
Alternative splicing, through which multiple mRNA 
variants are produced from a single gene, was discovered 
together with splicing itself1,2. Since then, what seemed 
to be an interesting mechanism of expression control 
restricted to a few dozen mammalian genes has matured 
into a fundamental regulatory crossroad between trans
cription and translation. Alternative splicing affects 
nearly 95% of mammalian genes3,4 and multiple regula
tory processes, including chromatin modification and 
signal transduction.

The splicing process is performed by the spliceosome, 
a ribonucleoprotein megaparticle that assembles around 
splice sites at each intron (BOX 1). Each splice site consists 
of a consensus sequence that is recognized by spliceo
somal components, although ‘strong’ splice sites (that is, 
those that are more adjusted to the consensus sequence) 
are more efficiently recognized and used than ‘weak’ 
splice sites, which are suboptimal. It is the vicinity of 
competing strong and weak splice sites along a nascent 
premRNA that leads to alternative splicing.

Transcription of mRNAcoding genes by RNA poly
merase II (Pol II) starts at a nucleotide convention
ally numbered as +1 and proceeds downstream of the 
cleavage/ polyadenylation site of the premRNA to termi
nate at positions and sequences that vary from gene to 
gene5. In this way, the 5ʹ end of the transcript is deter
mined by the +1 nucleotide but its 3ʹ end is not marked by 
the transcriptional termination site but by the cleavage/ 
polyadenylation site. The unspliced mRNA is usually 

known as the primary transcript. However, due to the 
co‑transcriptional nature of splicing (discussed below), for 
most genes the primary transcript is a virtual entity, and 
the actual excision of introns is set by the pace at which 
relevant splicing sites and splicing regulatory sequences 
emerge during transcription. This is particularly crucial 
for alternative splicing.

In this Review, we discuss the emerging features  
of the mechanisms, regulation and biological functions of  
alternative splicing, a rapidly evolving subject that has 
been extensively reviewed in the literature5–8. We focus 
on the mechanisms by which both transcription and 
chromatin structure directly influence splicing events, 
as well as the effects of signalling pathways, the roles in 
disease and the development of gene therapies that are 
based on alternative splicing.

The evolution of alternative splicing
Alternative splicing is more prevalent in multicellular 
than unicellular eukaryotes; unicellular eukaryotes, 
including for example trypanosomes, have mostly 
intronless genes9. In Saccharomyces cerevisiae, introns 
are rather short and only present in a small subset of 
genes, so although splicing exists, alternative splicing is 
very rare10. Alternative splicing is common in inverte
brates, with Drosophila melanogaster being a key example 
that illustrates the biological importance of alternative 
splicing and the extreme expansion in coding capacity 
it provides. In flies, alternative splicing is crucial for sex 
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Abstract | Alternative splicing was discovered simultaneously with splicing over three 
decades ago. Since then, an enormous body of evidence has demonstrated the prevalence of 
alternative splicing in multicellular eukaryotes, its key roles in determining tissue- and 
species-specific differentiation patterns, the multiple post- and co-transcriptional regulatory 
mechanisms that control it, and its causal role in hereditary disease and cancer. The emerging 
evidence places alternative splicing in a central position in the flow of eukaryotic genetic 
information, between transcription and translation, in that it can respond not only to various 
signalling pathways that target the splicing machinery but also to transcription factors and 
chromatin structure.
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determination11 and DSCAM (Down syndrome cell adhe-
sion molecule) encodes more than 38,000 mRNA vari
ants through a complex pattern of alternative splicing in 
four different regions of its premRNA12. Remarkably, 
this single gene produces more protein variants than the 
number of genes that D. melanogaster has. Nonetheless, 
this is an unusual case, and the number of genes that are 
alternatively spliced and the average number of variants 
that are encoded by the whole genome are even higher 
in vertebrates13. The number of proteincoding genes in 
vertebrates is not radically different from the number  
in invertebrates (for example, 20,000 human genes versus 
19,000 genes in Caenorhabditis elegans), so it is reason
able to assume that the prevalence of alternative splicing 
in vertebrates is important for their higher complexity 
(see BOX 2 for discussion of alternative splicing in plants).

The split organization of eukaryotic genes into exons 
and introns and the concomitant evolution of premRNA 
splicing seem to have had at least two advantages. At the 
phylogenetic level, nondisruptive recombination events 
(that is, events that leave the exons intact) at intronic 
sequences allowed proteincoding exons from different 
ancestor genes to be placed together to form new genes. 
Through this mutation process, known as exon shuf
fling14, new genes carry the splicing signals of the ances
tor genes, and the resulting recombined mRNAs have 
high chances of encoding novel functional polypeptides 
that combine, in a single molecule, functional domains 
previously tested by natural selection. The second evo
lutionary advantage is that alternative splicing allows a 
single gene to produce two or more mature mRNA vari
ants that are similar but not identical, greatly expanding 
the coding capacity of eukaryotic genomes.

What makes splicing alternative?
Enhancers, silencers and regulatory proteins. Splice 
sites can be strong or weak depending on how far their 
sequences diverge from the consensus sequence. This 
effectively determines their affinities for cognate splicin g 
factors (BOX 1). In general, strong splice sites lead to consti
tutive splicing and full usage of the site. The percentage of 
usage of weak splice sites varies depending on the cell ular 
context, even at normal saturating levels of spliceosomal 
components. The relative positions of weak and strong 
sites give rise to the different modes of alternative splicing 
including: inclusion of alternative cassette exons; inclu
sion of alternative mutually exclusive cassette exons; use 
of alternative 5ʹ splice sites or alternative 3ʹ splice sites; 
and retention of alternative introns. Alternative ini
tiation of transcription at different promoters and alter
native mRNA cleavage/polyadenylation should not be 
considere d as alternative splicing modes.

The degree to which weak sites are used is regulated 
by both cisregulatory sequences and transacting fac
tors. Cisregulatory sequences include exonic splicin g 
enhancers (ESEs), exonic splicing silencers (ESSs), 
intronic splicing enhancers (ISEs) and intronic splicing 
silencers (ISSs), depending on their locations and on how 
they affect the usage of a splice site (FIG. 1). Trans-acting 
factors function through binding to splicing enhancers 
and silencers and include members of wellcharacterized 

Box 1 | The spliceosome mediates a two-step splicing reaction

During a splicing reaction, the points that will undergo ‘cutting and sewing’ are located 
at the 5ʹ and 3ʹ splice sites that mark the beginning and end of each intron (see the 
figure). These sites, together with the branch site that is located near the 3ʹ splice site, 
contain consensus sequences that are recognized in the pre-mRNA by the small nuclear 
ribonucleoproteins (snRNPs) U1, U2, U4, U5 and U6 and auxiliary factors, including 
U2AF65 and U2AF35. Together, these factors form the spliceosome, a complex 
ribonucleoprotein megaparticle that performs the two transesterification reactions that 
are necessary to excise introns and join together the selected exons. The branch site is 
initially recognized by the branchpoint-binding protein (BBP). The transition from an 
inactive to a catalytically active spliceosome implies a series of snRNP and RNA 
rearrangements, aided by RNA-dependent ATPases and helicases. The first transesterifi-
cation step consists of the nucleophilic attack by the 2’OH group of a key adenosine in 
the branch consensus site on the 5ʹ splice site, resulting in the formation of a branched 
RNA intermediate known as the intron lariat; a subset of snRNPs are released after this 
first step. In the second transesterification step, the 3’OH group of the upstream exon 
attacks the 3ʹ splice site, and this produces the spliced mRNA and the excised intron 
lariat, which is subsequently degraded. There is also a minor form of the spliceosome, 
which works on less than 1% of introns with particular end sequences and is 
characterized by the use of U12, U11, U4atac and U6atac snRNPs125 (for a comprehensive 
review on the composition and functions of the two types of spliceosome, see REF. 126). 
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Cleavage/polyadenylation
Endonucleolytic cleavage at 
the poly(A) site and 
subsequent addition of a 
poly(A) tail at the 3ʹ end  
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The poly(A) site is defined 
by the poly(A) signal, which 
contains the consensus 
sequence AAUAAA.

Co‑transcriptional
Any modification of or addition 
to the mRNA taking place  
while it is still being 
transcribed, that is, before its 
3ʹ end is generated by 
cleavage/polyadenylation.

Exons
Gene segments that are or can 
be present in the mature RNA 
as a consequence of splicing. 
Because mRNA exons also 
harbour 5ʹ and 3ʹ untranslated 
regions (UTRs) and genes 
encoding RNAs other than 
mRNAs may have introns, 
exons cannot be simply 
defined as protein‑coding 
segments.

Nonsense‑mediated 
mRNA decay
(NMD). Mechanism that 
degrades mRNAs harbouring  
a premature translational 
termination codon as a result 
of gene mutation.

Ser/ Argrich and heterogeneous nuclear ribonucleopro
tein (hnRNP) protein families, as well as tissuespecific 
factors such as nPTB and PTB15, NOVA16 and FOX17. 
Some of these factors activate, whereas others inhibit the 
use of splice sites. Many of them can act in both ways 
depending on the sequence and position of the target site 
in the premRNA18.

The multiple roles and mechanisms of action of these 
cisregulatory sequences and transacting factors have 
been extensively studied (for comprehensive reviews, 
see REFS 19–21). The emerging concept is that, if splicing 
occurred only posttranscriptionally, the degree of inclu
sion of an alternative exon would, for example, depend on: 
the intrinsic weakness of its 3ʹ splice site and/ or 5ʹ splice 
site; the presence of different ESEs and ESSs within the 
alternative exon and of ISEs and ISSs in the surroundin g 
introns; the particular secondary structures that may 
expose or hide these sequences22; and the nuclear concen
tration and posttranslational modifications of the cog
nate regulatory proteins. However, the real situation is in 
fact more complex because splicing and alternative splic
ing are coupled to transcription, and factors that regulate 
transcription also affect alternative splicing.

Deciphering an alternative splicing code. The functions 
of most splicing enhancers and silencers were originally 
characterized through individual gene analyses. However, 
these sequences are widely dispersed and repeated 
throughout the genome, which suggests a high degree 
of redundancy and raises the possibility that only a small 
subset of them are effectively involved in alternative 
splicing at any one time. Maps of genomewide splic
ing factor binding, combined with genomewide RNA 
expression analysis that detects levels of alternatively 
spliced variants, have allowed the identification of regu
latory elements that are specific for alternative splicing. 
These inferred combinations of cisregulatory features 
have been assembled into a putative ‘splicing code’ 
that is useful in predicting, for example, variations in 
tissuespecific splicing patterns4.

