
A typical mammalian gene is composed of several rela-
tively short exons that are interrupted by much longer
introns. To generate correct, mature mRNAs, the exons
must be identified and joined together precisely and
efficiently, in a process that requires the coordinated
action of five small nuclear (sn)RNAs (U1, U2 and
U4–U6) and more than 60 polypeptides1,2. The inaccu-
rate recognition of exon–intron boundaries or the fail-
ure to remove an intron generates aberrant mRNAs that
are either unstable or code for defective or deleterious
protein isoforms.

Paradoxically, in higher eukaryotes, the require-
ment for accurate splicing is accompanied by
exon–intron junctions that are defined by weakly con-
served intronic cis-elements: the 5′ splice site, 3′ splice
site and branch site1 (FIG. 1a). These elements are neces-
sary but are by no means sufficient to define
exon–intron boundaries. Sequences that match the
consensus splice-site signals as well as, or better than,
natural splice sites are very common in introns, and
they define a set of PSEUDO-EXONS that greatly outnum-
ber genuine exons but that are normally not included
in mature mRNAs3.

The production of several isoforms from the same
transcription unit by various types of alternative splicing
(FIG. 1b) is a very common event in mammalian cells, and
makes the already formidable task of correctly identify-
ing splice sites even more complex.Alternative splicing is
responsible for much of the complexity of the proteome,
which partly explains the unexpected finding that the
human genome might consist of only 31,000–39,000
genes4,5. Because a single primary transcript can have
several regions that each undergo alternative splicing,
the resulting combinatorial effects of selecting different
splice sites can be very pronounced, and genes that code
for tens to hundreds of different isoforms are common6.
In what is perhaps the most striking example of alterna-
tive splicing complexity known, the single pre-mRNA
for a Drosophila melanogaster axon guidance receptor
gene, Down syndrome cell-adhesion molecule (Dscam),
can be processed to generate potentially 38,016 different
mature transcripts7. Even if only a subset of these iso-
forms is ever produced in vivo, this combinatorial use of
alternative exons still represents an incredible source of
diversity, especially given that the entire Drosophila
genome consists of only ~14,000 genes8.
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but that is never recognized as an
exon by the splicing machinery
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EXON DEFINITION

The recognition of a particular
pre-mRNA segment as an exon
by the spliceosome. It involves
interactions between splice sites
on either side of an internal exon
or between a splice site and the 5′
cap or the polyadenylation signal
of a terminal exon.

SNRNP
(Small nuclear
ribonucleoprotein). A particle
that is composed of a snRNA
and several polypeptides.
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splicing machinery to distinguish between genuine and
pseudo-exons and to modulate the selection of alterna-
tive splice sites (for more information about the splicing
reaction, specific splicing factors and alternative splicing
in general, see recent reviews in REFS 1,10–12). The 
mechanisms that are responsible for the recognition and
function of these exonic signals are now being eluci-
dated, and there is growing evidence that their disrup-
tion can be significant in the aetiology of several genetic 
diseases. In the light of these new findings, the predicted
effect of nonsense, missense and silent mutations
should be routinely evaluated to assess their possible
consequences on pre-mRNA processing.

Exon splicing signals: enhancers and silencers
Several examples of intronic and exonic cis-elements
that are important for correct splice-site identification
and that are distinct from the classical splicing signals
have been described. These elements can act by stimu-
lating (as do enhancers) or repressing (as do silencers)
splicing, and they seem to be especially relevant for reg-
ulating alternative splicing. Exonic splicing enhancers
(ESEs), in particular, appear to be very prevalent, and
might be present in most, if not all, exons, including
constitutive ones13,14.

Enhancers. Exonic enhancers are thought to serve as
binding sites for specific serine/arginine-rich (SR) pro-
teins10,15. These proteins are part of a growing family of
structurally related and highly conserved splicing factors
that are characterized by the presence of 1–2 RNA-
recognition motifs (RRM) and by a distinctive carboxy-
terminal domain that is highly enriched in Arg/Ser
dipeptides (the RS domain)16. The RRMs mediate
sequence-specific binding to the RNA, and so determine
substrate specificity, whereas the RS domain seems to be
involved mainly in protein–protein interactions.
SR proteins that are bound to ESEs can promote EXON

DEFINITION17 by directly recruiting the splicing machinery
through their RS domain15,18,19 and/or by antagonizing
the action of nearby silencer elements20 (FIG. 2).

These two models of splicing enhancement are not
necessarily mutually exclusive, as they might reflect dif-
ferent requirements in the context of different exons.
This idea is supported by the observation that ESE-
dependent splicing requires the RS domain of an 
SR protein for the splicing of some substrates, which
indicates that RS-domain-mediated protein–protein
interactions can be essential in splicing21. The recruit-
ment of the splicing factor U2AF (U2 SNRNP auxiliary
factor), either directly through RS–RS domain interac-
tions or indirectly through SPLICING CO-ACTIVATORS, seems
to be important, especially in those cases in which
recognition of a weak pyrimidine tract is a rate-limiting
step in the splicing reaction15,19 (FIG. 2a). In other cases,
the RS domain of an SR protein has been shown to be
dispensable22, and the RRMs are sufficient to promote in
vitro splicing in S100 EXTRACT complementation assays.
This result indicates that either an SR protein without
the RS domain retains some protein–protein interaction
capabilities, or that, in some situations, binding to the

The prevalence of alternative splicing seems to be
much higher than earlier estimates had indicated.
Recent analysis of reconstructed mRNAs that are
derived from chromosome 22 indicates that ~60% of
genes are represented by two or more transcripts4,9.
Because only a subset of transcripts were sampled in this
analysis, this value is still probably an underestimate,
and the actual extent of alternative splicing is likely to be
even greater.

The need to regulate alternative splicing introduces
an extra requirement for signals that must modulate
splicing in a developmental and/or cell-type-specific
fashion, and this complexity cannot be accommodated
by the classical splicing signals (FIG. 1a). In this review, we
discuss the other cis-acting elements that must be 
present in the coding sequences of genes to allow the
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Figure 1 | Classical splicing signals and modes of alternative splicing. a | Conserved motifs
at or near the intron ends. The nearly invariant GU and AG dinucleotides at the intron ends, the
polypyrimidine tract (Y)n preceding the 3′ AG, and the A residue that serves as a branchpoint are
shown in a two-exon pre-mRNA. The sequence motifs that surround these conserved
nucleotides are shown below (adapted from REF. 1). For each sequence motif, the size of a
nucleotide at a given position is proportional to the frequency of that nucleotide at that position in
an alignment of conserved sequences from 1,683 human introns1. Nucleotides that are part of
the classical consensus motifs are shown in blue, except for the branch-point A, which is shown
in orange. The vertical lines indicate the exon–intron boundaries. b | Five common modes of
alternative splicing. In each case, one alternative splicing path is indicated in green, the other path
in red. In the last example, the alternative pathway corresponds to no splicing. In complex pre-
mRNAs, more than one of these modes of alternative splicing can apply to different regions of the
transcript, and extra mRNA isoforms can be generated through the use of alternative promoters
or polyadenylation sites.
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ESE per se is sufficient to compete with negative regula-
tory factors, and therefore supports the antagonism
model of enhancer function20,22 (FIG. 2b). Finally, these
two modes of SR protein/ESE-dependent function
might sometimes be at work simultaneously. For exam-
ple, the efficient splicing of an immunoglobulin M
(IgM) MINIGENE pre-mRNA, which has both an enhancer
and a silencer in the 3′ exon20, requires an SR protein
with its RS domain21. This finding indicates that a net-
work of interactions with the splicing factor U2AF,
and/or other factors, might be required to stabilize
binding of the SR protein to the ESE, which would rein-
force its ability to antagonize the silencer downstream.

