bacte-
rial genes, molecular biologists before 1977 were used
to the idea that a single gene could encode more than
one polypeptide. However, the finding that eukaryotic
genes were organized as a mosaic of exons, which are
represented in the mature mRNA, and of introns, which
are removed from the transcribed pre-mRNA with the
concomitant covalent joining of exons, was as disruptive
as fascinating. In his seminal commentary ‘Why Genes
in Pieces?”, Walter Gilbert immediately realized that
splicing should give rise to differential splice site selec-
tion or alternative splicing, resulting in expansion of the
coding capacity of eukaryotic genes. Whereas in bacteria
each cistron may encode a polypeptide that is completely
different in sequence and function from those of the
other cistrons of the same gene, in eukaryotes the dif-
ferent polypeptides produced from a single gene through
alternative splicing are usually similar but not identical,
and include conserved and divergent regions giving rise
to subtle or radical variations both at the mRNA and
protein levels (FIC. 1a).

It should be noted that splicing and alternative splic-
ing create primarily RNA variants (also referred to as
isoforms) that may or may not give rise to protein vari-
ation. First, splicing is not restricted to genes encoding
mRNAs, but also occurs in non-coding RNA**. Second,
in the case of mRNAs, the first AUG — the first codon
of a translated open reading frame — does not coincide
with the beginning of the first exon and can be embed-
ded farther downstream within the first or even the sec-
ond exon, which also applies to non-AUG start codons
that were shown to be more frequent than expected’.
These facts constitute a big caveat in the oversimplified
statement that exons encode protein and introns do not.

Luciano E. Marasco’2 and Alberto R. Kornblihtt®'®

Abstract | Alternative splicing is a substantial contributor to the high complexity of transcriptomes
of multicellular eukaryotes. In this Review, we discuss the accumulated evidence that most of
this complexity is reflected at the protein level and fundamentally shapes the physiology and
pathology of organisms. This notion is supported not only by genome-wide analyses but, mainly,
by detailed studies showing that global and gene-specific modulations of alternative splicing
regulate highly diverse processes such as tissue-specific and species-specific cell differentiation,
thermal regulation, neuron self-avoidance, infrared sensing, the Warburg effect, maintenance of
telomere length, cancer and autism spectrum disorders (ASD). We also discuss how mastering the
control of alternative splicing paved the way to clinically approved therapies for hereditary

Exons of genes that do not encode protein are as bona
fide exons as those of genes that do encode protein. But
most importantly, at mRNA 5" and 3’ ends, exons har-
bour untranslated regions that may never encode an
amino acid stretch. Therefore, exons more accurately
should be considered portions of a gene that are repre-
sented in the mature RNA, whereas introns are portions
that are absent from the mature RNA, as stated by the
National Human Genome Research Institute, National
Institutes of Health (NIH). Of course, due to the dif-
ferent modes of alternative splicing, in particular in the
selection of alternative 5’ or 3’ splice sites, a portion of
an intron may become part of an exon and vice versa.
Since the publication of the classical review by Smith
and Valcarcel’, many comprehensive reviews have been
published on the mechanisms of splicing and the regu-
lation and roles of alternative splicing’"". In this Review,
we aim not to revisit these subjects but to discuss the evi-
dence supporting, and controversies about, the adaptive
value and the physio-pathological roles of alternative
pre-mRNA splicing, focusing on animals. During the first
decades after the discovery of alternative splicing, many
specific alternative splicing events were studied individ-
ually in depth, both functionally and mechanistically'®.
However, it was only following the revolution of next-
generation sequencing and genome-wide methodol-
ogies that biologists realized that alternative splicing was
more a rule than an exception in multicellular organisms,
taking place in about 95% of human genes'**". This com-
pelling evidence posed the question of how much of alter-
native splicing, if not all, is just noise, or in other words,
how much of alternative splicing contributes to proteomic
diversity, cell fate and differentiation, organism homeo-
stasis and disease. We discuss this question extensively in
this Review. Following an overview of the basic mecha-
nisms of alternative splicing, we focus on different aspects
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Fig. 1| Principles of alternative splicing. a| Two different strategies to
increase the coding capacity of genes. In prokaryotes (left), most genes
encode a single mRNA molecule that includes more than one translation
open reading frame (cistron). The different cistrons encode proteins with
different amino acid sequences and functions, sometimes related to
the same metabolic or regulatory pathway. In eukaryotes (right), most
RNA polymerase Il (Pol ll)-transcribed genes are monocistronic, but most are
able to encode more than one mRNA through alternative splicing and other
mechanisms. The panelillustrates alternative splicing of a cassette exon,
which gives rise to two similar but not identical mRNAs and proteins.
b | Two-step splicing reaction, showing a pre-mRNA segment labelled with
the consensus sequences of the splicing ‘donor’ (5 splice site), ‘acceptor’
(3" splice site) and branch sites. The first step (1) is a transesterification
reaction, in which the 2'OH of the ribose of the adenine at the branch site
performs a nucleophilic attack on the nucleotide at the 5" end of the intron,
forming a lariat intermediate through a 2’5" intra-intronic covalent bond.
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The second step (2) is another transesterification reaction, in which the
3’OH of the ribose of the released 5" exon performs a nucleophilic attack
on the nucleotide at the 3’ end of the intron with the subsequent covalent
joining of the two exons and the release of the intron lariat. ¢ | A pre-mRNA
segment depicting cis-acting elements that control inclusion of a cassette
exon with a weak or suboptimal 3’ splice site (weak acceptor, A). Promotion
of the use of the weak acceptor will lead to inclusion of the alternative exon.
Repression of the use of the acceptor will lead to inhibition of inclusion of
the alternative exon. d | Constitutive splicing (top) and five different modes
of alternative splicing. Constitutive splicing generally takes place when
all splice sites are optimal. However, it may also occur in exons with
suboptimal splice sites but with strong splicing enhancers'*®. (A),,
polyadenylation tail; ATG, AUG, translation initiation codon; D, donor;
ESE, exonic splicing enhancer; ESS, exonic spicing silencer; ISE, intronic
splicing enhancer; ISS, intronic splicing silencer; STOP, translation
termination codon.

of alternative splicing functionality and involvement in
physio-pathological processes, and end with discussing
novel successful splicing-correcting therapies.

Principles of alternative splicing

Splicing of eukaryotic RNA polymerase II (Pol II)-
transcribed pre-mRNAs is carried out by the splice-
osome, a megadalton complex that assembles along each
pre-mRNA intron from small nuclear ribonucleoproteins

and a set of auxiliary proteins’. Spliceosome components
recognize and bind to consensus sequences located at
the 5" and 3" ends — the 5 splice site and the 3’ splice
site — of each intron (FIC. 1b) and catalyse two consec-
utive transesterification reactions that end up removing
the intron and covalently joining the adjacent exons.
‘Strong’ splice sites (that is, those more similar to the
consensus sequence) are more efficiently recognized by
spliceosome components and, therefore, typically lead
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Transesterification

The exchange of the organic
group R” of an ester with the
organic group R’ of an alcohol.
In the second step of splicing,
the uncleaved intron 3’ end

is the (phosphodi)ester and the
free exon is the alcohol.
Following the reaction, the free
intron becomes an alcohol and
the joined exons form a
phosphodiester bond.