To assemble a splicing code, an analysis was first per
formed of the extent to which more than 3,600 alterna
tive splicing combinations (consisting of cassette exons) 
occur in four different tissues: the central nervous 
system; muscle; digestive system; and whole embryos 
(including embryonic stem (ES) cells)4. In parallel, a 
compendium of ~1,000 RNA features was compiled that 
included: target sites for known splicing regulators such 
as FOX, nPTB and PTB, NOVA, Mbl, Ser/Argrich splic
ing factor 2 (SRSF2), SRSF5 and SRSF6, QKL, TIA1 and  
TIAR; new motifs including 12 clusters of putative  
and validated exonic and intronic splicing enhancers and 
silencers; short sequences (5–7 nucleotides long) that are 
conserved in introns flanking alternative exons; tran
script structural features such as exon and intron length 
and secondary structures; and whether exon inclusion or 
exclusion introduces premature stop codons, thus trig
gering nonsense‑mediated mRNA decay (NMD). A puta
tive code was then determined by combining features for 
each tissue group that are associated with exon inclusion, 
exon skipping or ‘no change’ in the alternative splicing 
events. Once assembled, the code was tested by extract
ing the same RNA features for a particular alternative 
splicing event.

Another approach, studying changes in exon–intron 
structure during vertebrate evolution, allowed the iden
tification of cisregulatory sequences that became fixed 
during the transition from early vertebrates to mam
mals23. Using this information, an algorithm was devel
oped that proved to be robust for predicting whether 
an exon is constitutive or alternative23. Together, 
these studies show that complex combinations of cis
regulator y elements are often required to control indi
vidual tissuedependent alternative splicing events. The 
splicing code4 shows good rates of prediction when 
comparing relative levels of exon inclusion between two 
different tissues. One limitation of this code analysis is 
that the predicted levels of exon inclusion or exon skip
ping were not completely accurate, most likely because 
other layers of alternative splicing regulation were not 

Box 2 | Alternative splicing in plants

The splicing machinery is mostly conserved between plant and animal cells. RNA sequences that define exon–intron 
boundaries, spliceosome components and splicing factors characteristic of mammalian cells are also present in 
plants132,133. Nevertheless, in plants, splicing exhibits key differences: plant introns are on average shorter and more 
U/A-rich than their animal counterparts; intron retention is the most common alternative splicing event found in plants, 
whereas exon skipping prevails in animals; and the number of genes encoding Ser/Arg-rich proteins is higher in plants 
(for example, there are 18 genes in Arabidopsis thaliana and 22 genes in rice) compared with mammalian cells (for 
example, there are 12 genes in humans)132–134. The extent to which genes are alternatively spliced in A. thaliana was 
known to be smaller than in mammalian cells135. Nevertheless, recent estimates have increased the percentage of genes 
that undergo alternative splicing in A. thaliana from 5% to 60% (REF. 134). The realization that alternative splicing occurs 
at a high frequency in plants was not matched by similar advances in the knowledge of its functional roles and regulatory 
mechanisms. Some key studies indicate that several biotic and abiotic stresses influence splicing decisions136–139 and that 
alternative splicing is important for photosynthesis, defence responses and flowering, among other functions123. A new 
link has also been made to the control of circadian rhythm, as alternative splicing defects produced by a mutation in the 
gene encoding Arg N-methyltransferase 5 (PRMT5) lead to circadian clock defects in A. thaliana140.

Plants are sessile organisms, which forces them to respond and adapt to environmental changes in order to survive. 
As photoautrophs, they are extremely sensitive to light. Light affects many developmental and physiological responses 
during their life cycle141 and regulates approximately 20% of the transcriptome in A. thaliana and rice142. Therefore, light is 
a strong candidate for being an environmental cue that controls alternative splicing, and further investigation into this 
possibility is required.
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included, such as the coupling with transcription and 
the influence of chromatin structure.

Coupling alternative splicing to transcription
Evidence so far indicates that alternative splicing is not 
only regulated by the relative abundance of splicin g 
factors but also by a more complex process involving 
the transcription machinery. Indeed, for many years 
transcription and splicing were thought to be inde
pendent events until a series of biochemical, cyto
logical and functional experiments demonstrated 
that all three processing reactions (that is, capping, 
splicing and cleavage/ polyadenylation) can occur 
cotranscription ally and in certain situations be coupled 
to transcription (FIG. 2).

Co‑transcriptional splicing. The first demonstra
tion that splicing can occur cotranscriptionally was 
achieved using electron microscopy to visualize nascent 
transcripts containing splicing loops24. Deep sequenc
ing analysis of nascent transcripts has provided furthe r 
support for this25, as has the detection of spliced mRNA, 
spliceosomal components and splicing factors in chro
matin fractions of actively transcribed genes before their 
release to the nucleoplasm26–30. Coupling to transcrip
tion can have a positive effect on splicing efficiency. 
For example, in Saccharomyces cerevisiae in which 
most genes have a single short intron, Pol IImediated 
elongation has been shown to pause on the terminal 
exon of a subset of introncontaining genes, and this 
delay in transcription allows for cotranscriptional 
splicing of the single intron31. A minority of budding 
yeast genes have a single long intron and, interestingly, 
pausing of Pol II is more abundant in genes that con
tain short exons than in those containing long exons.  

This suggests that the presence of a long terminal 
exon can compensate for faster elongation and help 
ensure cotranscriptional splicing31. Other studies 
also confirm widespread cotranscriptional splicing 
in mammalian cells32. In vitro experiments revealing 
that Ser/ Argrich proteins enhance splicing efficiency 
only when added before transcription also support 
the idea that cotranscription al splicing is advanta
geous; cotranscriptiona l recruitment of Ser/Argrich 
proteins would prevent binding of inhibitory hnRNPs 
which would otherwise shuttle premRNA molecules 
to mRNA degradatio n complexes33.

Single molecule imaging analysis indicates that, 
although catalysis of constitutive splicing is strictly 
cotranscriptional, this is not always true for alterna
tive splicing34. Specifically, mutations that weaken the 
3ʹ splice site lead to an increase in posttranscriptional 
splicing during alternative splicing. Similarly, alternative 
splicing events in which exon skipping is induced by 
inhibitory factors that bind to intronic 3ʹ regions trigger 
the same transition from a cotranscriptional to a post
transcriptional event. However, these experiments assess 
only the timing of splicing catalysis and do not rule out 
the possibility that these factors controlling alterna
tive splicing might be recruited cotranscriptionall y. 
Consistent with this idea, a striking accumulation of 
incompletely spliced transcripts has been observed in 
the chromatin fraction of macrophages, suggesting that 
transcripts are retained on the chromatin until fully 
spliced35.

Coupling is more than just a co‑transcriptional event. 
Similarly to other premRNA processing events, includ
ing capping, cleavage/polyadenylation and editing, 
splicing is coupled to transcription36,37, in that the two 
processes influence each other through coordinated 
mechanisms. Although cotranscriptional splicing is 
probably necessary for this, it is not sufficient38. In this 
section, we focus on the ways in which transcription can 
influence coupling during alternative splicing. Because 
it is not strictly related to alternative splicing, we will 
not discuss here the increasing evidence indicating 
that coupling is reciprocal and also occurs via effects of 
splicin g on transcription (for key reports on the subject, 
see REFS 39–43).

Early evidence that alternative splicing patterns for a 
single gene differed depending on whether splicing took 
place in vivo (during ongoing RNA synthesis) or in vitro 
(on a premade premRNA template) was suggestive of 
coupling44. The subsequent finding that different Pol II 
promoters placed in front of the same gene elicited dif
ferent proportions of two splicing isoforms45,46 provided 
more conclusive evidence for this. Indeed, promoters46,47, 
transcription factors48,49 and coactivators50–52, transcrip
tional enhancers53, proteins with dual activities such as 
transcription and splicing factors54, chromatin remodel
lers55 and factors affecting chromatin structure56–60 can 
also influence alternative splicing decisions. Two mech
anisms, which are not mutually exclusive, have been 
proposed to explain how coupling works: recruitment 
coupling and kinetic coupling.

Figure 1 | Alternative splicing regulatory sequences and factors. Splicing is 
governed by cis-regulatory sequences in the pre-mRNA (that is, exonic splicing 
enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs) and 
intronic splicing silencers (ISSs)) and two main families of alternative splicing regulatory 
proteins, Ser/Arg-rich proteins (SRs) and heterogeneous nuclear ribonucleoproteins 
(hnRNPs). These regulatory proteins target components of the spliceosome (shown in 
green) that associate with both the 5ʹ and the 3ʹ splice sites flanking the alternative 
exon and can have either activating or inhibitory effects on the recognition and use of 
that site. In addition, interactions among components of the spliceosome that are 
recruited to the 3ʹ and 5ʹ splice sites can mediate exon definition, by, for example, 
ensuring that the recognition of one of these sites by a Ser/Arg-rich protein may 
indirectly stimulate recognition of the other one.
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Recruitment coupling. The first mode of coupling 
involves the recruitment of splicing factors to transcrip
tion sites by the transcription machinery. The Pol II CTD 
(carboxyterminal domain) has a key role in function
ally coupling transcription with factors that affect cap
ping and 3ʹ processing, and this domain has also been 
implicated in alternative splicing61. Several alternative 
splicing factors associate with the Pol II CTD33, although 
it is not yet clear whether these interactions are direct 
or mediated by the nascent mRNA. The role of SRSF3 
(formerly known as SRp20) in promoting inclusion of 
cassette exon 33 in the fibronectin mRNA depends on 
the Pol  II CTD, as a mutant polymerase with a trun
cated CTD abolishes exon 33 inclusion upon SRSF3 
knockdown62 (FIG. 2a). Another classic example of a 
recruitment mechanism is observed for the thermogenic 
activator PGC1 (PPARγ coactivator 1), which modulates 

inclusion of fibronectin exon 25 only if it can bind to the 
promoter of the gene63. More recently, the Mediator com
plex subunit MED23 has been implicated in alternative 
splicing64. The Mediator complex physically links tran
scription factors bound to regulatory DNA sequences 
with general transcription factors at core promoters. A 
large number of RNA processing factors was found to 
bind MED23, including the alternative splicing regula
tor hnRNPL. Moreover, most alternative splicing events 
regulated by hnRNPL were also shown to be regulated by 
MED23 (REF. 64) (FIG. 2b).