Most early work on enhancers focused on purine-
rich exonic elements, and most natural enhancers that
have been reported tend to have a high purine content.
Although this composition certainly reflects the actual
preference of some splicing factors for purine-rich sites
(TABLE 1), it probably also reflects the fact that composi-
tionally simple sequences are easier to detect than more
complex ones. High purine content by itself is not suffi-
cient to define an ESE, as the precise sequence of the ele-
ment, which might contain interspersed pyrimidines, is
also important. In fact, only a few of several tested syn-
thetic sequences of equal length and purine content can
enhance the splicing of IgM pre-mRNA in vitro23. Also,
several combined mutations in a cardiac troponin T
minigene that do not change its purine content can dis-
rupt enhancer activity24. Furthermore, eliminating
purine-rich stretches in dispersed ESE elements in IgM25

or avian sarcoma and leukosis virus26 (ASLV) pre-
mRNAs does not abrogate enhancer activity in vitro.

The lack of a well-defined consensus sequence for
purine-rich enhancers indicates that they might con-
sist of numerous, functionally different classes, and/or
that the factors involved recognize degenerate
enhancer sequences. Clearly, the range of enhancer
sequences that can be recognized by splicing factors is
considerable (TABLE 1). Functional SELEX (systematic
evolution of ligands by exponential enrichment)
experiments (BOX 1) done in vitro27,28 or in vivo29 have
also confirmed the existence of several types of ESE
that include both purine-rich and non-purine-rich
sequences, and have uncovered a new broad class of
adenosine–cytosine-rich elements (ACEs)29. Because
these studies were done in nuclear extracts or in vivo
— that is, in the presence of a complex mixture of
putative ESE-binding factors — neither well-defined
consensus sequences nor the specific factors that are
involved could be identified. However, by combining
the SELEX approach with an S100 complementation
assay, several sequence motifs that can act as enhancers
and that are recognized by specific SR proteins have
been determined13,30,31. Short (6–8-nucleotide), degen-
erate and partially overlapping ESE motifs were found
using this approach (BOX 1), and this information has
been used to predict computationally the occurrence
of enhancers in exons13,31.

SR protein substrate specificity, as determined
either by these functional SELEX studies or by identi-
fying the specific SR proteins that bind to known 
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Figure 2 | Models of SR protein action in exonic-splicing-enhancer-dependent splicing.
a | RS-domain-dependent mechanism. An SR protein binds to an exonic splicing enhancer (ESE)
through its RNA-recognition motifs (RRM) and contacts the splicing factor U2AF35 (U2 auxiliary
factor) and/or U1-70K at the adjacent splice sites through its RS domain. The U2AF splicing
factor consists of two subunits (U2AF65 and U2AF35), and the large subunit binds to the
polypyrimidine (Y) tract, which here is interrupted by purines (R) and is therefore part of a weak 3′
splice site. U2AF65 also promotes binding of U2 snRNP to the branch site. U2AF35 recognizes the
3′ splice-site AG dinucleotide. The U1 snRNP particle binds to the upstream and downstream 5′
splice sites through base paring of the U1 snRNA; the 70K polypeptide of each U1 snRNP
particle is shown. The three sets of splicing-factor–pre-mRNA interactions (U2AF–3′ splice site,
U1 snRNP–5′ splice site and SR protein–ESE) are strengthened by the protein–protein
interactions (blue arrows) that are mediated by the RS domain. For some ESE-dependent pre-
mRNAs, indirect interactions (black arrows) are bridged by the splicing co-activator Srm160,
which stimulates splicing of some ESE-dependent pre-mRNAs and also interacts with the U2
small nuclear ribonucleoprotein (snRNP)15. b | RS-domain-independent mechanism. Here, the
main function of the SR protein that is bound to an ESE is to antagonize the negative effect on
splicing of an inhibitory protein that is bound to a juxtaposed exonic splicing silencer (ESS). The
SR protein is shown without its RS domain, although this domain is normally present and might
still promote U2AF binding, or other domains might be involved in protein–protein interactions.
Inhibitory interactions are shown (red), as is a putative stimulatory interaction (double-headed
arrow). These models are not mutually exclusive, and the splicing of some introns might involve a
combination of these mechanisms. 

Table 1 | RNA motifs recognized by human SR proteins

Protein High-affinity binding site Ref. Functional ESE Ref.

SRp20 WCWWC 112 GCUCCUCUUCC 113
CUCKUCY 14 CCUCGUCC 14

SC35 AGSAGAGUA 32 GRYYMCYR* 31
GUUCGAGUA 32 UGCYGYY 14
UGUUCSAGWU 112
GWUWCCUGCUA 112
GGGUAUGCUG 112
GAGCAGUAGKS 112
AGGAGAU 112

9G8 (GAC)n 112
ACGAGAGAY 112
WGGACRA 14

SF2/ASF RGAAGAAC 32 CRSMSGW* 13
AGGACRRAGC 32

SRp40 UGGGAGCRGUYRGCUCGY 114 YRCRKM* 13

SRp55 YYWCWSG* 13

TRA2ß (GAA)n 115

*These consensus sequences correspond to refined nucleotide-frequency matrices79 derived from
revised versions of the original data; representations of the matrices are shown in BOX 1. Nucleotide
symbols used: M, A/C; R, A/G; W, A/U; Y, C/U; S, C/G; K, G/U. ESE, exonic splicing enhancer.
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natural enhancers, often does not correspond to the
optimal (highest-affinity) binding sites for these pro-
teins (TABLE 1). This observation might reflect the fact
that binding data are typically obtained in highly
purified in vitro systems that do not fully reflect splic-
ing conditions. For example, sequences with optimal
binding sites for an SR protein might overlap with
sequences that act as binding sites for other factors
that positively or negatively influence splicing.
Moreover, a higher binding affinity does not necessar-
ily imply better functionality, which could explain
why some of the binding sequences that come out as
‘winners’ in the conventional SELEX assay (based on
selection for binding) do not work when tested as
splicing enhancers in vitro32.