Cassette exons

Exons that as a whole are
either included in or skipped
from the mature mRNA.

Class | exons

Exons whose inclusion in the
mature mRNA is promoted by
slow, and inhibited by fast,
transcript elongation.

Class Il exons

Exons whose inclusion in the
mature mRNA is inhibited by
slow, and promoted by fast,
transcript elongation.

to constitutive splicing. When a splice site is ‘weak’ or
suboptimal, alternative splicing often occurs, meaning
that the weak site is partially used in intron removal
and exon ligation reactions, and different proportions
of mature mRNA variants arise. The use of splice sites is
not only determined by their intrinsic sequences (opti-
mal or suboptimal) acting in cis but also by proteins
acting in trans, known as splicing factors, that recognize
and bind to specific target sequences located in exons
or introns. These regulatory sequences comprise exonic
splicing enhancers and silencers (ESEs and ESSs) and
intronic splicing enhancers and silencers (ISEs and ISSs)
(FIC. 1¢). In the case of cassette exons, binding of splic-
ing factors such as serine/arginine-rich (SR) proteins
to splicing enhancers can promote use of suboptimal
splice sites and, consequently, exon inclusion, whereas
binding of members of the heterogeneous nuclear ribo-
nucleoprotein (hnRNP) family to splicing silencers can
promote exon skipping, although hnRNPs can also have
the opposite effect depending on the location of their
binding sites relative to the regulated splice sites, which
greatly widens their regulatory potential. This kind
of regulation applies to different modes of alternative
splicing (FIG. 1d).

Alternative splicing is not only regulated by interac-
tions of trans-acting splicing factors with cis-regulatory
sequences present in the pre-mRNA but is also coupled
to transcription by Pol II. Indeed, splicing factors are
recruited to the pre-mRNA co-transcriptionally, which
determines either the occurrence of co-transcriptional
catalysis or the commitment to a post-transcriptional cat-
alytic reaction. Factor recruitment to the nascent
pre-mRNA can be modulated by phosphorylation
of different residues of the carboxy-terminal domain of
Pol II, by different histone post-translational modifica-
tions and by the elongation rate of Pol IT along gene bod-
ies, which may also control the secondary structure of
the nascent pre-mRNA?". The Pol II speed depends on the
degree of chromatin compaction, which in turn depends
on specific histone post-translational modifications.
A complex regulatory mechanism emerges, in which
chromatin®’ and Pol II kinetics are superimposed on
interactions of splicing factors with their target sequences
in the pre-mRNA. According to the kinetic coupling
model, slow elongation can promote either exon inclusion
or skipping, depending on the type of exon and its asso-
ciated sequence features™°. In class | exons, slow elonga-
tion promotes inclusion by improving the recruitment
of inclusion-enhancing splicing factors to the nascent
pre-mRNA, whereas in class Il exons slow elongation
enhances the binding of inclusion-suppressing factors
to their target splicing sites, resulting in exon skipping.
Consequently, elongation-permissive histone modifi-
cations such as acetylated histone H3 Lys9 (H3K9Ac)
at gene bodies promotes skipping of class I exons?”,
whereas elongation-repressive histone modifications
such as dimethylated histone H3 Lys9 (H3K9me2) pro-
motes their inclusion**. Conversely, intragenic H3K9Ac
promotes inclusion of class II exons, and treatments that
inhibit elongation promote their skipping*. The links
between chromatin conformation and alternative splicing
have been recently strengthened by the demonstration

that targeting of catalytically dead Cas9 fused to his-
tone modifying enzymes induces predictable changes in
alternative splicing™.

Separating functional alternative splicing from
noise

Noise has been defined as the stochastic effects in bio-
chemical processes such as transcription and transla-
tion that contribute to phenotypic differences between
cells’’. A key question is how much of the alternative
splicing-generated variation observed at the mRNA level
is also represented at the protein level.

Proteomic analyses. Although genome-wide methodol-
ogies such as RNA sequencing (RNA-seq) and microar-
rays have clearly demonstrated the pervasiveness of
alternative splicing at the transcriptomic level in cells
from multicellular eukaryotes, alternative splicing was
suggested to lack a significant role in generating pro-
teomic complexity*. Evaluation of published data for
liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS) analyses revealed a surpris-
ingly small number of alternatively spliced proteins,
which led the authors of this report to claim that most
protein-coding genes seem to produce a single main
protein®’. The authors provocatively concluded that most
alternative exons are not under selective pressure and
that most annotated mRNA alternative splicing variants
are unlikely to have a function as proteins. A few years
later, the same researchers seemed to have contradicted
their previous statements when analysing tissue-specific
alternative splicing at the protein level”. They manually
curated a set of 255 alternative splicing events detected
by proteomics and found that more than a third of
them had significant tissue-specific differences. These
alternative splicing events were especially abundant in
the nervous system and in muscles, in genes encoding
cytoskeleton or cell adhesion proteins. The authors con-
cluded that conserved tissue-specific alternative splicing
“may have” had a role in the development of the verte-
brate brain and heart™. More recently, and also based on
large proteomic data, the same researchers developed a
bioinformatics tool able to predict the functional impor-
tance of splice isoforms, and reverted to asserting that
85% of alternative exons are unlikely to be relevant™. In
any case, it seems advisable to be cautious when investi-
gating the adaptive value of alternative splicing simply by
analysing the correspondence between alternative splic-
ing isoform abundance of mRNAs and their encoded
proteins at the genome-wide level.

Absence of evidence is not evidence of absence. The above
aphorism is the final line of a letter® that provides
evidence supporting the contrary conclusion to that
provided in REF*. In particular, a major limitation of
applying LC-MS/MS for the detection of protein splicing
variants is its poor coverage and sensitivity, and an addi-
tional, compounding issue is that the models used*™ to
compare levels of expected and observed protein variants
did not take into account additional key technical limita-
tions that contribute to the level of false negatives. One of
these key technical issues is that, in complex samples, the
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Nonsense-mediated decay
(NMD). An mRNA degradation
mechanism that is coupled to
splicing and translation and is
triggered by premature stop
codons.

number of peptides exceeds the number of sequencing
cycles provided by the mass spectrometer, which results
in under-sampling and, subsequently, lack of sensitivity
to peptides originating from alternative splicing protein
isoforms that are variably expressed in different cells.
Importantly, there is also evidence indicating that alter-
natively spliced mRNA isoforms are indeed translated.
Using ribosome profiling, a sensitive method for the
detection of ribosome-engaged mRNAs*, about 75%
of human mRNAs of medium to high abundance with
skipped exons were found to be engaged by ribosomes’.
It was also observed that low-abundance mRNAs that
include alternatively spliced cassette exons and that do
not appear in the ribosome profiling data also dis-
played intron retention, a mode of alternative splic-
ing that is known to promote nuclear retention of the
transcript or, if the mRNA is exported, degradation by
nonsense-mediated decay (NMD)*. These findings are
consistent with the detection of thousands of alternative
splicing mRNA variants in polysome fractions™*.

