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genes. Abnormalities in normal or alternative splicing, however, account for about
15% of all inherited single gene disorders, including many with a skin phenotype.
These splicing abnormalities may arise through inherited mutations in constitutive
splice sites or other critical intronic or exonic regions. This review article examines
the process of normal intron—exon splicing, as well as what is known about alternative
splicing of human genes. The review then addresses pathological disruption of normal
intron—exon splicing that leads to inherited skin diseases, either resulting from
mutations in sequences that have a direct influence on splicing or that generate
cryptic splice sites. Examples of aberrant splicing, especially for the COL7A1 gene in
patients with dystrophic epidermolysis bullosa, are discussed and illustrated. The
review also examines a number of recently introduced computational tools that can
be used to predict whether genomic DNA sequences changes may affect splice site
selection and how robust the influence of such mutations might be on splicing.
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1. Introduction

In the early 1970s, studies on the processing of
eukaryotic RNAs identified major differences
between the size/length of heterogeneous nuclear
RNAs (hnRNAs) compared to cytoplasmic messenger
RNAs (mRNAs). Following electron microscopy and
other analyses, the discrepancy as to why mRNAs are
much shorter was explained by the phenomenon of
pre-mRNA splicing [1]. This process involves mod-
ification of the initial primary transcript (copy of the
entire gene) with retention of the protein-coding
exons and removal (splicing out) of the intervening
introns. For an individual gene, however, this spli-
cing reaction is not limited to a single set of splice
sites and thus use of alternative sites provides a
versatile means of genetic regulation. Significantly,
alterations in splice site choice can have vastly
different effects on the mRNA and protein products
of a gene. Commonly, alternative splicing patterns
may lead to the inclusion or exclusion of a portion of
coding sequence in the mRNA, giving rise to protein
isoforms that differ in their peptide sequences and
perhaps in the chemical, physical or biological activ-
ities of the protein(s). Alternative splicing is a major
contributor to protein diversity in metazoan organ-
isms. Estimates of the minimum number of human
gene products that undergo alternative splicing are
as high as 60% [2]. Moreover, many gene transcripts
have multiple splicing patterns and some may have
thousands [3]. Understanding the complexities of
gene splicing is important not only to gain insight
into normal patterns of gene regulation but because
sequence alterations/mutations in DNA motifs cri-
tical to the process of gene splicing may result in a
spectrum of inherited human diseases. The purpose
of this review article is to provide an overview of the
mechanisms of normal gene splicing, how splicing

can be predicted from in silico models and to show
how particular naturally occurring mutations can
disrupt this highly regulated system and lead to
disease. In this review, the splice site mutations
illustrated and discussed predominantly involve
the type VII collagen gene, COL7A1, which underlie
certain forms of the mechanobullous disease, dys-
trophic epidermolysis bullosa.

2. RNA splicing

An interrupted gene is generally characterised by
several short exons interposed with relatively
longer introns. In order to translate into proteins,
genes are first transcribed and the ends modified,
with attachment of a 5’ cap and 3’ polyadenylation
sequences. Exons are then identified and joined
together, with introns removed, giving rise to
mature mRNAs. Mature mRNAs are then trans-
ported out of nuclei and are translated into pro-
teins.

RNA splicing is carried out by the spliceosome—a
large macromolecular complex that assembles onto
these sequences and catalyses the two trans-ester-
ification steps of the splicing reaction. This system
also requires sequence elements necessary for
recognition for mRNA splicing which, as shown by
deletion experiments, are limited to the immediate
vicinity of splice sites; the bulk of the intron is
dispensable for splicing [4], but may contain other
elements that are necessary for development. This
intronic functional redundancy is evidenced by
sequence analysis of Fugu rubripes, commonly
known as the puffy fish, which shows compactness
of its genome (one-eighth of the size of that of man),
although it contains a similar complement of pro-
tein-coding genes to humans. The relative compac-
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tion results from reduction in the size of the puffy
fish introns and intergenic regions [5].