When ESE-prediction programs are used to analyse
exonic sequences, putative ESEs are often found to be
clustered, and the motifs tend to be enriched in regions
with known natural enhancers13,31. Many of the longer,
more loosely defined, natural enhancer sequences might
therefore consist of clusters of several overlapping
motifs, which are recognized by different proteins. This
would explain the redundancy in the activity of SR pro-
teins, the apparent lack of clearly identifiable consensus
sequences and the requirement for several mutations to
inactivate these dispersed elements.

Silencers. Exonic splicing silencers (ESSs) are less well
characterized than ESEs, at present, but they are proba-
bly just as prevalent. About one-third of randomly
selected short, human DNA fragments showed splicing
inhibitory activity in vivo when inserted into the middle
exon of a three-exon minigene33. This finding indicates
that some exons might be maintained in a generalized
‘silenced’ state, which can be neutralized only by a com-
bination of strong flanking splicing signals (that is,
good matches to the consensus signals) and/or efficient
enhancer elements. Most described silencers are
intronic elements, but several ESS elements have also
been reported20,34–39. Their mechanisms of action are
still not fully understood. Silencers seem to work by
interacting with negative regulators, which often belong
to the heterogeneous nuclear ribonucleoprotein
(hnRNP) family12,40,41 — a class of diverse RNA-binding
proteins that associate with nascent pre-mRNAs42,43.
Similar to SR proteins, hnRNP proteins have a modular
structure, which consists of one or more RNA-binding
domains associated with an auxiliary domain that is
often involved in protein–protein interactions. In par-
ticular, the hnRNP I protein (better known as
polypyrimidine-tract-binding protein (PTB)) and pro-
teins of the hnRNP A/B and hnRNP H families are the
best-characterized mediators of silencing40,41,44.

Direct competition by inhibitory factors for overlap-
ping enhancer-binding sites that are recognized by stim-
ulatory factors could lead to silencing if the enhancer
element is a crucial one (FIG. 3a). Alternatively, binding of
PTB or hnRNP A1 to several sites around or within a
silenced exon, followed by dimerization of the bound
PTB proteins, might cause relevant portions of the pre-
mRNA to loop out, which makes them unavailable for

Box 1 | Functional SELEX method

To identify exonic splicing enhancer (ESE) motifs by functional in vivo or in vitro
SELEX (systematic evolution of ligands by exponential enrichment105), a minigene is
used that harbours ESE sequences that are required for the efficient splicing of its pre-
mRNA. As shown in the accompanying figure, the natural enhancer (green box) is
replaced by random sequences (blue) from an oligonucleotide library (a). The resulting
pool of minigenes is then transfected into cultured cells, or is transcribed in vitro, to
generate a pool of pre-mRNAs (b). Following in vivo or in vitro splicing (c), the pool of
spliced mRNAs is gel purified and amplified by reverse-transcription (RT)-PCR (d). This
pool of enhancer-enriched sequences is then used to reconstruct new minigene
templates by OVERLAP-EXTENSION PCR106 (e), to use in a new enrichment cycle. The iteration
of this entire procedure yields a limited number of ‘winners’ — sequences that have
good splicing enhancer activity27,107.

To identify ESEs that are recognized by individual SR proteins, the splicing step was
carried out in S100 extract complemented with one of four different SR proteins
(SF2/ASF, SC35, SRp40 and SRp55)13,30,31. Transcripts were obtained from an
immunoglobulin-µ (IGHM)-derived minigene, in which the natural enhancer was
substituted with a pool of 20-nucleotide random sequences. After a few cycles of
enrichment, spliced products were sequenced and aligned to derive a consensus motif.
The frequencies of the individual nucleotides at each position were then used to
calculate a score matrix, which can be used to predict the location of SR-protein-specific
putative ESEs in exonic sequences79,88 (TABLE 1).
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The consensus motifs obtained with these four SR proteins are shown below; the
height of each letter reflects the frequency of each nucleotide at a given position, after
adjusting for background nucleotide composition79. At each position, the nucleotides
are shown from top to bottom in order of decreasing frequency; blue letters indicate
above-background frequencies.
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point mutations that result in a human genetic disease
cause RNA splicing defects47, a figure that is supported
by the annotation of ~16,000 point mutations in the
current Human Gene Mutation Database. Most splic-
ing mutations that are considered in these surveys
directly affect the standard consensus splicing signals
(see FIG. 1a), and typically lead to skipping of the neigh-
bouring exon. Less frequently, the mutations create an
ectopic splice site or activate a CRYPTIC SPLICE SITE, thereby
changing the overall splicing pattern of the mutant
transcript. At present, most databases contain annota-
tion data that are primarily or exclusively derived from
genomic DNA analysis, and the effect of a mutation on
the mRNA or on the encoded protein is usually pre-
dicted from the primary sequence, rather than by
experimentally determining mRNA expression and
splicing patterns. Therefore, point mutations that
occur in introns and that affect the classical consensus
splice-site signals are considered to be splicing muta-
tions, whereas point mutations in the coding regions
that do not create ectopic splice-site consensus
sequences are usually scored as missense, nonsense or
silent mutations.

Nonsense mutations are commonly assumed to pro-
duce truncated protein isoforms, whereas missense
mutations are presumed to identify amino acids that are
important for the structure or function of a protein.
Translationally silent mutations are normally classified
as allelic polymorphisms and are considered to be neu-
tral. These assumptions might be correct in some cases,
but when they are not supported by characterization at
the mRNA level, they could be misleading, because
mutations that affect sequences that are important for
splicing modulation are likely to have a profound effect
on the translated product. For example, if a missense
mutation abrogates an ESE and causes exon skipping,
the mutant protein, instead of having just a single
amino-acid difference from the wild type, will carry a
large internal deletion or, if the open reading frame
(ORF) is not maintained, an entirely different and prob-
ably shorter carboxy-terminal domain. In either case, no
inferences should be drawn about the functional impor-
tance of the amino acid that is encoded by the wild-type
codon. In addition, premature termination codons
(PTCs), whether they arise from nonsense or frameshift
mutations or as a result of mutation-induced exon skip-
ping, which in turn causes a frameshift, usually trigger
nonsense-mediated mRNA decay (NMD, see BOX 2).
This mRNA surveillance mechanism leads to a reduc-
tion in the abundance of PTC-harbouring mRNAs and
of the corresponding truncated protein.