We note, however, that alternative splicing mRNA
isoforms related to cell fate decisions and differentiation
are highly conserved and exist in parallel to high levels of
species-specific alternative splicing. In fact, most mam-
malian alternative splicing events are species-specific,
are subjected to relaxed selection pressure and corre-
spond to mRNAs of low abundance in certain tissues
but of high abundance in other tissues*', which does
not mean that such mRNAs are not translated or lack
function. To exclude alternative splicing as a generator
of protein diversity would require conducting careful
mass spectrometry experiments in a panoply of differ-
ent cell types to determine whether the major isoforms
detected for each gene in each cell type differ from one
another, even under low sensitivity. In conclusion, we
think that a blind and non-contextualized interpretation
of mass spectrometry data could lead to neglecting the
importance of alternative splicing and other alternative
mRNA maturation processes in shaping protein expres-
sion, as demonstrated by hundreds of studies of indi-
vidual genes over the past four decades, ranging from
sex determination in flies" to infrared sensing in bats®;
from tissue-specific expression of two different pro-
teins encoded by the calcitonin-related polypeptide-a
(CALCA) gene* to switches from membrane-associated
to secreted immunoglobulin®’; and from neuron
self-avoidance’ to the generation of multiple functional
mRNA variants encoding important proteins from a
single HIV genome”. Obviously, none of these selected
examples would exist if the splicing variants were not
translated into protein, which in fact was proved for each
of them.

Relevant global changes in alternative splicing
patterns

A global analysis in steady-state conditions revealed
that protein levels were largely determined by mRNA
concentrations*. Therefore, it is not surprising that, as
happens with transcription, specific patterns in alter-
native splicing become characteristic of specific cell
and tissue phenotypes. In this section we discuss stud-
ies that linked global alternative splicing changes and
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cell proliferation, cancer, autism spectrum disorders
(ASD) and thermal regulation. We also discuss alterna-
tive splicing patterns that are specific of tissues, organs
and species.

Cell proliferation and cancer. The role of alternative
splicing in the control of cell proliferation and cancer has
been studied for decades. In fact, the term ‘cancer spli-
ceome’ was added to other ‘omes’ such as transcriptome,
proteome and interactome, to refer to alternative splic-
ing patterns characteristic of cancer cells”’. In the con-
text of non-cancer cell proliferation, global alternative
splicing patterns are altered during liver regeneration,
which is mainly based on hepatocyte cell division. Liver
regeneration-inducing toxins cause downregulation of
epithelial splicing regulatory protein 2 (ESRP2), which
in turn upregulates the production of a set of ‘neonatal’
splicing isoforms that attenuate the Hippo signalling
pathway that regulates cell proliferation, differentiation,
organ size and tissue homeostasis®. Similarly, overex-
pression in transgenic mice of serine/arginine-rich splic-
ing factor 6 (SRSF6), which is frequently overexpressed
in human skin cancer, causes changes in alternative
splicing of hundreds of genes and induces hyperplasia
of sensitized skin®'.

With respect to cancer, it is not our purpose to cover
the vast literature on the link between alternative splic-
ing and cancer, which has been already thoroughly
reviewed™ ™, but to comment on some selected examples
that involve global changes in alternative splicing pat-
terns. One of the first and best characterized cases is that
of the splicing factor SRSF1 (formerly known as ASF1
or SF2), whose experimental overexpression causes cell
transformation in culture and which is overexpressed in
many human tumour types™*>*°. Due to these observa-
tions, the SRSFI gene qualifies as a proto-oncogene with
the particularity that, being a ubiquitously expressed
splicing factor with a vast number of different mRNA
targets, its overexpression causes massive pathogenic
changes in alternative splicing patterns. Similar effects
have been observed following overexpression of other
SR proteins and of hnRNPs™.

Mutations in genes encoding splicing factors are also
an important source of global changes in alternative
splicing associated with cancer. The most relevant exam-
ples are those related to myeloid malignancies, which
include myelodysplastic syndromes and acute myeloid
leukaemia. The mutation of Pro95 in SRSF2 (formerly
known as SC35), which has high prevalence in chronic
myelomonocytic leukaemia, changes its mRNA target
site specificity and, therefore, alters alternative splicing of
many transcripts, including those of the histone methyl-
transferase EZH2 and of the apoptosis repressor BCOR,
proteins that have been implicated in cancer”’. Although
it is predictable that mutations in genes encoding regu-
latory splicing factors (splicing regulators) contribute to
cancer, it is certainly more surprising to find mutations
in genes encoding core spliceosome components, that
is, proteins that are necessary for splicing of all genes in
all cell types. The latter category includes mutations in
U2 small nuclear RNA auxiliary factor 1 (U2AF1; also
known as U2AF35), the small subunit of U2AFE which is
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Detained introns

Introns that cause the mRNAs
that harbour them to remain in
the nucleus.

involved in recognition of the 3’ splice site, and splicing
factor 3B subunit 1 (SF3B1), a subunit of the U2 small
nuclear ribonucleoprotein. Even more surprising is that
individuals with myelodysplastic syndrome carrying
mutations in SRSF2, U2AF1 or SF3B1 showed similar
alterations in alternative splicing patterns™, revealing tar-
gets common to the three factors despite SRSF2 being a
regulatory splicing factor and U2AF1 and SF3B1 being
constitutive splicing factors. Why mutations in consti-
tutive splicing factors do not affect splicing in general
but, preferentially, cause changes in certain alternative
splicing events is still puzzling and could be partially
explained by redundancy with other factors in secur-
ing efficient constitutive slicing. Another explanation
is based on the report of regulatory functions of core
spliceosome components, which are related to the order
and duration of their recruitment to the spliceosome®.
The authors found that the timing of the recruitment of
core spliceosome factors is important for their regulatory
roles and that ‘late’-recruited factors are predominant
among spliceosome factors with regulatory function.
Thus, owing to the sequential recruitment of splicing
factors, limiting amounts of late-spliceosome compo-
nents could favour alternative splicing at splice sites that
already harbour early complexes that can more efficiently
recruit late factors®. Similar evidence on regulatory roles
of core spliceosome components has been reported not
only in mammalian cells™ but also in yeast®.

In addition to overexpression and mutation, splicing
factor post-translational modifications may also con-
tribute to malignancy. The catalytic activity of protein
arginine N-methyltransferase 5 (PRMT5) is essential for
the survival of acute myeloid leukaemia cells, because the
function of SRSF1 depends on its methylation by PRMT5,
and SRSF1 expression determines a pattern of alterna-
tive splicing of multiple genes that promote leukaemia
cell survival, positioning PRMTS5 inhibitors as potential
therapeutic drugs®. In agreement with PRMTS5 having
a key role in the control of alternative splicing in cancer,
PRMTS5 depletion or inhibition suppresses glioblastoma
tumours in vivo. PRMTS5 deficiency prevents the removal
of detained introns from pre-mRNAs of proliferation
genes, causing cell cycle defects, cell senescence and/or
apoptosis®. Finally, when assessing the roles in cancer
of splicing factors such as SRSF1, it should be noted that
SRSF1 shuttles between the nucleus and the cytoplasm
and whereas in the nucleus it controls splicing, in the
cytoplasm it regulates translation®. This translation
function is so important that preventing SRSF1 export
from the nucleus causes severe developmental defects®’.