Kinetic coupling. Another mechanism by which the tran
scription machinery influences alternative splicing is 
through kinetic coupling. Here, the rate of Pol IImediated 
elongation influences the outcome of splicing by affecting 
the pace at which splice sites and regulatory sequences 

Figure 2 | Different mechanisms can couple transcription with alternative splicing. a | The carboxy-terminal domain 
(CTD) of RNA polymerase II (Pol II) is necessary for the recruitment of Ser/Arg-rich splicing factor 3 (SRSF3), and this 
inhibits inclusion of alternative exons62. b | The basal transcription complex, known as the Mediator complex, associates 
with general transcription factors (GTFs) at promoters and specific transcription factors (TFs) that are bound to gene 
enhancers and recruits the negative splicing factor heterogeneous nuclear ribonucleoprotein L (hnRNPL). This allows 
hnRNPL to inhibit inclusion of an alternative exon during splicing64. c | The transcriptional insulating factor 
CCCTC-binding factor (CTCF) binds to unmethylated CG-rich DNA sequences located downstream of an alternative 
exon, thus creating a roadblock to Pol II-mediated elongation that results in stalling of transcription and favours exon 
inclusion68. d | Through kinetic coupling, the transcription factor complex DBIRD promotes rapid Pol II-mediated 
elongation of A/T-rich gene sequences, which facilitates skipping of alternative exons70. e | Another kinetic coupling 
mechanism occurs following DNA damage that is caused by ultraviolet (UV) light irradiation, which triggers hyper-
phosphorylation of the Pol II CTD. This subsequently inhibits Pol II-mediated elongation and allows inclusion of alternative 
exons82. f | The chromatin remodelling factor SWI/SNF recruits the splicing factor SAM68 during transcription and creates 
an intragenic roadblock that stalls transcriptional elongation and promotes exon inclusion55. In all panels, only the splicing 
variant that is favoured is shown.
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emerge in the nascent premRNA during transcrip
tion (FIG. 3). Sequences that induce Pol II pausing65, or 
drugs66,67 that reduce Pol IImediated elongation, promote 
increased inclusion rates of cassette exons into the mature 
mRNA, whereas drugs that elicit a more open chromatin 
state48,54,57 or elongationpromoting transcription factors49 

increase exon skipping. For example, the DNAbinding 
protein CCCTCbinding factor (CTCF), previously impli
cated in targeting gene insulators, promotes inclusion of an 
alternative exon 5 in CD45 by binding to a target site in 
its downstream intron, which creates a ‘roadblock’ to Pol 
IIinduced elongation (FIG. 2c). Interestingly, DNA meth
ylation of this intronic site prevents CTCF binding, releas
ing Pol II and reverting the effects on exon 5 splicing68,69.

The effects that factors such as CTCF have on alter
native splicing through the induction of pausing during 
elongation may be counterbalanced by factors that enable 
Pol II to overcome these blocks. For example, the DBIRD 
protein complex binds directly to Pol II and promotes 
exclusion of a subset of exons embedded in A/Trich 
sequences, which are sequences that are particularly dif
ficult for Pol II to transcribe (FIG. 2d). Thus, the DBIRD 
complex may facilitate Pol IImediated elongation 
through these A/Trich tracts70.

Perhaps the most direct support for kinetic coupling 
has come from the use of ‘slow’ Pol II mutants that har
bour an amino acid substitution in the catalytic domain of 
its large subunit and show a reduced elongation rate both 
in vitro71 and in vivo72. Transcription by these mutants 
increases fibronectin exon 33 inclusion73, affects the 
choice of alternative 5′ splice sites for BCL-X (B cell lym
phoma X)74 in human cells, regulates alternative splicing 
of ultrabithorax (Ubx) in D. melanogaster73 and modulates 
the inclusion of an artificially created alternative exon in 
yeast10. Furthermore, a global analysis showed that dozens 
of alternative splicing events are affected by treatment of 
human cells with DRB (Dribofuranosylbenzimidazole) 
and camptothecin, two drugs that have been reported to 
inhibit elongation67. Most of the DRB and camptothecin
sensitive genes also displayed increased levels of alterna
tive exon inclusion when transcribed by a slow Pol II 
mutant, compared with wildtype Pol II. By contrast, none 
of the ten DRB and camptothecininsensitive genes were 
affected by the slow Pol II. Thus, these studies support 
the idea that slowing of Pol II can facilitate inclusion of 
alternative exons.

‘First come, first served’ revisited. The influence that 
elongation rates have on splicing can be interpreted as 
being consistent with the ‘first come, first served’ model, 
first postulated 25 years ago75. One interpretation of this 
model is that slow elongation favours the removal of the 
intron that lies upstream of an alternative cassette exon. 
Alternatively, slow elongation might favour the recruit
ment of splicing factors to the upstream exon before the 
downstream exon is synthesized. Once commitment to 
include the exon is achieved, the order of intron removal 
in fact becomes irrelevant (FIG. 3a). This is supported by 
evidence demonstrating that the intron downstream of 
fibronectin exon 33 is excised before the upstream intron 
has been removed28,76. Notably, however, slower elonga
tion induces higher inclusion of exon 33 without affect
ing the order of intron removal, which suggests that slow 
elongation favours the commitment to exon inclusion 
during spliceosome assembly. In light of these findings, 
the original ‘first served’ model could be reinterpreted 
not as ‘first excised’ but as ‘first committed’.

Figure 3 | Dual effects of transcriptional elongation on alternative splicing.  
a | During RNA polymerase II (Pol II)-mediated transcription, fast elongation (left) favours 
the recruitment of the spliceosome to the strong 3ʹ splice site of a downstream intron 
instead of the weak 3ʹ splice site of the upstream intron, which results in exon skipping. 
By contrast, slow elongation (right) favours the recruitment of spliceosome components 
to the upstream intron, which results in splicing commitment and exon inclusion. b | In 
conditions in which both 3ʹ splice sites are equally strong and the upstream intron also 
has a binding site (green) for a splicing factor that inhibits exon inclusion (negative factor 
(NF)), fast elongation of Pol II (left) favours the recruitment of spliceosome components to 
both introns, ensuring exon definition and subsequent exon inclusion. On the contrary, 
slow elongation (right) provides a time window for the negative splicing factor to be 
recruited to its target site before spliceosome components can bind to the 5ʹ splice site 
of the downstream intron and mediate exon definition. This results in exon skipping.
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Histone
Highly basic nuclear protein 
that is a structural component 
of a nucleosome (core histone 
families H2A, H2B, H3 and H4) 
or associates with DNA that 
links nucleosomes (linker 
histone families H1 and H5).

Nucleosome
Repeating unit of eukaryotic 
chromatin that consists of a 
segment of approximately 
147 bp of DNA wound around 
a histone octamer comprising 
two copies of each core histone 
(which are H2A, H2B, H3 
and H4).

In other contexts, slow elongation can also lead to 
higher exon skipping during alternative splicing by cre
ating a window of opportunity for negative regulatory 
splicing factors to bind to their target sequences in the 
upstream intron of the premRNA (FIG. 3b). Several stud
ies have shown that drugs or signals that are known to 
reduce Pol IImediated elongation can promote exon 
skipping events67,77,78. Another example is alternative 
splicing at the CFTR (cystic fibrosis transmembrane 
conductance regulator) locus. Inclusion of the CFTR 
cassette exon 9 is regulated by a UGrepeat polymor
phism, located just upstream of the polypyrimidine tract 
in the 3′ splice site, that is the target site for the negative 
factor ETR3 (REF. 79). Under conditions that that slow 
down Pol IIdependent elongation, including the use of 
a slow Pol II mutant, ETR3 binding to this UGrepeat 
sequence is increased, and it displaces the constitutive 
auxiliary factor U2AF65 from the polypyrimidine tract. 
This hinders the recognition of the CFTR exon 9 as a 
proper exon, and results in skipping of this exon (G.D. 
and A.R.K., unpublished observations). So, the effects 
that kinetic coupling has on splicing depend on the 
microenvironment and the particular combination of 
splicing regulators that are involved.

Modelling kinetic control. Genomewide studies67 clearly 
indicate that not all alternative splicing events are sub
jected to elongation control. Although it seems plausibl e 
that splicing events involving longer introns would be 
more prone to be affected by elongation rates, so far we 
do not know in detail the specific sequence and/or struc
tural features that would render a particular splicing 
event sensitive to elongation. In fact, realtime imaging 
of cotranscriptio nal splicing has demonstrated that the 
observed kinetics of splicing fit better with a mathemati
cal model in which splicing has not one limiting step 
(that is, assembly or catalysis) but three limiting steps, 
one of which occurs at the level of transcriptional elonga
tion80. This model is consistent with the estimated rates 
for Pol IImediated elongation (which is 1.4–4 kb per 
minute)72,81 and, most importantly, the model predicts that 
changes in elongation rates similar to those observed with 
the slow Pol II mutant (which slows elongation by about 
twofold) would have a high impact on alternative splicing 
decisions only if there are three limiting steps that affect 
kinetic coupling (as opposed to only one limiting step).

How physiologically relevant is kinetic control? Evidence 
that kinetic coupling is relevant for the physiopathology 
of mammalian cells is still scarce. Most of the evidence 
discussed above was obtained from studies in cells that 
were transfected with reporter minigenes, Pol II mutants 
or perturbation of endogenous gene splicing events with 
drugs or overexpression of proteins. Although such 
studies are highly instrumental for defining regulatory 
mechanisms, they are somewhat artificial. In an attempt 
to understand the physiological relevance of kinetic 
control, the effects of DNA damage caused by ultra
violet (UV) light irradiation on splicing was assessed. 
Cotranscriptional alternative splicing was shown to 
be affected in a p53independent manner through 

hyperphosphorylation of the Pol II CTD and subse
quent inhibition of transcriptional elongation82 (FIG. 2e). 
Phosphomimetic Pol II CTD mutants not only displayed 
slower elongation but also duplicated the effect of UV 
light irradiation on alternative splicing. Consistent with 
this, the effect of UV light irradiation on splicing could 
be prevented by expression of nonphosphorylatable 
mutants of the Pol II CTD. This regulatory mechanism 
is physiologically important as it can upregulate the pro
apoptotic splicing isoforms of BCLX and caspase 9, 
which would be consistent with the adaptive apoptotic 
response that follows DNA damage.