Indeed, there is growing evidence that misclassifica-
tion of mutations might commonly occur, and that the
general extent of splicing mutations has been under-
estimated. Many reports have correlated specific point
mutations in coding regions with the skipping of the
exon that harbours the mutation. In two recent studies,
several germ-line mutations in the neurofibromatosis
type 1 (NF1) gene and the ataxia telangiectasia
mutated (ATM) gene were systematically analysed at
the DNA and RNA level in neurofibromatosis type 1

splicing (see FIG. 3b and REFS 41,45). Another proposed
silencing mechanism involves hnRNP A1 binding ini-
tially to a high-affinity site on the exon and then nucle-
ating the cooperative assembly of inhibitory hnRNP
complexes that coat the pre-mRNA. The polymeriza-
tion of hnRNP A1 interferes directly with the initial
steps of spliceosome assembly or antagonizes the action
of nearby enhancers22 (FIG. 3c).

The decision of whether to include an exon reflects
the intrinsic strength of the flanking splice sites and the
combinatorial effects of positive and negative elements
(reviewed in REFS 40,46). The complexity and subtlety of
this modulation is most apparent when alternative
splicing is involved6,12. However, even seemingly simple
decisions, such as the inclusion of a CONSTITUTIVE EXON,
probably require elaborate crosstalk between several cis-
acting elements and trans-acting factors. Mutations that
disrupt only one of a few crucial elements in a given
exon can therefore markedly affect the splicing pathway
and the extent of exon inclusion.

Splicing signals and point mutations
Splicing signals are a frequent target of mutations in
genetic diseases and cancer. In a widely cited survey,
Krawczak and colleagues estimated that at least 15% of
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Figure 3 | Models of splicing silencing. a | Silencing by direct competition. A splicing-
stimulatory factor, such as an SR protein, binds to an exonic splicing enhancer (ESE) (+; left). A
splicing-inhibitory factor, such as an heterogeneous nuclear ribonucleoprotein (hnRNP), binds
to an exonic splicing silencer (ESS) (–; right). Because the ESE and the ESS overlap, the
binding of the positive and negative factors is mutually exclusive. If the positive factor has a
higher binding affinity or higher concentration than the negative one, the alternative exon is
included; if vice versa, then it is excluded. b | Silencing by exon looping. A splicing inhibitory
factor, such as an hnRNP protein, binds to duplicate intronic splicing silencer (ISS) elements
present in the introns that flank an alternative exon. Dimerization of the bound protein brings
the ISS elements into juxtaposition, causing the alternative exon to loop out and to be skipped
by the splicing machinery. c | Silencing by nucleation and cooperative binding. The alternative
exon harbours ESE and ESS elements at some distance from each other. In the absence of an
inhibitory factor, the ESS element remains unoccupied, and an SR protein can bind to the ESE
and stimulate exon inclusion (+; left). An inhibitory factor (–; right) initially binds to a high-affinity
binding site in the ESS, and nucleates cooperative binding of additional inhibitory molecules,
which polymerize along the exon and displace the ESE-bound SR protein or prevent its initial
binding, resulting in exon skipping.

SPLICING CO-ACTIVATOR

A protein that mediates splicing
enhancement without binding
directly to the pre-mRNA.

S100 EXTRACT

A post-nuclear, post-ribosomal
cellular fraction that can support
in vitro splicing only when
complemented with one or
more SR proteins.

MINIGENE

A simplified laboratory version
of a natural gene that lacks one
or more of the gene’s exons and
introns, or portions of them.

RT-PCR

A type of PCR in which RNA is
converted into single-stranded
DNA, which is then amplified.

OVERLAP-EXTENSION PCR

A method that involves
consecutive PCR reactions with
overlapping primers, which is
useful to recombine different
DNA sequences in vitro.
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cryptic splice sites. Of these mutations, 13 and 11% 
(7 out of 52 and 7 out of 62, respectively) would have
been erroneously classified as frameshift, missense or
nonsense mutations if the analysis had been limited to
genomic sequence.

Nonsense-associated altered splicing
Several reported point mutations that are linked to exon
skipping introduce a PTC. This phenomenon is known
as nonsense-associated altered splicing (NAS, see 
BOX 3)50,51, and the role of reading-frame recognition in
this process is particularly interesting. Does the presence
of a PTC cause the aberrant splicing or is exon skipping
a consequence of the fortuitous disruption of cis-
elements that are important for splicing?

Nuclear scanning. At least in some cases, recognition
of the translational reading frame seems to be
involved in NAS. A nonsense mutation in exon 51 of
the fibrillin 1 (FBN1) gene is associated with exon
skipping and causes Marfan syndrome52. All three
nonsense codons, but not a synonymous codon,
induce exon skipping, and the splicing pattern is
largely restored when the PTCs are placed out of
frame by introducing a frameshift mutation
upstream53. Similarly, in transcripts of a mouse par-
vovirus, PTCs inhibit splicing in a frame-dependent
but not translation-dependent manner, as mutations
at the translational start site do not always reverse
NAS54,55. In addition, transcripts from the T-cell
receptor β (TRB) or immunoglobulin µ heavy-chain
(IGHM) genes accumulate at the site of transcription
only when they harbour PTCs, which indicates that
the mRNA reading frame can exert intranuclear
effects56. A proposed explanation for these observa-
tions is the existence of a nuclear mRNA surveillance
system that is distinct from NMD and directly affects
the splicing process. This putative process would
somehow verify the integrity of an ORF and, when
necessary, direct the splicing machinery to skip the
offending exon (see BOX 3a). This nuclear-
scanning model posits that translation-like machinery
might exist in the nucleus, perhaps composed of func-
tional nuclear ribosomes, which possibly explains the
observation that many mRNAs that undergo NMD
still seem to be associated with the nucleus50,57–60.
Although the existence of a nuclear ORF ‘scanner’
remains controversial, the presence of translation 
initiation factors, such as eIF4E and eIF4G, and
charged tRNAs in the nucleus, combined with 
evidence indicating that translation is coupled to
transcription in both mammalian and slime-mould
cell nuclei, supports this unconventional view61–64.

Arguably, a mechanism that promotes the skipping
of PTC-containing exons might confer a selective
advantage by allowing a protein with residual func-
tion to be made, instead of a completely inactive one.
This situation is seen in the case of Duchenne muscu-
lar dystrophy (DMD) and its milder variant, Becker
muscular dystrophy (BMD), which are caused by
mutations in the dystrophin gene (DMD)65. Most

and ataxia telangiectasia patients that harbour these
mutations48,49. In ~50% of these patients (26 out of 52
and 30 out of 62, respectively), the disease was found to
be due to mutations that result in aberrant splicing,
either by causing exon skipping or by activating new

CONSTITUTIVE EXON

An exon that is always included
in the mature mRNA, even in
different mRNA isoforms.