Splicing factors that do not belong to the SR and
hnRNP families and whose expression is cell type-specific
were also implicated in cancer through global alternative
splicing changes. The epithelial-specific splicing regula-
tor ESRP2 is highly expressed in primary prostate can-
cer, whose progression is driven by androgens. These
hormones cause the overexpression of ESPR2 and, thus,
induce many alternative splicing events that drive an
epithelial splicing programme characteristic of prostate
cancer cells that correlates with cancer progression®.
Androgen deprivation therapy represses ESRP2 expres-
sion and dampens the epithelial splicing programme,

which is replaced by a normal, mesenchymal splicing
programme®.

Autism spectrum disorders. Microexons are 3-27
nucleotide-long exons whose lengths are usually multi-
ples of three nucleotides, indicating that their inclusion in
the mature mRNA does not disrupt the translation open
reading frame. Through transcriptomic analyses of sev-
eral species and organs, microexons were found to have
the highest evolutionary conservation of sequence and of
inclusion levels relative to other classes of alternative splic-
ing elements®. In the nervous system, microexon inclu-
sion is promoted by the splicing factor serine/arginine
repetitive matrix protein 4 (SRRM4). Microexons of neu-
ral mRNAs are frequently excluded from their mRNAs
in brains of individuals with ASD, which mirrors the
reduced levels of SRRM4 found in these individuals.
The peptide segments encoded by the neural microexons
were consistently found to participate in protein—protein
interactions of proteins involved in neurogenesis and
synaptic functions, which suggests there is a cause—
effect relationship between microexon misregulation and
ASD® (FIC. 2a). Indeed, tissue-specific alternative exons of
any length often encode structurally disordered protein
regions that mediate protein—protein interactions” .
More recently, a study of two microexons in eukar-
yotic translation initiation factor 4yl (eiF4G1) and in
eiF4G3, whose inclusion is disrupted in autism, showed
that their deletion from the corresponding genes specif-
ically upregulates synaptic proteins that control neuron
activity and plasticity, thereby mimicking the phenotype
of activated neurons”. Mice lacking the eiF4G1 micro-
exon, in particular, display behavioural and memory defi-
cits. In another study, skipping of the neuronal-specific
microexon 4 in the mRNA of cytoplasmic polyadeny-
lation element binding protein 4 (CPEB4) is predom-
inant in individuals with ASD. CPEB proteins bind to
specific mRNAs and control the length of their poly(A)
tails through deadenylation. In individuals with ASD,
CPEB4 binds to mRNAs of most high-confidence ASD
genes. The splicing isoform of CPEB4 lacking microexon
4 inhibits translation of the ASD mRNAs, thereby mim-
icking the effects of disruptive mutations in these ASD
genes”. These eiF4G and CPEB4 examples illustrate how
alternative splicing of microexons regulates global mRNA
translation in neurons and controls cognitive functions.
Although mutations in various genes have been
reported to increase the risk of autism, discussions of
the genetic versus environmental aetiology of the con-
dition are still alive. A surprising finding seems to rein-
force the environmental aetiology hypothesis. The gut
microbiome differs between individuals with ASD and
typically developing individuals. Transplantation of gut
microbiota from typically developing individuals or
individuals with ASD to germ-free mice revealed that
colonization with the ASD microbiota induced autistic
behaviours in the mice”. Importantly, RNA-seq analysis
of the mouse brains showed few changes in gene expres-
sion levels, but alteration of more than 500 alternative
splicing events, 52 of which were previously character-
ized as strictly related to autism. How can bacteria that
reside in the gut affect brain function? The prevailing
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hypothesis is that metabolites produced by the micro-
biota act on the nervous system as neurotransmitters.
Two of these metabolites, 5-aminovaleric acid and
taurine, act as y-aminobutyric acid A (GABA,,)-receptor
agonists and their levels are increased in the colons of
mice transplanted with typically developing microbiota,

REVIEWS

Fig. 2 | Examples of biologically relevant alternative
splicing and its mode of regulation. a | Autism spectrum
disorders (ASD). High levels of the splicing factor serine/
arginine repetitive matrix protein 4 (SRRM4) promote
inclusion of microexons in various mMRNAs expressed in
the central nervous system, which is associated with low
risk of ASD. Protein segments encoded by microexons
participate in physiological protein—protein interactions.
Inindividuals with ASD, low levels of SRRM4 cause
skipping of microexons, thereby disrupting protein—
protein interactions®. b | Body temperature. The serine/
arginine-rich (SR) protein kinase CDC-like kinase 1 (CLK1)
is a thermosensor that globally regulates alternative
splicing. At 35 °C, the activation domain of CLK1 promotes
its enzymatic activity, resulting in phosphorylation of
different SR proteins, which in turn enhance inclusion of
alternative exons in many genes. By contrast, at 38 °C

the activation domain becomes flexible and loses its
activating capacity, resulting in SR protein hypophospho-
rylation and global perturbation of alternative splicing’’.
c| Circadian rhythms in Drosophila melanogaster. The
gene tim controls the circadian locomotor activity of fruit
flies through the expression of three mRNA splicing
isoforms encoding three protein variants: Tim-short&cold,
Tim-cold and Tim-medium. The respective mRNA isoforms
include introns 10, 16 and 13, which all contain a premature
stop codon (STOP). When flies are at 18 °C, expression

of Tim-short&cold and Tim-cold is predominant, which
promotes a high day/night ratio of locomotor activity with
no midday siesta. At 29 °C, expression of Tim-medium is
predominant, which promotes a low day/night ratio of
locomotor activity, including a siesta in the middle of the
hot day”’. (A),, polyadenylation tail; E1, exon 1.

but depleted in mice transplanted with ASD microbiota.
Consistently, treatment of an ASD mouse model with
these metabolites mitigates the ASD-like behavioural
abnormalities and reduces neuronal excitability in the
brain”'. Whether these metabolites reverse brain changes
in alternative splicing patterns remains to be investigated.

Regulation of body temperature. SR protein activity is
regulated by phosphorylation and dephosphorylation
cycles. A set of key protein kinases that phosphorylate
SR proteins belong to the family of CDC-like kinases
(CLKs). A recent study discovered that the catalytic
activity of CLK1 is highly responsive to physiological
changes in body temperature of just 1-2°C, and that
CLKs may act as temperature sensors that globally con-
trol alternative splicing patterns’. CLK1 activity is more
than fivefold higher at 35°C than at 38 °C in human cells
and in cell-free extracts, which is counter-intuitive to
the thermodynamics of enzymatic activity. The reason
is that, as revealed by molecular dynamics simulations
of the known kinase structures at different temperatures,
the 25 amino acid activation domain of CLK1 becomes
more flexible at high temperatures, which reversibly
inhibits the kinase activity”” (FIC. 2b). Temperature does
not affect the structure of the kinase domain, which
indicates that the CLK activation domain is the actual
cellular thermosensor. This conclusion was corroborated
by domain-swapping experiments with SRSF protein
kinases (SRPKs), the other family of protein kinases that
phosphorylate SR proteins but are temperature insensi-
tive: an SRPK with a CLK activation domain becomes
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Peptidergic secretion
The secretion of small
polypeptides with
neurotransmitter activity.

thermo-sensitive and a CLK with an SRPK activation
domain does not respond to temperature changes’. The
study not only shows that the CLK thermosensor is nec-
essary for temperature control of global patterns of gene
expression and alternative splicing but also that in poikil-
otherms — animals that adapt their body temperature
to the ambient temperature — such as alligators, turtles
and the fruitfly Drosophila melanogaster, the CLK homo-
logues are switched off at physiologically relevant high
temperatures as happens with the mammalian CLKs. In
D. melanogaster, for example, a thermo-sensitive alterna-
tive splicing switch is part of locomotor activity control
by the circadian clock. Although flies are diurnal ani-
mals, the circadian clock control allows them to reduce
their locomotor activity on hot days, including a midday
siesta, which is compensated by higher activity at the
beginning and end of the night” (FIC. 2¢).