Moreover, splicing control via kinetic coupling can act 
at a global level. For example, during a stress response, 
this may ensure the coordination between changes in 
mRNA levels and the expression levels of RNA processing 
factors. Indeed, alternative splicing events that are sensi
tive to elongation rate control are significantly increased 
in genes encoding RNA splicing factors and other RNA 
processing factors. In addition, a subset of these splicing 
events can introduce premature termination codons that 
elicit NMD67. Splicing control through kinetic coupling 
is also conserved in C. elegans; in response to amino 
acid starvation, increased Pol II occupancy is observed 
proxima l to exons that show increased exon inclusion67.

Chromatin and alternative splicing
There is increasing evidence that chromatin has a key role 
in alternative splicing through the effects of both histone 
modifications and nucleosome positioning (for recent 
reviews, see REFS 83,84).

The idea that changes in chromatin structure could 
affect alternative splicing decisions was first suggested 
by experiments in mammalian cells using reporter 
minigenes. These studies showed that the inclusion of 
a cassette exon in a mature mRNA was increased in 
response to replication of the template DNA48. It was 
concluded that the more compact chromatin structure 
of the replicated reporter plasmid acted as a barrier to 
Pol IImediated elongation and resulted in higher exon 
inclusion owing to kinetic coupling. Consistent with this, 
the effect on splicing was reverted by trichostatin A, a 
drug that promotes histone acetylation and subsequent 
chromatin opening. A seminal study later showed that, 
in response to an external signal, the chromatin remod
eller SWI/SNF binds to a central portion of CD44 and 
recruits the splicing factor SAM68 to regulate alterna
tive splicing of a set of exons by creating a roadblock to 
Pol IIinduced elongation55 (FIG. 2f). SWI/SNF control of 
alternative splicing was also confirmed to operate on a 
subset of D. melanogaster genes85.

Histone modifications. Histone posttranslational 
modifications are major regulators of alternative splic
ing (FIG. 4). In a simplistic way, these modifications may 
be divided into those associated with active transcrip
tion (for example, histone H3 Lys36 trimethylation 
(H3K36me3), H3K4me2, H3K4me3 and H3K9 acetyl
ation (H3K9ac)) and those associated with transcrip
tional silencing (for example, H3K9me2, H3K9me3 and 
H3K27me3). H3K36me3 is generally enriched at exons, 
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but less prominent at alternative exons86. This histone 
mark has been shown to regulate alternative splicing by 
recruiting the adaptor protein MRG15, as MRG15 asso
ciation with the splicing factor PTB reduces the inclusion 
of a subset of alternative exons. Interestingly, when PTB
dependent genes are enriched in the H3K4me3 mark, the 
MRG15–PTB complex is not recruited, and exon inclu
sion is favoured59 (FIG. 4b). The H3K36me3 mark can also 
regulate alternative splicing through the recruitment 
of the Ser/Argrich protein SRSF1 via another adaptor 
protein60.

Membrane depolarization of neuronal cells causes 
intragenic H3K9ac of NCAM (neural cell adhesion mol
ecule), which promotes an open chromatin state that 
facilitates Pol IImediated elongation and subsequent 
skipping of NCAM exon 18 (REF. 57) (FIG. 4a). The opposite 
phenomenon occurs during neuron differentiation; the 
silencing marks H3K9me2 and H3K27me3 are enriched 
throughout the body of the NCAM gene, and this coin
cides with reduced elongation and higher inclusion of 
NCAM exon 18 (I.E.S. and A.R.K., unpublished observa
tions). Together, this demonstrates that external signals 
and differentiation pathways may control alternative 
splicing through changes in chromatin.

siRNAs can also influence alternative splicing through 
effects on chromatin. When targeted to promoter 
sequences, siRNAs promote the deposition of silencing 

marks (such as H3K9me2 and H3K27me3) that inhibit 
transcription. Through a similar mechanism, siRNAs 
designed to target the intron downstream of an alternative 
exon generate intragenic roadblocks to elongation and 
effectively increase exon inclusion via kinetic coupling56. 
This requires the presence of the small RNAassociated 
protein Argonaute 1 (AGO1) and heterochromatin
binding protein 1α (HP1α). Another member of the HP1 
family, HP1γ, also facilitates exon inclusion in CD44 and 
other genes, by interacting with intragenic H3K9me3 
marks and inhibiting Pol IImediated elongation58. 
A general role for AGO proteins in the nucleus has been 
proposed87 in light of the finding that immunopurified 
human AGO1 and AGO2 from chromatinembedded 
proteins associate with chromatin modifiers and splic
ing factors. Both AGO1 and AGO2 facilitate spliceosome 
recruitment and increase histone H3K9 methylation on 
variant exons to modulate Pol II elongation rate, thereby 
affecting alternative splicing.

Nucleosome positioning. Through the analysis of 
genomewide datasets, several groups reported almost 
simultaneously the unexpected finding that nucleo
somes are preferentially positioned at exons88–91. 
Although introns are not devoid of nucleosomes, 
intronic nucleosome distribution is rather random. 
At exons, nucleosomes seem to be more fixed at a ratio 

Figure 4 | Two alternative mechanisms by which chromatin may influence alternative splicing. Alternative splicing 
decisions are affected by the nature of histone marks that are deposited on the chromatin around a gene in response to 
external stimuli or to the differentiation state of the cell. a | Example of how histone modifications can affect kinetic 
coupling between transcription and alternative splicing. Neuron depolarization triggers intragenic acetylation of 
histone 3 at Lys9 (H3K9ac) and a subsequent increase in RNA polymerase II (Pol II)-mediated elongation; this favours 
skipping of neural cell adhesion molecule (NCAM) exon 18. Conversely, neuron differentiation promotes inclusion of 
exon 18 in NCAM through H3K9 methylation (H3K9me), causing a reduction in Pol II-mediated elongation (REF. 57 and 
I.E.S. and A.R.K., unpublished observations). b | Histone modifications can affect alternative splicing through a recruitment 
coupling mechanism. In mesenchymal cells, intragenic H3K36 trimethylation (H3K36me3) at the FGFR2 (fibroblast growth 
factor receptor 2) locus recruits the negative splicing factor PTB through the adaptor protein MRG15, and this results in 
exclusion of an alternative exon. Conversely, inclusion of this FGFR2 exon is increased in epithelial cells in which levels of 
H3K36me3 are lower compared with H3K4me3, which reduces MRG15 recruitment59.
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of one nucleosome per exon, which is in agreement 
with the similar length of the DNA stretch that wraps 
around a nucleosome and the average length of exons 
(~150 base pairs). On the basis of these findings, it 
has been proposed that nucleosome positioning may 
help the splicing machinery to ‘find’ exons because 
the nucleo somes would create transient pauses to 
Pol IImediated elongation by ‘marking’ the beginning 
of each exon and providing extra time for the recogni
tion of 3ʹ splice sites by the auxiliary factor U2AF and 
other factors. Three lines of evidence support this idea. 
First, nucleosome positioning seems to be stronger on 
alternative exons than on constitutive exons, which sug
gests that nucleosomes collaborate for exon definition92. 
Second, single molecule studies of Pol IIdependent 
transcription on a ‘chromatinized’ template reveal that 
elongation rates are not constant and that nucleosomes 
act as transient ‘bumps’93. Last, when transcription is 
monitored at singlenucleotide resolution, nucleosome
induced pausing is observed to constitute a major  
barrier to transcriptional elongation in vivo94.

The importance of being an alternative exon
Alternative exon, flexible protein. The existence of exons 
for which inclusion is regulated increases the functional 
diversity of proteins. A key question is whether the 
protein domains encoded by alternative exons display 
distinct functional or structural features compared with 
domains encoded by constitutive exons. Two recent 
reports indicate that tissuespecific alternative exons 
often encode structurally disordered protein regions that 
are enriched in target sites for posttranslationa l modi
fication and in binding motifs that mediate protei n–
protein interactions, which increases the functional 
versatility of the corresponding proteins95,96. How these 
features may contribute to tissue identity is unclear, but 
these intriguing results greatly strengthen the idea that 
regulation of alternative splicing is at least as important 
to cell differentiation as regulation of transcription. 
In support of this concept, an ES cellspecific alterna
tive splicing isoform of the transcription factor fork
head box P1 (FOXP1) includes a segment encoding a 
DNAbinding domain that is essential for stimulating 
the expression of transcription factor genes required 
for pluripotency97. In this way, a cellspecific alterna
tive splicing event in ES cells controls transcriptional 
programme s that are essential for development.

Species‑specific alternative splicing. An important fea
ture of tissuespecific alternative splicing events is that 
they tend to be associated with specific functions of 
the tissue in which they are manifested98. For instance, 
brainspecific alternative splicing events are associated 
with neuralspecific functions99. Sometimes this asso
ciation is linked to speciesspecific characteristics, such 
as the intriguing case of infrared detection by vampire 
bats, which are obligate blood feeders that have evolved 
the ability to detect infrared radiation in order to locate 
warmblooded prey. For this purpose, vampire bats ‘fine 
tune’ the characteristics of the heatsensitive transient 
receptor potential cation channel V1 (TRPV1), which is 

already present in other nonbloodfeeding mammals, 
by lowering its thermal activation threshold from 43 °C 
to 30 °C. This is achieved through alternative splicing 
of TRPV1 transcripts to produce a channel with a trun
cated Cterminal cytoplasmic domain. This splicing 
event is both speciesspecific and tissuespecific because 
it occurs exclusively in the trigeminal ganglia of vampire 
bats and not in their dorsal root ganglia, thereby main
taining the role for TRPV1 as a detector of noxious heat 
in other regions of the nervous system100.

Highthroughput strategies are now being used to 
characterize speciesspecific alternative splicing events 
and their evolutionary implications. Notably, although 
chimpanzee and human genes are >99% identical, 
between 6% and 8% of their alternative exons are spliced 
differently in equivalent tissues101. Comparisons of organ 
transcriptomes from vertebrate species spanning ~350 
million years of evolution has also revealed that alter
native splicing patterns evolve rapidly and that, in an 
evolutionary period as short as 6 million years, the splic
ing profiles of physiologically equivalent organs diverged 
so much that they are more related to the identity of a 
specie s than to an organ type102.