Box 2 | Nonsense-mediated mRNA decay

Nonsense-mediated mRNA decay (NMD) is an mRNA surveillance mechanism that has
been described from yeast to humans and ensures mRNA quality by selectively targeting
mRNAs that harbour premature termination codons (PTCs) for rapid degradation50,58,108.
PTCs that are introduced as a consequence of DNA rearrangements, frameshifts or
nonsense mutations, or are caused by errors during transcription or splicing, can lead to
non-functional or deleterious proteins.

PTCs in higher eukaryotes are only recognized as such when they occur upstream of a
‘boundary’ on the spliced mRNA that is situated ~55 nucleotides before the last
exon–exon junction108. As summarized in the accompanying figure, the prevalent view
of the NMD mechanism is that the splicing process leaves a ‘mark’ ~20 nucleotides
upstream of each exon–exon boundary, in the form of an exon-junction complex (EJC),
which in turn provides an anchor for up-frameshift suppressor proteins (UPFs)108,109.
During the first (‘pioneer’) round of translation of a normal mRNA, the stop codon is
located downstream of the last mark, and all EJCs are displaced by elongating
ribosomes110. During subsequent rounds of translation, the cap-binding complex is
replaced by eIF4E (eukaryotic initiation factor 4E) and PABPII (poly(A)-binding
protein II) is replaced by PABPI, new ribosomes no longer encounter EJCs, and the
mRNA is immune to NMD. However, when a PTC is present, ribosomes stop and fail to
displace the downstream EJCs from the transcript. Interactions between the marking
factors and components of the post-termination complex trigger mRNA decay.
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results in frameshifts, which in turn trigger NMD. If
the reading frame were maintained, or if the PTC that
was introduced by a frameshift were recognized as a
normal termination codon because of its position, the
surveillance function of NMD would be pre-empted,
so increasing the chance of a dominant-negative 
phenotype.

Several other observations argue that NAS probably
does not have a general role in mRNA surveillance. First,

described DMD mutations eliminate one or more
internal exons or alter proper splicing. In general, the
less severe BMD phenotypes correlate with the main-
tenance of the reading frame66. Similarly, the skipping
of PTC-containing internal exons, which preserves the
DMD ORF, sometimes leads to BMD67,68. However,
the production of a partially functional protein that
results from the skipping of a constitutive exon is not
a common event. More frequently, altered splicing

CRYPTIC SPLICE SITE

A sequence that matches the 5′
or 3′ splice-site consensus, but is
only used as a splice site in the
context of a mutation elsewhere
in the gene, such as one that
inactivates or weakens an
authentic splice site.

Box 3 | Possible mechanisms of nonsense-associated altered splicing

In nonsense-associated altered splicing (NAS), exons that harbour premature termination codons (PTCs) are excluded from the mature
transcript50. Four possible mechanisms for NAS are discussed below and in the accompanying figure.

The top part of the figure shows a wild-type, constitutively spliced pre-mRNA, and a mutant pre-mRNA in which the middle exon harbours a
PTC and is absent from the mature mRNA.

In the nuclear scanning model (a), a translation-like machinery in the nucleus scans the reading frame and surveys its integrity before
splicing51,60. If the exons have intact reading frames, splicing ensues and all the exons are included. If an interrupted reading frame is sensed, the
splicing machinery somehow skips the exon. This
presumptive machinery might or might not 
synthesize a polypeptide, and would have to deal
somehow with the usual interruption of the reading
frame by introns.

In the indirect nonsense-mediated mRNA decay
(NMD) model (b), NAS is an indirect consequence of
NMD. In some cases, a small amount of exon-skipped
mRNA is always generated, whether the pre-mRNA
has a PTC or not. When there is a PTC, the full-length
mRNA is degraded by conventional NMD; as a result,
the apparent abundance of the exon-skipped isoform
might be magnified, especially when mRNA is
detected by reverse-transcription (RT)-PCR. This
artefact accounts for some, but not all, instances of
reported NAS73. The PTC in a spliced mRNA might
also trigger a feedback signal, which results in the
accumulation of exon-skipped mRNA. If the protein
encoded by the full-length mRNA is involved in a
negative-feedback loop to downregulate the
transcription of its own gene, then a non-functional
protein encoded by the exon-skipped mRNA might
lead to more transcripts being generated; the PTC-
containing ones would be degraded by NMD, and the
exon-skipped ones would accumulate. A similar
outcome is expected if the full-length protein
promotes the inclusion of that exon in its own pre-
mRNA. Alternatively, triggering of NMD might alter
the local concentration of factors that normally bind
to the included exon, which somehow causes the PTC-
harbouring exon to be skipped.

The secondary-structure disruption model applies
to pre-mRNAs in which local RNA secondary
structure is required to promote exon inclusion (c).
If a PTC disrupts the hairpin, exon inclusion is no
longer favoured73,74. This mechanism does not require
that the mutation be a nonsense mutation.

In the exonic splicing enhancer (ESE)-disruption
model (d), the PTC fortuitously disrupts the
recognition motif for an RNA-binding protein that
enhances splicing, such as an SR protein, and exon
inclusion is no longer favoured67,79. A similar
disruption might be caused by certain missense or
translationally silent mutations.
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correct secondary structure for the splicing of an
alternative exon74. Alteration of secondary structure in
the Fanconi anaemia complementation group C
(FANCC) gene transcript has been proposed to
explain skipping of exon 6 — which is associated with
a nonsense mutation in exon 6 itself 75 — and with
nonsense and missense mutations in exon 5 (REF. 76). A
strong correlation between exon skipping and the dis-
ruption of RNA secondary structure by nonsense and
missense mutations has also been shown for HPRT1
exons 2, 4 and 8 and FBN1 exon 51 (REF. 71).

Alternatively, the cis-elements that are affected by
nonsense mutations can be splicing enhancers. A
putative role for ESE disruption in PTC-associated
exon skipping has been previously proposed73,77 and,
in some cases, direct evidence for this mechanism has
been provided. The E1211X nonsense mutation in
exon 27 of DMD introduces a uracil into a purine-
rich element within the exon67. The wild-type, but not
the mutant, element is able to promote in vitro splic-
ing in a heterologous context, which indicates that the
cause of exon skipping might be the ESE disruption.
Similarly, the E1694X nonsense mutation in exon 18
of the breast cancer susceptibility gene (BRCA1)
results in exon skipping78. An analysis of exon 18
sequence, using the ESE-score matrices that are
described in BOX 1, has indicated that the E1694X non-
sense mutation abrogates a putative ESE that is recog-
nized by the SR protein SF2/ASF. Furthermore, muta-
tional analysis has shown that the inclusion of this
exon correlates with the maintenance of a high-score
ESE motif, regardless of the nature of the mutations
(nonsense or missense)79. Significantly, when the ESE
motif analysis was extended to 50 other mutations
that cause exon skipping in various human disease
genes, more than half of the single-base substitutions
reduced or eliminated at least one ESE high-score
motif79. Together, these findings indicate that interfer-
ing with the function of exonic cis-elements that are
involved in splicing might be a common mechanism
for inappropriate exon skipping.