Alternative splicing profiles characterize the identity
and function of tissues and organs. A seminal paper
compared organ transcriptomes from vertebrates cov-
ering 350 million years of evolution, and demonstrated
that primates have the highest complexity in alternative
splicing and that their alternative splicing profiles overall
evolved such that they are more related to the identity of
the species than to the type of organ”. In other words, the
alternative splicing profile of a human liver resembles
more alternative splicing profiles of other human organs
than the alternative splicing profile of a chimpanzee liver.
Similar conclusions were reached by another study”.
Rapid changes in alternative splicing patterns among
vertebrate species are not only due to DNA sequence
changes in splicing regulatory sequences, but also owing
to specific changes in splicing regulators, as demonstrated
for the role of a mammalian-specific splicing isoform
of the splicing regulator polypyrimidine tract-binding
protein 1 (PTBP1) in shaping a mammalian-like alter-
native splicing profile when expressed in chickens’.
These results highlight the importance of alternative
splicing diversification in shaping molecular and likely
phenotypic differences between species.

Nevertheless, conserved tissue-specific and organ-
specific alternative splicing patterns coexist with
species-specific patterns, and alterations of either may
perturb tissue and organ homeostasis. For instance,
loss-of-function mutations in the gene encoding RNA
binding motif protein 20 (RBM20) cause dilated car-
diomyopathy in humans. Depletion of rat Rbm20 not
only promotes a splicing isoform switch in the sarcomere
protein titin, previously implicated in heart function, but
also alters splicing patterns in a gene set that is enriched
in genes linked to cardiomyopathy, ion homeostasis and
sarcomere biology”’, which highlights the role of alterna-
tive splicing in the pathogenesis of heart failure. Other
examples of tissue-specific and organ-specific alternative
splicing include blood flow-driven changes in alterna-
tive splicing patterns in endothelial cells that are linked
to vascular inflammation’, changes in adipose tissue
alternative splicing patterns caused by diet-induced
obesity” and circadian rhythm-dependent patterns
of alternative splicing in pancreatic cells that control
peptidergic secretion and glucose homeostasis®.

Alternative splicing profiles can, in some cases, better
distinguish between cell types than gene expression pro-
files, for example, in comparisons of data from different
neuronal subtypes across developmental stages®.

Biologically relevant gene-specific alternative
splicing

In this section, we discuss selected examples of how
gene-specific alternative splicing helps shaping various
phenotypic features that do not involve global changes
in alternative splicing patterns.

Two textbook examples. Sometimes it is necessary to go
back to old literature to reaffirm the validity of a questioned
concept such as the functional importance of protein
variants arising from alternative splicing. The textbook
case of the CALCA gene is an excellent example'**.
The gene encodes two proteins — calcitonin and cal-
citonin gene-related peptide 1 (CGRP1) — and is
expressed in the neurons of the hypothalamus and in
the parafollicular cells, also known as C cells, of the thy-
roid gland. A combination of alternative splicing and
alternative cleavage and polyadenylation results in the
production of the CGRPI mRNA in neurons and of
the calcitonin mRNA in thyroid C cells (FIC. 3A).
Although both mRNAs have common and different
coding sequence segments, the polypeptides encoded
by each of them are subjected to cell-specific proteo-
Iytic processes that produce two mature proteins, cal-
citonin and CGRP1, of completely different amino acid
sequence. This case questions any simplification of the
definition of a gene and confirms Frangois Jacobss state-
ment that natural selection is a tinkerer: calcitonin and
CGRP1 are different proteins — they have different
amino acid sequences, structures and functions and are
expressed in different tissues. The only thing they have in
common is that they are encoded by the same gene! No
wonder the neuronal protein has been named ‘calcitonin
gene-related peptide’ and not ‘calcitonin-related peptide’

Another textbook example is that of Down syndrome
cell adhesion molecule (DSCAM) of D. melanogaster'>*.
DSCAM is a neural cell adhesion membrane protein of
the immunoglobulin superfamily. Through a complex
mechanism of alternative splicing of mutually exclusive
exons in four regions of the pre-mRNA, the Dscam gene
can give rise to up to 38,000 different alternative splicing
variants, half of which determine 19,000 different extra-
cellular domains (FIG. 3Ba). Even if we did not know the
underlying mechanism and function of this amazing
number of variants, it is remarkable that the number of
mRNA variants produced by this single gene is higher
than the number of genes in the fly genome (ca. 15,000).
Nevertheless, a theoretical model for the mechanism
underlying the stochastic generation of the multiple
Dscam mRNA variants has been proposed™. Regarding
functionality, this extensive alternative splicing and the
resulting variety of produced proteins is the molecular
basis of neurite self-avoidance, that is, the prevention of
neurites from a given neuron from establishing synapses
within the same neuron, thereby imposing non-self con-
nections that guarantee the establishment and function
of proper neuronal networks. Self-avoidance is achieved
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Fig. 3 | Protein variants arising from alternative splicing. A | One gene,
two very different proteins. The calcitonin-related polypeptide-a (CALCA)
gene encodes both calcitonin in thyroid cells and calcitonin gene-related
peptide 1 (CGRP1)in neurons, through a combination of alternative splicing
and specific proteolysis. Skipping of exon 4 (E4) in thyroid cells produces an
mRNA variant containing E1, E2, E3, E5 and E6, the two latter exons encoding
calcitonin. Translation generates a pre-calcitonin polypeptide that
undergoes proteolytic processing giving rise to calcitonin. In neurons of the
hypothalamus, E4 is included in the mRNA and owing to the presence of a
cleavage and polyadenylation site (PAS) in the exon, E5 and E6 are excluded
from the mRNA. Translation generates a pre-CGRP1 polypeptide, which
following proteolytic processing gives rise to CGRP1 (REFS.***). B| One gene,
thousands of mRNAs. Ba| Schematic diagram of the Drosophila melanogaster
Down syndrome cell adhesion molecule (Dscam) gene, showing four regions
of mutually exclusive alternatively spliced exons®’. The number of possible
variants is indicated below each region. For example, the E4 region

comprises 12 exons (E4,—E4,,) but owing to the mutually exclusive mode of
splicing, if any of these 12 exons is included in the mature mRNA, the other
11 are excluded from it. Inclusion of a particular exon in each of the 4 regions
is stochastic, which can give rise to 38,000 different mRNA variants, of which
19,000 correspond to different extracellular domains. Bb-Bd | Mechanism of
neuron self-avoidance in D. melanogaster: two neurons having different sets
of DSCAM variants in their membranes (simplified here with a single colour
for each set) do not recognize each other as self and are allowed to establish
synapses (part Bb); in an extremely unlikely situation of two neurons having
the same DSCAM set in their membranes, synapses would not be established
because the homophilic recognition between the identical extracellular
domains triggers repulsion — however, owing to its unlikeliness, this case
cannot provide the selective pressure required for the existence of the highly
variable DSCAM system (part Bc); instead, the selective advantage of the
DSCAM system is that it guarantees self-avoidance, that is, prevention of
the establishment of a synapsis within the same neuron (part Bd).