2.1. Sequence motifs required during RNA
splicing

The excision of the introns from a pre-mRNA and the
joining of the exons are directed by special
sequences at the intron—exon junctions called
splice sites. The conserved motifs around splice
sites were deduced by systematic analyses of
intron—exon junctions throughout the GENBANK
databank [6]. The 5’ splice site (donor) marks the
exon—intron junction at the 5 end of the intron.
This almost invariably includes a GU dinucleotide at
the intron end encompassed within a larger, less
conserved sequence. Occasionally, the donor splice
site sequence may vary; for example, intron 103 of
the COL7A1 gene has GC at this site. Indeed, infor-
mation theory-based analysis of the human genome
reveals ~800 of this GC type donor sites [7,8]. At the
other end of the intron, the 3’ splice site (acceptor)

region has three conserved sequence elements: a
branchpoint, followed by a polypyrimidine (Py)
tract, followed by a terminal AG at the extreme
3’ end of the intron (Fig. 1). The process of splicing
starts by excision of pre-mRNA at the donor site. The
spliced intron folds back to form a lariat connecting
the intron 5’ G to the 2’ of A at the branchpoint site.
Next, the acceptor site is then cut, releasing the
‘lariat’ intron while the downstream exon is ligated
to the upstream exon, immediately followed by
product release from the spliceosome.

The branchpoint, sited approximately 18—40
nucleotides upstream of the acceptor splice site,
provides the means by which the 3’ splice site is
identified. It is highly conserved in yeasts, with the
sequence UACUAAC, mutation of which prevents
mRNA splicing. In higher eukaryotes, however, the
branchpoint sequence is not well-conserved apart
from the target A nucleotide. These relaxed con-
straints result in the flexibility to use related
sequences in the vicinity when the authentic
branchpoint is deleted.

) Intron -
Exon A AG |GTAAGT TACTAAC (Py),NAGIG ExonB
5 2 3¢
(a)
Exon A Exon B
) GU UACUAAC AG
U
G
=
Exon A 2 Exon B
© UACUAAC AG
Exon A Exon B
() UACUAAC
© Exon A Exon B

Fig. 1

Nuclear splicing. (a) Schematic representation of an intron, flanked by two exons (A, light blue) and (B, pink).

The essential splicing signals that define the exon boundaries are relatively short and poorly-conserved sequences. Only
the GT (at the 5 end of the intron), AG (at the 3’ end) and the branchpoint adenosine at the 2’ position are always
conserved (all shown in red). (b) Pre-mRNA, showing the two flanking exons, branchpoint sequence and the conserved
nucleotides asin (a). (c) The spliceosome cuts the pre-mRNA at its 5’ end, and then the intron forms a lariat by joining G at
the 5" end with the branchpoint A at the 2’ position. (d) The spliceosome cuts at the 3’ end of the intron and the intron is
released as a lariat. (e) Exons A and B are then joined and released from the spliceosome.
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2.2. Other sequence motifs that may
impact on RNA splicing

The splice site consensus sequences are generally not
sufficient in themselves to determine whether a
particular site will assemble a spliceosome and lead
to gene splicing. Moreover, the natural splice site can
also be very different from the consensus sequence,
such asU12 introns that start and end with AT—AC [9].
Thus, other information and interactions are often
necessary to activate splice site selection. To add
further complexity to this process, certain genes such
as hprt contain intronic sequences that match splice
site sequences but which merely surround intronic
false exons. Indeed, these intronic false exons may
often outnumber real exons by several fold [10].
These intronic components, therefore, must rely
on negative regulators to prevent aberrant splicing.
Commonly, spliceosomal components binding on
opposite sides of an exon can interact to stimulate
excision of the flanking introns. This process is called
exon definition and occurs in most internal exons. On
top of this process, there are many non-splice site
regulatory sequences that strongly affect spliceo-
some assembly, these are known as splicing enhan-
cers. Exonic splicing enhancers (ESEs) are commonly
found even in constitutive exons. Intronic enhancers
also occur and appear to differ from exonic enhan-
cers. Conversely, other RNA sequences may act as
splicing silencers or repressors to block spliceosome
assembly and certain splicing choices.