Signal transduction and alternative splicing
Many signalling molecules affect alternative splic
ing by targeting splicing regulators or the kinases that 
target these regulators, including the same protein 
phosphatases and kinases that control transcription 
and translation (for reviews, see REFS 103–105). For 
exampl e, the MAPK pathway regulates alternative 
splicing of CD44 through phosphorylation of the splic
ing factor SAM68 (REF. 106). During T cell development, 
the phorbo l ester or cytokineactivated RAS pathway 
regulates alternative splicing of exon 4 in CD45 through 
glycogen synthase kinase 3 (GSK3). Whereas in rest
ing T cells GSK3 phosphorylates and inactivates the 
CD45 splicing regulator PSF (PTBassociated splicing 
factor), this is relieved upon T cell differentiation by 
downregulation of GSK3 levels107. A role for the AKT 
pathway in the control of alternative splicing through 
the phosphorylation of Ser/Argrich proteins has been 
reported108. Most interestingly, by affecting SRSF1 
phosphorylation, activation of AKT was able to simul
taneously control alternative splicing and translation 
of mRNAs that contain target sites (ESEs) for SRSF1 in 
their exons. The AKT pathway is also the main inter
mediate in promoting changes in alternative splicing in 
response to epidermal growth factor (EGF) signalling109. 
AKT activation promotes phosphorylation and activa
tion of Ser/Argrich protein kinase 1 (SRPK1), which is 
highly specific for the phosphorylation of Ser/Argrich 
proteins. Surprisingly, AKT does not seem to act as a 
kinase of SRPK1 but promotes its autophosphorylation 
in an allosteric manner, which provokes its subsequent 
translocation to the nucleus. Interestingly, SRPK1 gene 
transcription is repressed by the tumour suppressor 
Wilms’ tumour 1 (WT1), whereas overexpression of 
SRPK1 contributes to angiogenesis by inducing changes 
in VEGF (vascular endothelial growth factor) alternative 
splicing that lead to renal failure and Wilms’ tumour110.
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Warburg effect
Metabolic property of cancer 
cells characterized by energy 
production through a high rate 
of glycolysis followed by lactic 
acid fermentation in the 
cytosol, rather than by 
mitochondrial aerobic 
respiration as in most healthy 
cells.

Signalling pathways also affect the subcellular locali
zation of splicing regulators. For example, the nuclear 
distributions of the splicing factors hnRNPA1, SLU7 
and TRA2 are controlled by the p38 protein kinase 
casacade111, UV lightmediated stress112 and ischemia, 
respectively113. Global relocalization of both alternative 
and constitutive splicing factors also occurs upon the 
perturbation of chromatin structure that results from 
histone acetylation114.

These examples suggest that the same complex sig
nalling cascades that regulate transcription operate dur
ing alternative splicing. Detailed genomewide studies 
therefore seem to be necessary to dissect the relative 
contributions that the effects on transcription and alter
native splicing have towards the resulting phenotype in 
each case.

Alternative splicing and disease
The link between alternative splicing and disease is well 
established (for reviews, see REFS 115–120). Mutations 
in regulatory sequences that affect alternative splicing 
are a widespread cause of human hereditary disease and 
cancer. These mutations can disrupt existing splicing 
enhancers or silencers or create new ones, thereby alter
ing the alternative exons that are included or even con
verting constitutive exons into alternative exons. When 
these changes occur in the proteincoding sequences 
of exons, their effects can be misinterpreted by con
sidering only the putative effects they would have in 
the encoded protein. For example, a single nucleotide 
change that does not change the encoded amino acid 
of a protein (a silent mutation) might be mistaken as 
a neutral polymorphism when in fact it causes disrup
tion of a crucial ESE and is a diseasecausing mutation. 
Similarly, base changes that would result in premature 
stop codons (that is, nonsense mutations) or in amino 
acid changes (that is, missense mutations) might not 
be acting at the level of the encoded protein but at the 

premRNA level by affecting the fate of alternative splic
ing events. Therefore, the proteincoding sequences 
of exons are subjected to a twofold selective pressure: 
conservation of the encoded amino acid sequence, and 
of the exonic elements that regulate alternative splic
ing of the mRNA. The bestcharacterized pathologies 
caused by cisacting mutations are tauopathies such as 
frontotemporal dementia with parkinsonism, myotonic 
dystroph y and spinal muscular atrophy (SMA).

Mutations in genes encoding transacting factors 
that regulate alternative splicing can also cause disease. 
Unlike the cisacting mutations that only affect the com
promised gene, this second type of mutation can affect 
large sets of genes. The most studied disorders that arise 
from this type of mutation are facioscapulohumeral 
muscular dystrophy121 and various types of cancers that 
are related to the overexpression of SRSF1. Experimental 
overexpression of SRSF1 causes malignant transforma
tion, and SRSF1 expression is also highly upregulated in 
many human tumours122. These observations have led 
to the conclusion that, similarly to the genes encoding 
several transcription factors, the gene encoding SRSF1 
is a protooncogene122. One of the wellcharacterized  
targets of SRSF1 is the premRNA of the protooncogen e 
RON. Upon SRSF1 over expression, exon 11 of RON 
is excluded, giving rise to the ΔRON variant that is 
upregulated in breast cancer and the presence of which 
increases the metastatic behaviour of different tumour 
cells123. Changes in other splicing factors also cause 
disease through effects on alternative splicing events. 
For example, hnRNPA1, hnRNPA2 and PTB affect the 
proportions of two splicing isoforms of pyruvate kinase, 
PKM1 and PKM2 (REF. 124). Whereas PKM1 is charac
teristic of differentiated cells, PKM2 is upregulated in 
embryonic and cancer cells, which is key for the high  
levels of glycolysis that are typical of cancer cells (known 
as the Warburg effect) and allows them to survive in 
hostil e anaerobic conditions.

Box 3 | Alternative splicing as a target of gene therapy

Because the trans-acting factors that regulate alternative splicing also participate in constitutive splicing, a strategy of 
searching for small molecules that target these proteins in order to correct alternative splicing defects without affecting 
general splicing may have little success. Instead, important efforts are being made to develop nucleic acid-based tools 
that target the aberrant regulatory sequences of the pre-mRNA. These therapeutic approaches include: antisense 
oligonucleotides (ASOs) that associate with splicing enhancers to prevent their recognition by cognate factors; siRNAs 
that specifically knock down aberrant splicing isoforms; modified U1 small nuclear RNAs targeting sequences that are 
downstream of the 5ʹ splice site127; and the use of a trans-splicing strategy known as SMarT (spliceosome-mediated RNA 
trans-splicing128) to create chimeric mRNAs in which the aberrantly spliced region is replaced by a ‘healthy’ segment of 
spliced mRNA. One of the most fascinating examples that has illustrated the power of the ASO strategy is the gene 
therapy protocol for spinal muscular atrophy (SMA). This recessive hereditary disease is caused by disruption of SMN1 
(survival of motor neuron 1). Humans have a second SMN encoding gene, SMN2, of almost identical sequence except for 
a nucleotide change in exon 7 that causes its partial skipping. In other words, the essential exon 7 is constitutive in SMN1 
but alternative in SMN2. When SMN1 is mutated, the expression of SMN2 cannot compensate for the low levels of the 
SMN protein. This issue has been overcome through the design of 2ʹ-O-(2-methoxyethyl) (MOE) phosphorothioate-modi-
fied ASOs129,130 that base pair with an intronic splicing silencer located in intron 7 of the SMN2 pre-mRNA. By blocking the 
binding of splicing repressors to this cis-element, the ASO restores inclusion of exon 7. Correction of the splicing defect 
was confirmed in cell-free splicing assays, in cultured human cells, including fibroblasts from patients, and in the central 
nervous system of SMA mouse models. Unexpectedly, and for unknown reasons, reversion of the SMA phenotype in mice 
also required correction of SMN2 splicing in peripheral tissues such as liver, despite being a neurological disease in which 
the functionally affected cells are neurons131. These experiments suggest that there is promise of a cure for patients 
suffering from SMA.
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A detailed knowledge of the basic mechanisms 
operating in those alternative splicing events that are 
implicated in human disease will be important for the 
development of potential gene therapies (BOX 3).

Conclusions
Many emerging concepts justify a renewed interest 
in alternative splicing. More the rule than the excep
tion, alternative splicing not only expands the proteo
mic landscape of higher eukaryotes but also explains 
species specific patterns of gene expression as well as the 
unique features of different cell types. The mechanisms 
that regulate alternative splicing are multiple and varied; 
they are not restricted to the interactions of splicing fac
tors with their cognate target sites in premRNA but also 
involve complex interactions with the transcription and 
chromatin machineries.

Histone marks and nucleosome positioning have 
recently emerged as key features that also affect alter
native splicing decisions. Signalling pathways triggered 
by diverse external cues, ranging from growth factors 
to UV light irradiation, regulate alternative splicing by 
altering splicing factor activity as well as at the levels of 
chromatin and transcription.

Despite this panorama of insight, many fundamental 
questions still remain. How much alternative splicing 
is ‘noise’, only detected because of extremely sensitive 
highthroughput sequencing, and how much is bio
logically relevant? How much does alternative splicing 
contribute to cell fate and tissue or organ differentiation 
compared to differential transcriptional regulation? Do 
signalling cascades control this contribution? It is also 
unclear whether alternative splicing has a role in deter
mining species identity. Moreover, the physiological 
relevance of coupling of alternative splicing with tran
scription and chromatin remains to be determined. If 
this is important, how much does it contribute to cell 
typespecific alternative splicing patterns? Is there an 
epigenetic transgenerational inheritance of alterna
tive splicing patterns? Answers to these questions will 
require multidisciplinary approaches and combined 
efforts through genomewide and individual gene stud
ies. This information will be vital for efforts currently 
underway to assemble a potential ‘splicing code’ that 
would have the ability to predict alternative splicing pat
terns from a set of objective features and to design gene
therapy protocols that can correct alternative splicing 
defects.

1. Chow, L. T., Gelinas, R. E., Broker, T. R. & Roberts, R. J. 
An amazing sequence arrangement at the 5ʹ ends of 
adenovirus 2 messenger RNA. Cell 12, 1–8 (1977).

2. Berget, S. M., Moore, C. & Sharp, P. A. Spliced 
segments at the 5’ terminus of adenovirus 2 late 
mRNA. Proc. Natl Acad. Sci. USA 74, 3171–3175 
(1977).

3. Pan, Q., Shai, O., Lee, L. J., Frey, B. J.& Blencowe, B. J. 
Deep surveying of alternative splicing complexity in 
the human transcriptome by high‑throughput 
sequencing. Nature Genet. 40, 1413–1415 (2008).

4. Barash, Y. et al. Deciphering the splicing code.  
Nature 465, 53–59 (2010).
Defines a series of features that are characteristic 
of tissue-specific alternative splicing events and 
designs an algorithm that is useful to predict 
tissue-specific changes in alternative splicing 
patterns.