because each neuronal cell precursor stochastically
expresses a unique subset of few DSCAM variants in its
membrane, which differs from the subsets of other neu-
rons. Identical DSCAM extracellular domains bind to
each other through homophilic recognition, which pro-
motes repulsion, whereas different extracellular domains
do not bind to each other and allow non-self interactions
(FIG. 3Bb-Bd). The beauty of this sophisticated molecular
strategy is that although self-avoidance requires neurons
to express different sets of DSCAM isoforms, the identity
of the isoforms they express is irrelevant. An analogous
stochastic process that involves neither DSCAM homo-
logues nor alternative splicing operates to guarantee
self-avoidance in vertebrate neurons. The mechanism
involves a random choice of alternative promoters of a set
of clustered genes encoding up to 60 variants of the cell
adhesion protein protocadherin®. The radically different
D. melanogaster and vertebrate mechanisms also illus-
trate the nature of natural selection: it selects phenotypes
(self-avoidance) no matter the genetics underlying them.

Binary splicing switches. Many single-gene, biologically
relevant alternative splicing events involve two optional
isoforms. Perhaps the most spectacular example is infra-
red radiation sensing by vampire bats, which are obligate

blood feeders. Infrared sensing was studied in the vam-
pire bat Desmodus rotundus®, whose geographical dis-
tribution spans from Mexico to Argentina. Detecting
infrared radiation through a pair of specialized pit organs
on the face allows vampire bats to locate warm-blooded
prey such as cattle and chickens. Vampire bats express
the heat-sensitive, non-selective cation channel transient
receptor potential cation channel subfamily V member 1
(TRPV1) in dorsal root ganglia, similar to all vertebrates,
and in the thermal-sensitive fibres of their trigeminal
ganglia, which innervate their facial pits. TRPV1 opens
at temperatures above 43 °C, which allows all verte-
brates to detect noxious heat. Alternative splicing of
TRPV1 mRNA occurring exclusively in the trigeminal
ganglia produces a TRPV1 variant that lacks a segment
of its C-terminal domain, thereby lowering its thermal
activation threshold to 30 °C. This ganglion-specific
splicing enables the bats to ‘see’ heat (prey) while main-
taining the burning-prevention role of TRPV1 in the rest
of their body, thereby evolutionarily avoiding the need
for separate genes to guarantee both food seeking
and burning prevention (FIC. 4a). Unfortunately, the
molecular mechanism of the TRPV1 splicing switch
between dorsal root ganglia and trigeminal ganglia
remains unknown.
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A more recent example of a binary splicing switch
involves telomere length maintenance by the telomerase
complex. Telomerase is highly expressed in embryonic
cells to compensate for telomere shortening owing to

a Desmodus rotundus

W“’

E14 ‘ Ea . E15

/ | I
TRPV1 h) ll l TRPV1 lj ll IJ
¢ Trigeminal ganglia * Dorsal root ganglia 3 3
*>30°C ° >43°C ' C
¢ Infrared sensing e Detecting 7
¢ Feeding noxious heat
¢ Avoiding pain
b Maintenance of telomere lengths
Embryonic hTERT
stem cells

1Translation

RTERT mRNA 5 I A 3’

Transcription + spllcmg

> I

mRNA degradation

"% AW
i\ v

|
0

Telomere shortening

Transcription + splicing

E1 E2
hTERT gene

[ AE2 hTERT mRNA

Diffentiating |
cells

Fig. 4 | Binary splicing switches. a| Vampire bats ‘see” heat projected from their prey
thanks to alternative splicing. The non-selective cation channel transient receptor poten-
tial cation channel subfamily V member 1 (TRPV1) is heat sensitive. Terminals of neurons
emerging from dorsal root ganglia of all vertebrates, including vampire bats, have TRPV1
channels that open at temperatures above 43°C, which allows the detection of noxious
heat. Inclusion of exon 14a (E14a) in the TRPV1 mRNA exclusively in neurons of the trigemi-
nal ganglia of vampire bats introduces a premature translation stop codon (STOP) and
gives rise to a protein that lacks a segment of its carboxy-terminal domain, thereby lower-
ing its temperature threshold to 30 °C and allowing the vampire bats to ‘see’ their warm-
blooded prey (in addition to retaining their ability to sense noxious heat through dorsal
root ganglia)*’. b| Telomere length maintenance. The human telomerase reverse tran-
scriptase (hTERT) gene encodes the protein moiety of the telomerase complex. The levels
of its full-length mRNA and, consequently, of its protein are not only controlled through
transcription (not shown) but also by alternative splicing. Inclusion of hTERT E2 is stimu-
lated by the splicing factor SON in dividing cells such as embryonic stem cells, to benefit
from the maintenance of telomere lengths, which prevents proliferation arrest. In differen-
tiating cells, low levels of SON result in E2 skipping with subsequent hTERT degradation,
which results in telomere shortening®. PAS, cleavage and polyadenylation site.

the substantial number of cell divisions they undergo.
As differentiation proceeds and the number of cell divi-
sions diminishes, telomerase expression is gradually
silenced (to be resumed in cancer cells in support of
their proliferation). Until recently, it was assumed that
transcriptional control of the gene encoding the telomer-
ase reverse transcriptase (TERT), the protein moiety
of telomerase, was the source of developmental changes in
telomerase expression. However, it was recently reported
that alternative splicing of human TERT (hTERT) exon 2
(E2) is more crucial for this process than transcription.
Skipping of E2 triggers decay of "TERT mRNA in differ-
entiated cells and its retention supports telomerase func-
tion in pluripotent cells. The splicing cofactor SON is a
positive regulator of E2 inclusion and an individual with
amutation in the SON gene was found to have insufficient
telomerase and shorter telomeres® (FIG. 4b).

The methyltransferase G9a (also known as EHMT?2)
catalyses H3K9me2, a transcription-silencing modifica-
tion of mammalian euchromatin. The main alternative
splicing event at the G9a gene generates two mature
mRNA isoforms, differing by the inclusion of E10. Our
group has shown that E10 inclusion is upregulated dur-
ing differentiation of mouse neuronal cell lines and in
the developing mouse brain. Without having any clear
binding or catalytic sites, the G9a segment encoded by
E10 increases G9a nuclear localization and activity. The
intrinsically unstructured nature of the protein segment
encoded by E10 is predicted to promote higher expo-
sure of a neighbouring constitutive nuclear localization
signal. Furthermore, H3K9me2 promotes E10 inclusion,
which defines a positive feedback loop that reinforces
the cellular commitment to neuron differentiation®.