A definitive answer about the mechanisms that are
responsible for NAS will not be available until more
systematic studies of several nonsense, missense and
silent mutations are carried out. Because exon skipping
can be advantageous in some cases, it is possible that
specific mechanisms have evolved to exploit NMD
when the occurrence of nonsense codons is a likely
event. For example, in the TRB80 and IGHM81 genes,
programmed DNA rearrangements that juxtapose vari-
able and constant regions introduce PTCs in approxi-
mately two-thirds of the recombination events.
However, most of the available evidence indicates that
the correlation between the alteration of splicing pat-
terns and the presence of PTCs is largely coincidental.
Most of these mutations are likely to affect either sec-
ondary structures that are essential for correct splicing
or the integrity of an ESE (BOX 3c,d). Clearly, both of
these mechanisms are independent of the reading
frame and so should apply equally to nonsense, mis-
sense and silent mutations.

it is not clear how common NAS is, as most PTCs do
not induce exon skipping, but instead elicit NMD51. In
addition, in many cases in which splicing is affected, the
exon that is involved seems to be weakly defined. For
example, a silent mutation in exon 51 of FBN1, at a dif-
ferent position from the previously described PTC, also
causes exon skipping and Marfan syndrome69, and the
previously mentioned PTCs in the mouse parvovirus
transcript occur at a single position close to an ESE55,
which implies that the effects are exon specific, rather
than being dependent on nonsense mutations.
Furthermore, both NAS-triggering and non-triggering
natural PTCs have been shown to coexist within the
same exons of human NF1 and hypoxanthine phospho-
ribosyltransferase 1 (HPRT1) genes70,71, which indicates
that the presence of a PTC per se is not sufficient to
induce exon skipping.

An indirect nonsense-mediated mRNA decay effect? The
reported upregulation of many alternatively spliced
products in which PTC-containing exons have been
skipped could turn out to be an indirect effect of NMD,
rather than being an independent consequence of the
PTC (see BOX 3b). In several cases, the correlation
between PTCs and exon skipping has been shown to be
an artefact of the reverse-transcription (RT)-PCR
detection method72,73. Because of the presence of the
PTC, the mRNA that carries the mutated exon is tar-
geted by NMD and degraded. Consequently, back-
ground levels of exon-skipped mRNA species, which
would normally go undetected because of competition
from abundant, wild-type mRNA, can now be more
efficiently amplified by RT-PCR.

Alternatively, the increased levels of exon-skipped
mRNA might arise indirectly as a result of NMD com-
bined with a transcriptional feedback regulation (see
BOX 3b). If a gene is normally autoregulated by a feed-
back loop to generate a steady-state level of transcripts,
the presence of a PTC would result in increased tran-
scription by causing mRNA decay and a reduction in
the encoded protein. As a consequence, any alternatively
spliced transcript that no longer harbours the PTC
would become upregulated. The feedback target might
be the splicing event itself, which could theoretically be
activated by a specific limiting factor(s) acting 
in trans.

An NMD-dependent trans-acting mechanism
could also explain why, paradoxically, a PTC can
inhibit the removal of an upstream intron, even
though the sensing of whether the PTC is in frame
should require that the intron first be spliced out,
which indicates that the initial PTC recognition might
be a post-splicing event56.

The cis connection. A very different explanation for
NAS is that PTCs are fortuitously involved in altered
splicing, and the observed effects are caused by the
disruption of cis-elements that are important for cor-
rect splicing73 (see BOX 3c,d). RNA folding can be
important in promoting splicing, as illustrated by the
fibronectin (FN1) gene transcript, which requires a
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might be incorrectly assumed to be neutral polymor-
phisms that do not merit further characterization.A cor-
rect assessment of the relative frequency of different types
of mutation that affect splicing will require more system-
atic studies. However, the common occurrence of both
missense and silent mutations that cause exon skipping,
in addition to the numerous examples of NAS73, indicates
the possible existence of a single mechanism as the cause
of the splicing defect, regardless of the type of exonic
mutation. A shared mechanism would be inconsistent
with NAS models that propose that the reading frame

Missense or silent mutations and exon skipping 
Exon skipping that is associated with point mutations
other than those of the nonsense type has been frequently
observed (TABLE 2). The fact that even mutations that are
predicted to be translationally silent cause exon skipping
is particularly significant, because these mutations must
act at the RNA level (except for possible subtle effects on
translation efficiency owing to codon preferences). These
mutations probably alter cis-elements that are important
for correct splicing. Furthermore, it is very likely that such
mutations are generally under-reported, because they

Table 2 | Missense and silent mutations associated with altered splicing

Gene Mutation Exon Ref. Gene Mutation Exon Ref.