5. Nilsen, T. W. & Graveley, B. R. Expansion of the 
eukaryotic proteome by alternative splicing.  
Nature 463, 457–463 (2010).

6. Chen, M. & Manley, J. L. Mechanisms of alternative 
splicing regulation: insights from molecular and 
genomics approaches. Nature Rev. Mol. Cell. Biol. 10, 
741–754 (2009).

7. Tejedor, J. R. & Valcárcel, J. Gene regulation: breaking 
the second genetic code. Nature 465, 45–46 (2010).

8. Blencowe, B. J. Alternative splicing: new insights from 
global analyses. Cell 126, 37–47 (2006).

9. Liang, X. H., Haritan, A., Uliel, S. & Michaeli, S.  
Trans and cis splicing in trypanosomatids: mechanism, 
factors, and regulation. Eukaryot. Cell 2, 830–840 
(2003).

10. Howe, K. J., Kane, C. M. & Ares, M. Jr. Perturbation of 
transcription elongation influences the fidelity of 
internal exon inclusion in Saccharomyces cerevisiae. 
RNA 9, 993–1006 (2003).

11. Salz, H. K. Sex determination in insects: a binary 
decision based on alternative splicing. Curr. Opin. 
Genet. Dev. 21, 395–400 (2011).

12. Park, J. W. & Graveley, B. R. Complex alternative 
splicing. Adv. Exp. Med. Biol. 623, 50–63 (2007).

13. Keren, H., Lev‑Maor, G. & Ast, G. Alternative splicing 
and evolution: diversification, exon definition and 
function. Nature Rev. Genet. 11, 345–355 (2010).

14. Hynes, R. O. The evolution of metazoan extracellular 
matrix. J. Cell Biol. 196, 671–679 (2012).

15. Kafasla, P. et al. Defining the roles and interactions of 
PTB. Biochem. Soc. Trans. 40, 815–820 (2012).

16. Jelen, N., Ule, J., Zivin, M. & Darnell, R. B. Evolution 
of Nova‑dependent splicing regulation in the brain. 
PLoS Genet. 3, 1838–1847 (2007).

17. Lee, J. A., Tang, Z. Z. & Black, D. L. An inducible 
change in Fox‑1/A2BP1 splicing modulates the 
alternative splicing of downstream neuronal target 
exons. Genes Dev. 23, 2284–2293 (2009).

18. Ule, J. et al. An RNA map predicting Nova‑dependent 
splicing regulation. Nature 444, 580–586 (2006).

19. Chasin, L. A. Searching for splicing motifs. Adv. Exp. 
Med. Biol. 623, 85–106 (2007).

20. Lin, S. & Fu, X. D. SR proteins and related factors in 
alternative splicing. Adv. Exp. Med. Biol. 623,  
107–122 (2007).

21. Martínez‑Contreras, R. et al. hnRNP proteins and 
splicing control. Adv. Exp. Med. Biol. 623, 123–147 
(2007).

22. Buratti, E. & Baralle, F. E. Influence of RNA secondary 
structure on the pre‑mRNA splicing process. Mol. Cell. 
Biol. 24, 10505–10514 (2004).

23. Gelfman, S. et al. Changes in exon–intron structure 
during vertebrate evolution affect the splicing pattern 
of exons. Genome Res. 22, 35–50 (2012).

24. Beyer, A. L. & Osheim, Y. N. Splice site selection, rate 
of splicing, and alternative splicing on nascent 
transcripts. Genes Dev. 2, 754–765 (1988).

25. Khodor, Y. L. et al. Nascent‑seq indicates widespread 
cotranscriptional pre‑mRNA splicing in Drosophila. 
Genes Dev. 25, 2502–2512 (2011).

26. Listerman, I., Sapra, A. K. & Neugebauer, K. M. 
Cotranscriptional coupling of splicing factor 
recruitment and precursor messenger RNA splicing in 
mammalian cells. Nature Struct. Mol. Biol. 13,  
815–822 (2006).

27. Kotovic, K. M., Lockshon, D., Boric, L. & 
Neugebauer, K. M. Cotranscriptional recruitment of 
the U1 snRNP to intron‑containing genes in yeast. 
Mol. Cell. Biol. 23, 5768–5779 (2003).

28. Pandya‑Jones, A. & Black, D. L. Co‑transcriptional 
splicing of constitutive and alternative exons. RNA 15, 
1896–1908 (2009).

29. Lacadie, S. A. & Rosbash, M. Cotranscriptional 
spliceosome assembly dynamics and the role of U1 
snRNA:5’ss base pairing in yeast. Mol. Cell 19, 65–75 
(2005).

30. Tilgner, H. et al. Deep sequencing of subcellular  
RNA fractions shows splicing to be predominantly 
co‑transcriptional in the human genome but inefficient 
for lncRNAs. Genome Res. 22, 1616–1625 (2012).
Provides compelling genome-wide evidence that 
the vast majority of human introns are excised 
while still associated with chromatin and reveals 
that splicing mostly occurs co-transcriptionally.

31. Carrillo Oesterreich, F., Preibisch, S. & 
Neugebauer, K. M. Global analysis of nascent RNA 

reveals transcriptional pausing in terminal exons.  
Mol. Cell 40, 571–581 (2010).

32. Ameur, A. et al. Total RNA sequencing reveals nascent 
transcription and widespread co‑transcriptional 
splicing in the human brain. Nature Struct. Mol. Biol. 
18, 1435–1440 (2011).

33. Das, R. et al. SR proteins function in coupling RNAP II 
transcription to pre‑mRNA splicing. Mol. Cell 26, 
867–881 (2007).

34. Vargas, D. Y. et al. Single‑molecule imaging of 
transcriptionally coupled and uncoupled splicing. 
Cell 147, 1054–1065 (2011).

35. Bhatt, D. M. et al. Transcript dynamics of 
proinflammatory genes revealed by sequence analysis 
of subcellular RNA fractions. Cell 150, 279–290 
(2012).

36. Montes, M., Becerra, S., Sánchez‑Álvarez, M. & 
Suñe, C. Functional coupling of transcription and 
splicing. Gene 501, 104–117 (2012).

37. Maniatis, T. & Reed, R. An extensive network of 
coupling among gene expression machines. Nature 
416, 499–506 (2002).

38. Lazarev, D. & Manley, J. L. Concurrent splicing and 
transcription are not sufficient to enhance splicing 
efficiency. RNA 13, 1546–1557 (2007).

39. Lin, S., Coutinho‑Mansfield, G., Wang, D., Pandit, S. & 
Fu, X. D. The splicing factor SC35 has an active role in 
transcriptional elongation. Nature Struct. Mol. Biol. 
15, 819–826 (2008).

40. Alexander, R. D., Innocente, S. A., Barrass, J. D. & 
Beggs, J. D. Splicing‑dependent RNA polymerase 
pausing in yeast. Mol. Cell 40, 582–593 (2010).

41. Kim, S., Kim, H., Fong, N., Erickson, B. & Bentley, D. L. 
Pre‑mRNA splicing is a determinant of histone H3K36 
methylation. Proc. Natl Acad. Sci. USA 108,  
13564–13569 (2011).

42. de Almeida, S. F. et al. Splicing enhances recruitment 
of methyltransferase HYPB/Setd2 and methylation of 
histone H3 Lys36. Nature Struct. Mol. Biol. 18,  
977–983 (2011).

43. Brody, Y. et al. The in vivo kinetics of RNA polymerase 
II elongation during co‑transcriptional splicing. 
PLoS Biol. 9, e1000573 (2011).

44. Eperon, L. P., Graham, I. R., Griffiths, A. D. & 
Eperon, I. C. Effects of RNA secondary structure on 
alternative splicing of pre‑mRNA: is folding limited to a 
region behind the transcribing RNA polymerase? 
Cell 54, 393–401 (1988).

45. Cramer, P. et al. Coupling of transcription with 
alternative splicing: RNA pol II promoters modulate 
SF2/ASF and 9G8 effects on an exonic splicing 
enhancer. Mol. Cell 4, 251–258 (1999).

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 14 | MARCH 2013 | 163

© 2013 Macmillan Publishers Limited. All rights reserved



46. Cramer, P., Pesce, C. G., Baralle, F. E. & 
Kornblihtt, A. R. Functional association between 
promoter structure and transcript alternative splicing. 
Proc. Natl Acad. Sci. USA 94, 11456–11460 (1997).
First evidence that alternative splicing is coupled to 
transcription.

47. Pagani, F., Stuani, C., Zuccato, E., Kornblihtt, A. R. & 
Baralle, F. E. Promoter architecture modulates CFTR 
exon 9 skipping. J. Biol. Chem. 278, 1511–1517 
(2003).

48. Kadener, S. et al. Antagonistic effects of T‑Ag and 
VP16 reveal a role for RNA Pol II elongation on 
alternative splicing. EMBO J. 20, 5759–5768 (2001).

49. Nogués, G., Kadener, S., Cramer, P., Bentley, D. & 
Kornblihtt, A. R. Transcriptional activators differ in 
their abilities to control alternative splicing. J. Biol. 
Chem. 277, 43110–43114 (2002).

50. Auboeuf, D. et al. Differential recruitment of nuclear 
receptor coactivators may determine alternative RNA 
splice site choice in target genes. Proc. Natl Acad. Sci. 
USA 101, 2270–2274 (2004).

51. Auboeuf, D. et al. CoAA, a nuclear receptor 
coactivator protein at the interface of transcriptional 
coactivation and RNA splicing. Mol. Cell. Biol. 24, 
442–453 (2004).

52. Auboeuf, D., Honig, A., Berget, S. M. & 
O’Malley, B. W. Coordinate regulation of transcription 
and splicing by steroid receptor coregulators. Science 
298, 416–419 (2002).

53. Kadener, S., Fededa, J. P., Rosbash, M. & 
Kornblihtt, A. R. Regulation of alternative splicing by a 
transcriptional enhancer through RNA Pol II 
elongation. Proc. Natl Acad. Sci. USA 99, 8185–8190 
(2002).

54. Kornblihtt, A. R., de la Mata, M., Fededa, J. P., 
Muñoz, M. J. & Nogués, G. Multiple links between 
transcription and splicing. RNA 10, 1489–1498 
(2004).

55. Batsché, E., Yaniv, M. & Muchardt, C. The human  
SWI/SNF subunit Brm is a regulator of alternative 
splicing. Nature Struct. Mol. Biol. 13, 22–29  
(2006).
First demonstration that a chromatin remodelling 
factor regulates alternative splicing through 
intragenic control of transcriptional elongation.