Forkhead box protein P1 (FOXP1) is a member of the
forkhead family of transcription factors, which recognize
specific DNA sequences through their forkhead domain.
A landmark study discovered that alternative splicing of
the FOXP1 mutually exclusive E18 and E18b was key
to determining whether cells will behave as pluripotent
embryonic stem cells or engage in a cell-differentiation
programme®. The authors showed that the FOXP1
splicing variant that includes E18 binds preferentially
to the DNA consensus sequence GTAAACA and acti-
vates transcription of differentiation genes, whereas the
variant that includes E18b (named FOXP1-ES) prefers
binding to sites with AATAAACA or CGATACAA
sequences and stimulates the expression of transcription
factor genes required for pluripotency, including OCT4,
NANOG, NR5A2 and GDF3, while repressing transcrip-
tion of the differentiation genes. So, thanks to its capac-
ity to drive the expression of two transcription factors
with different binding specificities, alternative splicing is
paramount to the choice between proliferation and dif-
ferentiation, which is readily related to cancer. However,
in the words of the Roman poet Juvenal: Quis custodiet
ipsos custodes (Who will guard the guards)? The answer
is that upstream of FOXP1 alternative splicing are the
RNA-binding proteins muscleblind-like protein 1
(MBNL1) and MBNL2, which inhibit E18b inclusion
and repress the switch to the embryonic stem cell phe-
notype. Indeed, depletion of MBNL proteins activates
expression of key pluripotency genes and the formation
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of induced pluripotent stem cells from differentiated
cells®.

Another switch between mutually exclusive exons
regulates energy production in cancer cells. In the pres-
ence of oxygen, normal cells convert glucose to pyruvate
through glycolysis and pyruvate is taken by mitochon-
dria to enter the Krebs cycle and produce big amounts of
ATP through oxidative phosphorylation. In the absence
of oxygen, these cells convert pyruvate to lactate in the
cytosol through anaerobic glycolysis completed as lactic
fermentation. Cancer cells, however, consume glucose
more avidly by producing lactate through aerobic gly-
colysis, a process known as the Warburg effect after the
German physiologist who discovered it. The Warburg
effect depends on the glycolysis enzyme pyruvate kinase
(PKM), which converts phosphoenol pyruvate into
pyruvate. Mammals express two PKM splicing isoforms,
PKM1 and PKM2, which differ in the segments encoded
by the mutually exclusive E9 and E10 (both coding for
56 amino acids) of the PKM gene. Inclusion of E9 yields
PKMI, which forms a tetramer and is constitutively
active. Inclusion of E10 yields PKM2, which is more
abundant in embryonic and cancer cells and forms both
an active tetramer and a dimer whose basal activity is
low but can be allosterically activated. Due to its lower
activity, PKM2 provides cancer cells with an advantage
compared with normal cells because the major amount of
glucose present in the cell remains in the form of glycoly-
sis intermediates, which provide the highly proliferating
cells with building blocks for macromolecules such as
nucleotides, amino acids and fatty acids. In other words,
PKM2 expression enhances anabolic pathways needed
for producing new cells”. PKM alternative splicing is con-
trolled by three hnRNP splicing regulators — hnRNPA1,
hnRNPA2 and PTBP1 (also known as hnRNPI) — which,
by binding to target sequences flanking E9, promote E10
inclusion and increase the PKM2 to PKM1 expression
ratio”’. Interestingly, transcription of the genes encoding
these splicing regulators is activated by MYC, a major
transcription factor upregulated in cancer™.

The list of physiologically important alternative splic-
ing switches is vast and we chose to discuss just a few
examples to highlight their functional diversity. Further
reading on this topic may include the roles of two splicing
isoforms of the enzyme hexokinase in hypoxia®, of the
calcium channel Ca,1.2 in heart homeostasis” and of
the transcription factor myocyte-specific enhancer factor 2

in muscle differentiation”.

Therapeutic modulation of alternative splicing
Antisense oligonucleotides (ASOs) are synthetic
single-stranded short RNA or DNA molecules, which
through base-pairing with complementary sequences
in mRNA or pre-mRNA targets affect gene expression.
Several chemical modifications are usually introduced in
ASOs, both in the ribose and in the backbone phosphate
groups in order to improve their stability and half-life in
body fluids (reviewed in REF*). In this section we discuss
only the clinically approved use of ASOs through the
control of alternative splicing, in two hereditary diseases:
spinal muscular atrophy (SMA) and Duchenne muscular
dystrophy (DMD).

REVIEWS

SMA is a motor-neuron disease caused by recessive
mutations in the survival motor neuron 1 (SMNI) gene,
which encodes the SMN protein. Humans have a paralog,
SMN?2, of approximately the same length (~30kbp) result-
ing from duplication of a large part of chromosome 5.
The sequences of SMN1 and SMN2 differ in only 11
nucleotides, including a crucial C> T base change located
in SMN2 E7, which increases its skipping™. The pre-
dominant SMN2 mRNA variant lacks E7 and produces
a truncated and inactive SMN protein. The SMN2 vari-
ant that includes E7 produces the full-length, functional
SMN protein but at low levels that are not sufficient to
compensate for the lack of functional SMN protein in
the absence of the wild type SMNI gene. Both SMN1
and SMN2 pre-mRNAs have a splicing silencer sequence
in intron 7 that is the target site of the splicing silenc-
ing factors hnRNPA1 and hnRNPA2, which promote
E7 skipping in SMN2 (REF.”"). Based on this knowledge,
Krainer and colleagues developed nusinersen (Spinraza),
a splicing-correcting ASO drug approved for clinical use
by the USA Food and Drug Administration (FDA) in
2016 and by the European Medicines Agency (EMA)
in 2017. Nusinersen targets the splicing silencer located in
the SMN2 intron 7 pre-mRNA and, by blocking the
binding of hnRNPA1 and hnRNPA2, promotes E7 inclu-
sion and increases the abundance of SMN. Nusinersen
was the first drug approved for SMA therapy and also
the first splicing-corrective drug™-'".

We have recently added a new layer of regulation of
SMN2 E7 inclusion that may lead to a combined therapy
for SMA'”. We found that SMN2 E7 is a class II alterna-
tive exon, because its inclusion is inhibited by slow, and
stimulated by fast, transcript elongation. We found that
by promoting transcript elongation, histone deacetylase
(HDAC) inhibitors cooperate with a nusinersen-like
ASO to upregulate E7 inclusion. Surprisingly, the ASO
also elicits H3K9me2, a transcription-repressing modifi-
cation, at the SMIN2 gene, thereby creating a roadblock to
Pol II elongation and inhibiting E7 inclusion, which con-
tradicts the positive effect of the ASO in the displacement
of hnRNPA1 and hnRNPA2. By removing the roadblock,
HDAC inhibition counteracts the undesired chromatin
modification effects of the ASO, resulting in higher E7
inclusion'” (FIG. 5). Combined systemic administration of
HDAC inhibitors such as valproic acid (VPA) or trichos-
tatin A with a nusinersen-like ASO in neonate SMA mice
had strong synergistic effects on SMN expression in the
brain, liver, kidney, muscle and spinal cord. Furthermore,
the combined treatment improved growth, survival and
neuromuscular functions in the SMA mice. Thus, HDAC
inhibitors have the potential to increase the clinical effi-
cacy of nusinersen without having large pleiotropic
effects, as demonstrated by genome-wide RNA-seq
analyses of gene expression and alternative splicing'®.