Missense mutations PDHA1 A175T 6 129

ADA A215T 7 116 PMM2 E139K 5 130

ATM E2032K 44 49 RHAG G380V 9 131

ATP7A G1302R 4 117

BRCA1 E1694K 18 78

CFTR G58E 9 118 Silent mutations

D565G 12 119 APC R623R 14 132

F8 R1997W 19 120 AR S888S 8 133

FAH Q279R* 9 121 ATM S706S‡ 16 49

FBN2 D1114H‡ 25 122 S1135S‡ 26 49

FECH A155P‡ 4 123 CYP27A1 G112G 2 134

HEXB P404L 11 124 FAH N232N 8 135

HMBS E29L‡ 3 125 FBN1 I2118I 51 69

HPRT1 G40V 2 73 HEXA L187L‡ 5 136

R48H 3 73 HMBS R28R 3 137

A161E 6 73 HPRT1 F199F 8 73

G180E 8 73 ITGB3 T420T 9 138

G180V 8 73 LIPA Q277Q‡ 8 139

E182K 8 73 MAPT L284L§ 10 89

P184L 8 73 N296N§ 10 89

D194Y 8 73 S305S‡§ 10 89

E197K 8 73 MLH1 S577S‡ 16 140

E197V 8 73 NF1 K354K 8 141

D201V 8 73 PAH V399V 11 142

IL2RG R285Q‡ 6 126 PDHA1 G185G‡ 6 143

IVD R21C 2 127 PKLR A423A 9 144

R21P 2 127 PTPRC P48P 4 145

D20N 2 127 PTS E81E‡ 4 146

MAPT N279K§ 10 89 RET I647I 11 147

S305N*§ 10 89 SMN1 F280F 7 84

MLH1 R659P 17 128 TNFRSF5 T136T 5 148

R659L 17 128 UROD E314E 9 149

*Mutations in the penultimate nucleotide of the exon; ‡mutations in the last nucleotide of the exon; §mutations that increase exon
inclusion. ADA, adenosine deaminase; APC, adenomatosis polyposis coli; AR, androgen receptor; ATM, ataxia telangiectasia mutated;
ATP7A, ATPase, Cu2+ transporting, α-polypeptide; BRCA1, breast cancer 1, early onset; CFTR, cystic fibrosis transmembrane
conductance regulator; CYP27A1, sterol-27-hydroxylase; F8, coagulation factor VIII, procoagulant component; FAH,
fumarylacetoacetate hydrolase; FBN1, fibrillin 1; FBN2, fibrillin 2; FECH, ferrochelatase; HEXA, hexosaminidase A, α-polypeptide; HEXB,
hexosaminidase B, β-polypeptide; HMBS, hydroxymethylbilane synthase; HPRT1, hypoxanthine phosphoribosyltransferase 1; IL2RG,
interleukin 2 receptor-γ; ITGB3, integrin-β3; IVD, isovaleryl coenzyme A dehydrogenase; LIPA, lipase A; MAPT, microtubule-associated
protein tau; MLH1, mutL homologue 1; PAH, phenylalanine hydroxylase; PDHA1, pyruvate dehydrogenase; PKLR, pyruvate kinase, liver
and red blood cells; PMM2, phosphomannomutase 2; PTPRC, protein-tyrosine phosphatase receptor type C; PTS, 6-
pyruvoyltetrahydropterin synthase; RET, rearranged during transfection protooncogene; RHAG, Rhesus blood group-associated
glycoprotein; SMN1, survival of motor neuron 1; TNFRSF5, tumour-necrosis factor receptor superfamily, member 5 (CD40); UROD,
uroporphyrinogen decarboxylase.
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undergoes surveillance before splicing (BOX 3). Moreover,
the single-mechanism view is supported by the analysis
of the spectrum of mutations in specific genes. For exam-
ple, in the extensive database of human TP53 (which
encodes p53) tumour-associated point mutations (see
link to the IARC TP53 Mutation Database, which con-
tains more than 15,000 entries82), there are many alleles
for which the only mutation is a synonymous one (715
cases), and the total number of silent mutations is only
slightly below that of nonsense mutations (5.6 versus
8.2% of all exonic point mutations). Furthermore, the
nucleotides at which silent and nonsense mutations
occur are frequently the same, which indicates that the
same mechanism could be responsible for the effects of
many of these TP53 mutations.

Important mechanistic insights into how silent muta-
tions can cause exon skipping come from studies of prox-
imal spinal muscular atrophy (SMA), a paediatric neu-
rodegenerative disorder caused by the loss of both
functional copies of the survival of motor neuron 1
(SMN1) gene83. An almost identical paralogue of the
SMN1 gene, SMN2, is present in both normal and
affected individuals, but although the two genes poten-
tially encode indistinguishable proteins, SMN2 is only
partially functional. A crucial, translationally silent,
single-nucleotide C→T difference between SMN1 and
SMN2 at position +6 of exon 7 (C6T) results in the very
inefficient inclusion of exon 7 in SMN2 mRNA84,85

(FIG. 4a). This low level of exon inclusion results in the pro-
duction of an SMN protein that is indistinguishable from
that encoded by SMN1. However, the predominant
SMN2-spliced mRNA arises from the skipping of exon 7,
and the resulting aberrant protein, SMN∆7, is unstable
and apparently inactive86. Full-length SMN2-derived
SMN protein is therefore present in limiting amounts,
particularly in motor neurons, and only partially comple-
ments the SMN1 defect, giving rise to the SMA pheno-
type and accounting for the disease-modifier role of
SMN2 (REF. 87).

An analysis of exon 7 in the SMN genes has recently
shown that a predicted ESE is disrupted in SMN2
(REF. 88). Indeed, in vivo and in vitro experiments using
SMN1-derived minigenes have shown that the inclusion
of exon 7 in SMN1 depends on the SR protein SF2/ASF
directly contacting its cognate ESE motif. In particular, a
second-site suppressor mutation in the disrupted SMN2
ESE motif, which was designed to restore a good match
to the SF2/ASF consensus motif (see BOX 1 figure), fully
re-establishes exon 7 inclusion88. This result emphasizes
the importance of developing computational tools that
can accurately predict ESE or ESS elements using 
consensus recognition sequences for different splicing
factors, which will allow neutral polymorphisms to be
distinguished from mutations that lead to improper
splicing.

Although loss-of-function mutations are likely to be
more common than gain-of-function mutations, effects
on pre-mRNA processing can also result from muta-
tions that create or strengthen ESEs, ESSs or RNA 
secondary structures that exert positive or negative
effects on splicing. An example that nicely illustrates
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Figure 4 | Examples of splicing alterations caused by exonic mutations. a | Splicing of
pre-mRNAs from the human spinal muscular atrophy (SMA) survival of motor neuron 1
(SMN1) and SMN2 genes. In SMN1, exon 7 is a constitutive exon, which harbours the
normal termination codon. In SMN2, exon 7 is alternatively spliced: 80% of the spliced
mRNAs skip exon 7, such that translation terminates at exon 8. The resulting SMN∆7 
protein has a different carboxy terminus, which renders it unstable. Twenty per cent of the
SMN2-spliced mRNAs include exon 7, which gives rise to full-length, functional SMN
protein. A single, translationally silent C → T transition at position +6 of exon 7 is responsible
for these splicing differences. This nucleotide change inactivates an SF2/ASF-dependent
exonic splicing enhancer (ESE), which begins at position +6. Other ESE elements86 in exon 7
are probably responsible for the basal levels of exon 7 inclusion, and are recognized by
different factors, including the SR-like protein TRA2β1 (REF. 111). So, SMA patients can
produce functional SMN protein but at levels that are insufficient for normal function, which
results in the progressive degeneration of spinal-cord motor neurons. b | Splicing of pre-
mRNA from the human MAPT gene, which encodes tau and is involved in fronto-temporal
dementia and parkinsonism associated with chromosome 17 (FTDP17). In the normal pre-
mRNA, exon 10 harbours both ESE and exonic splicing silencer (ESS) elements (middle). 
A long tau protein isoform (4R-tau) is made when the alternative exon 10 (dark purple) is
included (top), and a short isoform (3R-tau) is made when this exon is skipped (bottom).
Disrupting the tightly regulated 4R-tau:3R-tau ratio in either direction can give rise to
FTDP17. A secondary structure element that involves exon 10 and intron 10 sequences
sequesters the 5′ splice site, which prevents its recognition by the U1 small nuclear
ribonucleoprotein (snRNP). Natural missense or silent alleles that promote too much exon
inclusion are shown (top): N279K and L284L improve the enhancing activity of the multi-
partite ESE; N296N disrupts the ESS; and S305N and S305S disrupt the inhibitory
secondary structure. A small in-frame deletion allele, ∆280K (bottom), which abrogates the
ESE, results in the skipping of exon 10.
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phylogenetic analysis of BRCA1 showed a strikingly low
extent of SYNONYMOUS DIVERGENCE in a small subregion of
the gene that spans exons 10 and 11, which could not be
explained by codon-usage bias or other current
models94. Negative selection against the silent mutations
must therefore be at work. A possible explanation for
this type of phenomenon is that the constraint comes
from splicing regulation requirements95. In support of
this view, this region of BRCA1 undergoes alternative
splicing and comprises two putative ESE motifs. These
observations indicate that one or more functional ele-
ments might be needed to modulate the use of the vari-
ous splice sites in this region of the gene95. Furthermore,
synonymous divergence between mammalian species is
generally higher in constitutive than in alternative
exons96, possibly reflecting a stronger selective pressure
to maintain regulatory elements that are required for
alternative splicing. More generally, the presence of cru-
cial sequence elements that are involved in splicing
fidelity in the coding regions of genes is indicative of a
further constraint on the evolution of exon sequences, in
addition to the selective pressures due to codon-usage
bias, and protein structure and function.