56. Alló, M. et al. Control of alternative splicing through 
siRNA‑mediated transcriptional gene silencing. 
Nature Struct. Mol. Biol. 16, 717–724 (2009).
First demonstration that small non-coding RNAs 
can regulate alternative splicing through a nuclear 
silencing mechanism that alters chromatin and 
inhibits transcriptional elongation.

57. Schor, I. E., Rascovan, N., Pelisch, F., Alló, M. & 
Kornblihtt, A. R. Neuronal cell depolarization induces 
intragenic chromatin modifications affecting NCAM 
alternative splicing. Proc. Natl Acad. Sci. USA 106, 
4325–4330 (2009).

58. Saint‑André, V., Batsché, E., Rachez, C. & Muchardt, C. 
Histone H3 lysine 9 trimethylation and HP1γ favor 
inclusion of alternative exons. Nature Struct. Mol. 
Biol. 18, 337–344 (2011).

59. Luco, R. F. et al. Regulation of alternative splicing by 
histone modifications. Science 327, 996–1000 
(2010).
Demonstrates that intragenic histone 
post-translational modifications can regulate 
alternative splicing through the indirect 
recruitment of specific splicing factors.

60. Pradeepa, M. M., Sutherland, H. G., Ule, J., 
Grimes, G. R. & Bickmore, W. A. Psip1/Ledgf p52 
binds methylated histone H3K36 and splicing factors 
and contributes to the regulation of alternative 
splicing. PLoS Genet. 8, e1002717 (2012).

61. Muñoz, M. J., de la Mata, M. & Kornblihtt, A. R. 
The carboxy terminal domain of RNA polymerase II 
and alternative splicing. Trends Biochem. Sci. 35, 
497–504 (2010).

62. de la Mata, M. & Kornblihtt, A. R. RNA polymerase II 
C‑terminal domain mediates regulation of alternative 
splicing by SRp20. Nature Struct. Mol. Biol. 13,  
973–980 (2006).

63. Monsalve, M. et al. Direct coupling of transcription 
and mRNA processing through the thermogenic 
coactivator PGC‑1. Mol. Cell 6, 307–316 (2000).

64. Huang, Y. et al. Mediator complex regulates 
alternative mRNA processing via the MED23 subunit. 
Mol. Cell 45, 459–469 (2012).
Shows that a fundamental complex of the 
eukaryotic transcription regulatory machinery, the 
Mediator complex, has a pivotal role in the control 
of alternative splicing.

65. Roberts, G. C., Gooding, C., Mak, H. Y., 
Proudfoot, N. J. & Smith, C. W. Co‑transcriptional 
commitment to alternative splice site selection. 
Nucleic Acids Res. 26, 5568–5572 (1998).

66. Nogués, G., Muñoz, M. J. & Kornblihtt, A. R. Influence 
of polymerase II processivity on alternative splicing 
depends on splice site strength. J. Biol. Chem. 278, 
52166–52171 (2003).

67. Ip, J. Y. et al. Global impact of RNA polymerase II 
elongation inhibition on alternative splicing regulation. 
Genome Res. 21, 390–401 (2011).
Shows that inhibiting Pol II-mediated elongation 
through different means has similar global effects 
on alternative splicing and demonstrates the 
generality of elongation control.

68. Shukla, S. et al. CTCF‑promoted RNA polymerase II 
pausing links DNA methylation to splicing. Nature 
479, 74–79 (2011).
Demonstrates that the chromatin-insulating factor 
CTCF also acts in an intragenic manner by binding 
to unmethylated CpG islands and by creating 
roadblocks to Pol II-mediated elongation that 
affect alternative splicing decisions.

69. Oberdoerffer, S. A conserved role for intragenic DNA 
methylation in alternative pre‑mRNA splicing. 
Transcription 3, 106–109 (2012).

70. Close, P. et al. DBIRD complex integrates alternative 
mRNA splicing with RNA polymerase II transcript 
elongation. Nature 484, 386–389 (2012).

71. Chen, Y., Chafin, D., Price, D. H. & Greenleaf, A. L. 
Drosophila RNA polymerase II mutants that affect 
transcription elongation. J. Biol. Chem. 271,  
5993–5999 (1996).

72. Boireau, S. et al. The transcriptional cycle of HIV‑1 in 
real‑time and live cells. J. Cell. Biol. 179, 291–304 
(2007).

73. de la Mata, M. et al. A slow RNA polymerase II affects 
alternative splicing in vivo. Mol. Cell 12, 525–532 
(2003).
Direct evidence, using a slow Pol II mutant, that 
transcriptional elongation affects alternative 
splicing decisions.

74. Montes, M. et al. TCERG1 regulates alternative 
splicing of the Bcl‑x gene by modulating the rate of 
RNA polymerase II transcription. Mol. Cell. Biol. 32, 
751–762 (2012).

75. Aebi, M. & Weissmann, C. Precision and orderliness in 
splicing. Trends Genet. 3, 102–107 (1987).

76. de la Mata, M., Lafaille, C. & Kornblihtt, A. R. First 
come, first served revisited: factors affecting the same 
alternative splicing event have different effects on the 
relative rates of intron removal. RNA 16, 904–912 
(2010).

77. Dutertre, M. et al. Cotranscriptional exon skipping in 
the genotoxic stress response. Nature Struct. Mol. 
Biol. 17, 1358–1366 (2010).

78. Solier, S. et al. Genome‑wide analysis of novel splice 
variants induced by topoisomerase I poisoning shows 
preferential occurrence in genes encoding splicing 
factors. Cancer Res. 70, 8055–8065 (2010).

79. Dujardin, G. et al. CELF proteins regulate CFTR pre‑
mRNA splicing: essential role of the divergent domain 
of ETR‑3. Nucleic Acids Res. 38, 7273–7285  
(2010).

80. Schmidt, U. et al. Real‑time imaging of 
cotranscriptional splicing reveals a kinetic model that 
reduces noise: implications for alternative splicing 
regulation. J. Cell Biol. 193, 819–829 (2011).

81. Darzacq, X. et al. In vivo dynamics of RNA polymerase 
II transcription. Nature Struct. Mol. Biol. 14,  
796–806 (2007).

82. Muñoz, M. J. et al. DNA damage regulates alternative 
splicing through inhibition of RNA polymerase II 
elongation. Cell 137, 708–720 (2009).
Demonstration that UV light-mediated DNA 
damage promotes Pol II hyperphosphorylation, 
resulting in decreased transcriptional elongation 
rates that affect many alternative splicing events.

83. Alló, M. et al. Chromatin and alternative splicing. 
Cold Spring Harb. Symp. Quant. Biol. 75, 103–111 
(2010).

84. Luco, R. F., Alló, M., Schor, I. E., Kornblihtt, A. R. & 
Misteli, T. Epigenetics in alternative pre‑mRNA 
splicing. Cell 144, 16–26 (2011).

85. Waldholm, J. et al. SWI/SNF regulates the alternative 
processing of a specific subset of pre‑mRNAs in 
Drosophila melanogaster. BMC Mol. Biol. 12, 46 
(2011).

86. Kolasinska‑Zwierz, P. et al. Differential chromatin 
marking of introns and expressed exons by 
H3K36me3. Nature Genet. 41, 376–381 (2009).

87. Ameyar‑Zazoua, M. et al. Argonaute proteins couple 
chromatin silencing to alternative splicing. Nature 
Struct. Mol. Biol. 19, 998–1004 (2012).

88. Andersson, R., Enroth, S., Rada‑Iglesias, A., 
Wadelius, C. & Komorowski, J. Nucleosomes are well 
positioned in exons and carry characteristic histone 
modifications. Genome Res. 19, 1732–1741 (2009).

89. Schwartz, S., Meshorer, E. & Ast, G. Chromatin 
organization marks exon–intron structure. Nature 
Struct. Mol. Biol. 16, 990–995 (2009).

90. Spies, N., Nielsen, C. B., Padgett, R. A. & Burge, C. B. 
Biased chromatin signatures around polyadenylation 
sites and exons. Mol. Cell 36, 245–254 (2009).

91. Tilgner, H. et al. Nucleosome positioning as a 
determinant of exon recognition. Nature Struct. Mol. 
Biol. 16, 996–1001 (2009).
References 89, 90 and 91 provide genome-wide 
evidence that nucleosomes are preferentially 
positioned on exons, further supporting the idea of 
coupling between chromatin, transcription, splicing 
and alternative splicing.  

92. Berget, S. M. Exon recognition in vertebrate splicing. 
J. Biol. Chem. 270, 2411–2414 (1995).

93. Hodges, C., Bintu, L., Lubkowska, L., Kashlev, M. & 
Bustamante, C. Nucleosomal fluctuations govern the 
transcription dynamics of RNA polymerase II. Science 
325, 626–628 (2009).

94. Churchman, L. S. & Weissman, J. S. Nascent transcript 
sequencing visualizes transcription at nucleotide 
resolution. Nature 469, 368–373 (2011).

95. Ellis, J. D. et al. Tissue‑specific alternative splicing 
remodels protein–protein interaction networks. 
Mol. Cell 46, 884–892 (2012).

96. Buljan, M. et al. Tissue‑specific splicing of disordered 
segments that embed binding motifs rewires protein 
interaction networks. Mol. Cell 46, 871–883  
(2012).
Provides evidence for common structural and 
functional features of the polypeptide sequences 
encoded by alternative cassette exons that are 
different from those of sequences encoded by 
constitutive exons.

97. Gabut, M. et al. An alternative splicing switch 
regulates embryonic stem cell pluripotency and 
reprogramming. Cell 147, 132–146 (2011).

98. Taliaferro, J. M., Álvarez, N., Green, R. E., 
Blanchette, M. & Rio, D. C. Evolution of a tissue‑
specific splicing network. Genes Dev. 25, 608–620 
(2011).

99. Pan, Q. et al. Revealing global regulatory features of 
mammalian alternative splicing using a quantitative 
microarray platform. Mol. Cell 16, 929–941 (2004).

100. Gracheva, E. O. et al. Ganglion‑specific splicing of 
TRPV1 underlies infrared sensation in vampire bats. 
Nature 476, 88–91 (2011).
Provides an excellent example of the biological 
importance of alternative splicing. Demonstrates 
that vampire bats use a cell type- and 
species-specific splicing variant of a neuron ion 
channel to sense infrared radiation in order to spot 
their prey.