Another therapeutic treatment for SMA has been
recently approved. It is not based on an oligonucleotide
but on a small molecule, risdiplam, that affects snRNA-
5’ splice site base-pairing in the SMN2 pre-mRNA and
promotes E7 inclusion with a subsequent increase in lev-
els of functional SMN protein in the blood'". It would
be interesting to know whether HDAC inhibitors also
increase the clinical efficacy of risdiplam.
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Fig. 5 | Therapeutic modulation of alternative splicing. Regulation of
alternative splicing by splicing factors and chromatin modification towards
a combined therapy for spinal muscular atrophy (SMA)'%. Effects of the
splicing-correcting antisense oligonucleotide (ASO) nusinersen (Spinraza)
on exon 7 (E7) inclusion in the survival motor neuron 2 (SMN2) mRNA are
illustrated. In the absence of histone deacetylase (HDAC) inhibitors (left),
nusinersen has two opposing effects on E7 splicing. On the one hand, it
targets an intronic splicing silencer (ISS) in intron 7, and displaces the
splicing silencing factors heterogeneous nuclear ribonucleoprotein Al
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(hnRNPA1) and hnRNPA2 (A1, A2), thereby favouring E7 inclusion. On the
other hand, nusinersen promotes dimethylation of histone H3 Lys9
(H3K9me?2), which creates a roadblock to transcript elongation by RNA
polymerase Il (Pol ) (not shown), resulting in E7 exclusion. (The latter effect
is due to E7 being a class Il exon, whose inclusion is inhibited by slow
elongation.) In the presence of HDAC inhibitors (right) such as valproic acid
(VPA), the negative, H3K9me2-mediated effect of nusinersen on E7
inclusion is mitigated by their promotion of acetylation of histone H3 Lys9
(H3K9ac) and, thus, of faster Pol Il elongation.

Exon shuffling

A mechanism for the formation
of new genes in eukaryotes
during evolution, usually
through recombination
between introns of different
genes, yielding novel
rearranged genes with altered
functions, without elimination
of the original genes.

DMD is a sex-linked hereditary disease that causes
loss of muscle function due to the lack of the protein
dystrophin. Among the different mutations in the dys-
trophin gene, deletions of a segment encompassing E49
and E50 and their flanking introns account for 13% of
DMD cases'*>'*. These deletions generate an mRNA
in which E48 is joined to E51, which creates a transla-
tion frameshift and a premature stop codon in E51 that
triggers degradation of the mutant mRNA by NMD. A
variant of DMD with much milder symptoms, known as
Becker muscular dystrophy'”, is caused by deletions in
the DMD gene that maintain the open reading frame and
result in a partially functional dystrophin protein with
an internal truncation. Inspired by this protein, a 30-mer
ASO, now known as eteplirsen, was designed that targets
an ESE within E51 and displaces the splicing activators
that bind to it, thereby inhibiting E51 inclusion'”. The
skipping of E51 restores the open reading frame by
merging E48 directly to E52; this mRNA encodes an
internally truncated version of dystrophin that is par-
tially functional and mimics the phenotype of Becker
muscular dystrophy in mice.

Conclusions

It is usually accepted that the two pillars that support
a positive adaptive value of the exon-intron organiza-
tion of eukaryotic genes are exon shuffling and alternative
splicing. For many years after the discovery of alterna-
tive splicing, this mechanism was thought to affect
a limited number of genes with biologically relevant

consequences. The advent of the deep-sequencing tech-
nology applied to mRNAs revealed that most genes have
many splicing variants in more than one region along
their sequence. However, the proteomic studies dis-
cussed above could not find a correspondence between
these mRNA variations and the encoded proteins. In our
opinion, the combination of the extreme sensitivity of
mRNA-seq with the low sensitivity of mass spectrometry
is hampering the evaluation of the biological relevance
of alternative splicing. It is likely that a considerable
portion of the mRNA isoforms detected by RNA-seq
are in such a low concentration that they have no func-
tional, observable role in cells. At the same time, if we
assume that, for example, 50% of the mRNA splicing
variation detected by RNA-seq is functionally relevant,
that variation should be seen in a proteomic study with
high sensitivity. The use of short-read sequencing in
traditional RNA-seq methods limits the assessment of
full-length mRNA isoforms and may also explain the
variations in mRNA and protein isoform detection.
The third-generation sequencing technology, which
produces long reads, appears to be a powerful tool to
re-evaluate the apparent contradiction between tran-
scriptomic and proteomic data, as recently reviewed
elsewhere'®. Another relevant issue is to what extent
NMD contributes to the degradation of mRNA splicing
isoforms. Nearly 15,000 human mRNA alternative splic-
ing variants are annotated as NMD targets in the 2019
Ensembl database'®. This connection is consistent with
the discovery that coupling between alternative splicing
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r-Selection

A type of evolutionary selective
pressure. r-Selected species,
such as bacteria, are small
organisms with short life cycles
and fast maturation that are
able to rapidly populate new
environments.

K-Selection

A type of evolutionary selective
pressure. K-Selected species,
such as pluricellular organisms
with specialized tissues and
organs, are bigger, have longer
life cycles and slow maturation,
and their colonization of new
environments depends on their
ability to adapt physiologically.

and NMD is a widespread process that controls protein
production at the post-transcriptional level'**!!,
Despite representing only the tip of an iceberg of the
accumulated scientific literature, the multiple examples
of alternative splicing discussed in this Review indicate
that the regulation of alternative splicing is as important
as the regulation of transcription in shaping cell pheno-
types and physiology, at least in multicellular eukary-
otes. Unicellular eukaryotes have smaller genomes than
multicellular eukaryotes with few and shorter introns
or no introns at all, which supports shorter life cycles.
The fact that alternative splicing prevails in multicel-
lular eukaryotes but not in unicellular ones cannot be
neglected when assessing a fundamental role for alter-
native splicing in generating complexity. It has been
proposed that ancestral eukaryotes had introns and that
modern unicellular eukaryotes lost a substantial fraction
of them'"” as an adaptation to an r-selection reproductive
strategy. By contrast, in a K-selection strategy typical of

REVIEWS

most multicellular organisms, the alternative splicing
contribution to complexity and physiological adaptation
becomes advantageous. Herein, we focus on animals, but
we should bear in mind that alternative splicing is also
regulated in viruses'” and in the cells infected by them'"’;
in plants''*'"> in response to external cues''; and as part
of circadian rhythms'"”. We wish to support the idea that,
although several alternative splicing events in a given
organism may not show a selective advantage, the exist-
ence of alternative splicing per se has a positive adap-
tive value because it provides a readily available pool of
mRNA variability that can be co-opted during evolution
to generate relevant functional variability without the
need to eliminate existing gene functions or generate
new genes. The above-discussed molecular strategy that
allows infrared sensing in vampire bats is an outstanding
example of the adaptive value of alternative splicing.
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