Just as missense and silent mutations can affect pre-
mRNA splicing, coding single-nucleotide polymor-
phisms (CSNPS) can be expected to do the same. The only
difference is that, by definition, SNPs occur at a >1% fre-
quency in a population97. A recent systematic survey of
cSNPs in 106 human genes estimated their frequency to
be 1 in 346 bp (~50:50 synonymous:nonsynonymous
changes), predicting a total of ~400,000 cSNPs in the
whole genome98. The density of cSNPs that have been 
so far mapped in the whole human genome is ~1 per
1.08 kb (REF. 99). Considering the average length of
human exons (~145 bp) and the fact that SNP mapping
is still in progress, it is reasonable to assume that approxi-
mately every other exon might contain one or more
cSNPs. Missense cSNPs have been proposed to account
for a significant fraction of disease variation and to affect
gene function in general98. However, because individual
exons can contain several positive and negative cis-ele-
ments, any cSNP in a sequence that is important for
splicing modulation might subtly influence the efficiency
and tissue or stage specificity of alternative splicing. Such
effects could contribute to phenotypic variability, to the
variable PENETRANCE of mutations elsewhere in the gene
and to cell-type-specific differences in gene expression.
Moreover, the incremental accumulation of cSNPs
might have had a role in the evolution of new gene func-
tions by affecting the extent or accuracy of splicing
events.

Perspectives
The growing appreciation of the potential effects of sin-
gle-nucleotide changes in coding regions on the extent
and accuracy of pre-mRNA splicing is expected to have
a significant impact on the diagnosis and treatment of
genetic diseases. The correct classification of mutations,
in terms of their actual mechanism of gene inactivation,
is essential for understanding structure–function rela-
tionships in the corresponding protein, for assessing the

how several aspects of splicing regulation can be affected
by silent and missense mutations involves FTDP17
(frontotemporal dementia and parkinsonism associated
with chromosome 17). This is an autosomal-dominant
disorder that is related to Alzheimer disease and is
caused by mutations in the microtubule-associated pro-
tein tau (MAPT) gene89.

MAPT encodes up to six developmentally regulated
microtubule-associated protein isoforms, which vary
in the number of microtubule-binding motifs they
contain. MAPT mutations that are associated with
FTDP17 tend to cluster in or around alternative exon
10, which encodes one of the microtubule-binding
motifs and which can be alternatively spliced to give
isoforms that contain three or four repeats (the 3R-tau
and 4R-tau isoforms, respectively). Whereas some
mutations directly affect the function of the micro-
tubule-binding domain, most mutations increase the
ratio of 4R-tau to 3R-tau by promoting exon 10 inclu-
sion, which eventually leads to the formation, in neu-
ronal or glial cells, of filamentous tau aggregates that
are responsible for the pathology of the disorder89.
The effect of these mutations involves several mecha-
nisms. There is a cluster of exonic and intronic muta-
tions that disrupt the formation of an RNA stem–loop
structure at the 3′ end of exon 10 (REFS 90,91). This sec-
ondary structure normally modulates alternative
splicing by restricting the accessibility of the down-
stream 5′ splice site to U1 snRNP (FIG. 4b). Other cis-
elements participate in the fine-tuning of exon 10
inclusion. Accumulation of exon-10-containing iso-
forms can also result from mutations that either
strengthen a multipartite ESE at the 5′ end of the
exon, or weaken an ESS immediately downstream92

(FIG. 4b). In addition, a small in-frame deletion that
abrogates the ESE and causes constitutive exon skip-
ping has also been described in FTDP17 patients93. So,
tight regulation of the proper ratio of 3R-tau to 4R-
tau is very important for normal development of the
nervous system, and even subtle variations in the effi-
ciency of exon 10 inclusion can lead to significant
pathology. Interestingly, many of the exonic point
mutations that affect MAPT exon 10 usage are trans-
lationally silent (FIG. 4b; TABLE 2), and it is possible that
there are other polymorphic alleles that do not cause a
detectable phenotype, but either predispose or pro-
vide resistance to the disorder.

Evolutionary and human genetics implications
Silent mutations can be very informative, not only when
they are present and give rise to an observable splicing
defect, as in the above examples, but also when they are
conspicuously absent. Their absence might, in fact,
reflect a PURIFYING SELECTIVE PRESSURE against silent muta-
tions in certain regions in the coding sequence of a
gene94. When comparing the coding sequences of
homologous genes from different mammals, it is
assumed that no selection is at work for or against silent
mutations (in mammals, CODON-USAGE BIAS is not thought
to be important in selection, owing to small population
sizes and a limited number of generations). However, a

PURIFYING SELECTIVE PRESSURE

Negative selection that tends to
eliminate divergent mutations
and maintain the current gene
sequence.

CODON-USAGE BIAS

Species-specific frequencies of
the alternative codons that
specify the same amino acid.

SYNONYMOUS DIVERGENCE

The accumulation of silent
mutations due to neutral
evolution.

CSNPS

Single-nucleotide
polymorphisms that are present
in the coding regions of a gene.

PENETRANCE 

The proportion of genotypically
mutant organisms that show the
mutant phenotype.
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screens have started to identify compounds that can
somehow promote the inclusion of exon 7 in SMN2
(see FIG. 4a), an approach that might eventually help all
SMA patients102–104. Similar approaches might be possi-
ble to treat other genetic diseases that are caused by spe-
cific silent or missense alleles that cause exon skipping.
The more we understand the mechanisms that define
exons and modulate their inclusion, the sooner that
effective compounds or new therapeutic strategies can
be developed.
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