101. Calarco, J. A. et al. Global analysis of alternative 
splicing differences between humans and 
chimpanzees. Genes Dev. 21, 2963–2975 (2007).

102. Barbosa‑Morais, N. L. et al. The evolutionary 
landscape of alternative splicing in vertebrate species. 
Science 338, 1587–1593 (2012).

103. Heyd, F. & Lynch, K. W. Degrade, move, regroup: 
signaling control of splicing proteins. Trends Biochem. 
Sci. 36, 397–404 (2011).

104. Lynch, K. W. Regulation of alternative splicing by 
signal transduction pathways. Adv. Exp. Med. Biol. 
623, 161–174 (2007).

105. Blaustein, M., Pelisch, F. & Srebrow, A. Signals, 
pathways and splicing regulation. Int. J. Biochem. Cell 
Biol. 39, 2031–2048 (2007).

106. Matter, N., Herrlich, P. & Konig, H. Signal‑dependent 
regulation of splicing via phosphorylation of Sam68. 
Nature 420, 691–695 (2002).

107. Heyd, F. & Lynch, K. W. Phosphorylation‑dependent 
regulation of PSF by GSK3 controls CD45 alternative 
splicing. Mol. Cell 40, 126–137 (2010).

108. Blaustein, M. et al. Concerted regulation of nuclear 
and cytoplasmic activities of SR proteins by AKT. 
Nature Struct. Mol. Biol. 12, 1037–1044 (2005).

109. Zhou, Z. et al. The Akt–SRPK–SR axis constitutes a 
major pathway in transducing EGF signaling to 
regulate alternative splicing in the nucleus. Mol. Cell 
47, 422–433 (2012).
Elucidates the signalling cascade through which 
EGF can control alternative splicing.

R E V I E W S

164 | MARCH 2013 | VOLUME 14  www.nature.com/reviews/molcellbio

© 2013 Macmillan Publishers Limited. All rights reserved



110. Amin, E. M. et al. WT1 mutants reveal SRPK1 to be a 
downstream angiogenesis target by altering VEGF 
splicing. Cancer Cell 20, 768–780 (2011).

111. van der Houven van Oordt, W. et al. The MKK3/6–p38‑ 
signaling cascade alters the subcellular distribution of 
hnRNP A1 and modulates alternative splicing 
regulation. J. Cell Biol. 149, 307–316 (2000).

112. Shomron, N., Alberstein, M., Reznik, M. & Ast, G. 
Stress alters the subcellular distribution of hSlu7 and 
thus modulates alternative splicing. J. Cell Sci. 118, 
1151–1159 (2005).

113. Daoud, R. et al. Ischemia induces a translocation of 
the splicing factor tra2‑β1 and changes alternative 
splicing patterns in the brain. J. Neurosci. 22,  
5889–5899 (2002).

114. Schor, I. E. et al. Perturbation of chromatin structure 
globally affects localization and recruitment of splicing 
factors. PLoS ONE. 7, e48084 (2012).

115. Orengo, J. P. & Cooper, T. A. Alternative splicing in 
disease. Adv. Exp. Med. Biol. 623, 212–223 (2007).

116. Srebrow, A. & Kornblihtt, A. R. The connection 
between splicing and cancer. J. Cell Sci. 119,  
2635–2641 (2006).

117. Venables, J. P. et al. Cancer‑associated regulation of 
alternative splicing. Nature Struct. Mol. Biol. 16, 
670–676 (2009).

118. David, C. J. & Manley, J. L. Alternative pre‑mRNA 
splicing regulation in cancer: pathways and programs 
unhinged. Genes Dev. 24, 2343–2364 (2010).

119. Baralle, D., Lucassen, A. & Buratti, E. Missed threads. 
The impact of pre‑mRNA splicing defects on clinical 
practice. EMBO Rep. 10, 810–816 (2009).

120. Pagani, F. & Baralle, F. E. Genomic variants in exons 
and introns: identifying the splicing spoilers. 
Nature Rev. Genet. 5, 389–396 (2004).

121. Gabellini, D. et al. Facioscapulohumeral muscular 
dystrophy in mice overexpressing FRG1. Nature 439, 
973–977 (2006).

122. Anczukow, O. et al. The splicing factor SRSF1 
regulates apoptosis and proliferation to promote 
mammary epithelial cell transformation. Nature 
Struct. Mol. Biol. 19, 220–228 (2012).

123. Ghigna, C. et al. Cell motility is controlled by SF2/ASF 
through alternative splicing of the Ron protooncogene. 
Mol. Cell 20, 881–890 (2005).

124. David, C. J., Chen, M., Assanah, M., Canoll, P. & 
Manley, J. L. HnRNP proteins controlled by c‑Myc 

deregulate pyruvate kinase mRNA splicing in cancer. 
Nature. 463, 364–368 (2010).

125. Tarn, W. Y. & Steitz, J. A. A novel spliceosome 
containing U11, U12, and U5 snRNPs excises a minor 
class (AT–AC) intron in vitro. Cell 84, 801–811 (1996).

126. Wahl, M. C., Will, C. L. & Luhrmann, R. The 
spliceosome: design principles of a dynamic RNP 
machine. Cell 136, 701–718 (2009).

127. Fernández Alanis, E. et al. An exon‑specific U1 small 
nuclear RNA (snRNA) strategy to correct splicing 
defects. Hum. Mol. Genet. 21, 2389–2398 (2012).

128. Liu, X. et al. Partial correction of endogenous 
ΔF508 CFTR in human cystic fibrosis airway epithelia 
by spliceosome‑mediated RNA trans‑splicing. 
Nature Biotechnol. 20, 47–52 (2002).

129. Hua, Y. & Krainer, A. R. Antisense‑mediated exon 
inclusion. Methods Mol. Biol. 867, 307–323 (2012).

130. Hua, Y. et al. Antisense correction of SMN2 splicing in 
the CNS rescues necrosis in a type III SMA mouse 
model. Genes Dev. 24, 1634–1644 (2010).

131. Hua, Y. et al. Peripheral SMN restoration is essential 
for long‑term rescue of a severe spinal muscular 
atrophy mouse model. Nature 478, 123–126 (2011).
Powerful procedure that uses sequence-specific 
oligonucleotides to cure SMA in a mouse model by 
regulating alternative splicing of Smn (survival 
motor neuron).

132. McGuire, A., Pearson, M., Neafsey, D. & Galagan, J. 
Cross‑kingdom patterns of alternative splicing and 
splice recognition. Genome Biol. 9, R50 (2008).

133. Reddy, A. Alternative splicing of pre‑messenger RNAs 
in plants in the genomic era. Annu. Rev. Plant Biol. 58, 
267–361 (2007).

134. Márquez, Y., Brown, J., Simpson, C., Barta, A. & 
Kalyna, M. Transcriptome survey reveals increased 
complexity of the alternative splicing landscape in 
Arabidopsis. Genome Res. 22, 1184–1279 (2012).
Genome-wide study revealing a previously 
unforeseen complexity and prevalence of 
alternative splicing in plants.

135. Kazan, K. Alternative splicing and proteome diversity 
in plants: the tip of the iceberg has just emerged. 
Trends Plant Sci. 8, 468–471 (2003).

136. Zhang, X. C. & Gassmann, W. Alternative splicing and 
mRNA levels of the disease resistance gene RPS4 are 
induced during defense responses. Plant Physiol. 145, 
1577–1587 (2007).

137. Gassmann, W. Alternative splicing in plant defense. 
Curr. Top. Microbiol. Immunol. 326, 219–233  
(2008).

138. Mastrangelo, A. M., Marone, D., Laido, G., 
De Leonardis, A. M. & De Vita, P. Alternative splicing: 
enhancing ability to cope with stress via transcriptome 
plasticity. Plant Sci. 185, 40–49 (2012).

139. Nakaminami, K., Matsui, A., Shinozaki, K. & Seki, M. 
RNA regulation in plant abiotic stress responses. 
Biochim. Biophys. Acta 1819, 149–153 (2012).

140. Sánchez, S. et al. A methyl transferase links the 
circadian clock to the regulation of alternative splicing. 
Nature 468, 112–118 (2010).
Demonstration that Arg N-methyltransferase 5 
(PRMT5) is part of a novel regulatory feedback 
loop within the circadian clock of plants that 
regulates alternative splicing of key clock mRNAs.

141. Arsovski, A. A., Galstyan, A., Guseman, J. M. & 
Nemhauser, J. L. Photomorphogenesis. 
Arabidopsis Book 10, e0147 (2012).

142. Ruckle, M., Burgoon, L., Lawrence, L., Sinkler, C. & 
Larkin, R. Plastids are major regulators of light 
signaling in Arabidopsis. Plant Physiol. 159,  
366–456 (2012).

Acknowledgements
The authors apologize to those researchers whose work could 
not be cited owing to space constraints. The work in the 
authors laboratories was supported by grants to A.R.K. and 
M.J.M. from the Agencia Nacional de Promoción de Ciencia 
y Tecnología of Argentina (ANPCYT) and the University of 
Buenos Aires. A.R.K. is a Senior International Research 
Scholar of the Howard Hughes Medical Institute. I.E.S and 
G.D. are recipient of Marie Curie postdoctoral fellowships. 
M.A. and E.P. are recipients of postdoctoral fellowships and 
A.R.K. and M.J.M are career investigators from the Consejo 
Nacional de Investigaciones Científicas y Técnicas of 
Argentina (CONICET).

Competing interests statement
The authors declare no competing financial interests.

FURTHER INFORMATION
Alberto R. Kornblihtt’s homepage: http://ark.fbmc.fcen.uba.ar

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 14 | MARCH 2013 | 165

© 2013 Macmillan Publishers Limited. All rights reserved

http://ark.fbmc.fcen.uba.ar


CORRIGENDUM

Alternative splicing: a pivotal step between eukaryotic transcription 
and translation
Alberto R. Kornblihtt, Ignacio E. Schor, Mariano Alló, Gwendal Dujardin, Ezequiel Petrillo and  
Manuel J. Muñoz
Nature Reviews Molecular Cell Biology 14,153–165 (2013)

In the above article, the sentence on page 156 should have read: “A minority of budding yeast genes have a single long 
intron and, interestingly, pausing of Pol II is more abundant in genes that contain short exons than in those containing 
long exons. This suggests that the presence of a long terminal exon can compensate for faster elongation and help ensure 
co-transcriptional splicing31.”

This has been corrected online, and the authors apologize for any confusion caused. 
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