ESEs serve as binding sites for serine/arginine-rich
(SR) proteins, conserved splicing factors charac-
terised by the presence of RNA recognition motifs
and carboxy-terminal arginine/serine (RS) domains.
SR proteins that are bound to ESEs can promote exon
definition by directly recruiting spliceosomes and/or
antagonising the action of nearby exon splice sup-
pressors (ESSs). ESE motifs can be identified by multi-
ple methods such as systematic evolution of ligands
by exponential enrichment (SELEX) [11] and S100
complementation assay [12], although the former
produces binding sites that are biased towards con-
sensus sequences and are not representative of the
population of functional sites. Interestingly, from
these RNA-binding sites, it appears that, although

Table 1

SR proteins have distinct RNA-binding specificities,
they can bind to many different sequences and the
same sequence can be a binding site for multiple SR
proteins. The overlapping and promiscuous RNA-
binding sites, therefore, may account for their appar-
ent redundancy (for review, see Ref. [3]).

3. Non-pathogenic variability in splice
site selection

It is clear that several different exonic and intronic
sequences can influence splice site selection. More-
over, the process of splicing offers cells the oppor-
tunity to customise gene products to meet specific
functional requirements. This can be accomplished
by alternative splicing, in which selection of differ-
ent splice donor and/or acceptor sites permits mul-
tiple mRNAs to be generated from a single gene.
Although difficult to predict precisely, a number of
in silico databases can now be used to help predict
splice site options.

3.1. Prediction of splicing in silico

As splicing machinery requires sequence elements
necessary for recognition for mRNA splicing, thor-
ough and systematic analysis of RNA splice junction
sequences from GENBANK databank allowed Shapiro
and Senapathy to deduce mathematical formulae
capable of predicting potential acceptor and donor
splice sites. This approach was based on a scoring
and ranking scheme linked to nucleotide weight
tables [6]. Application of this model scoring system
allows for prediction of normal alternative splicing
as well as the impact of mutations that significantly
alter these scores and which therefore may affect
splice site recognition by the spliceosome and as a
consequence, disturb RNA splicing. However, this
method is based on consensus sequences and is
highly biased towards strong splice sites. The values
produced by this method do not correlate with
binding site affinities and are therefore not very
useful for determining inherent differences in their
propensities to be recognised and spliced [13].
Details of web-based computational tools that

Web-based resources for splice site and ESE predictions

Websites

Addresses

Automated splice site analyses

Splice site prediction by neural network
NetGene2 server

GENIO/splice

ESE finder

https://splice.cmh.edu
http://www.fruitfly.org/seq_tools/splice.html
http://www.cbs.dtu.dk/services/NetGene2/
http://genio.informatik.uni-stuttgart.de/GENIO/splice/
http://rulai.cshl.edu/tools/ESE/
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may help predict options and changes in splicing,
based on the conservation of nucleotides at splicing
sites or ESEs and the features of base composition
and base correlation around these regions, are listed
in Table 1. For the purposes of this review, all
analyses referred to were carried out using auto-
mated splice site analyses, by which the information
in bits for a splice site (R;) is defined as the dot
product of a weight matrix derived from the nucleo-
tide frequencies at each position of the splice site
from the database and the vector of a particular
splice junction sequence, and hence are more accu-
rate than Senapathy scores [14—16].

3.2. Alternative splicing

Alternative splicing is a very common phenomenon.
It may occur in all cell types or be limited to certain
tissues. How alternative splice sites are selected,
however, is only partially understood. Most alterna-
tively, spliced exons match poorly with canonical
splicing consensus sequences. Thus, variations in
the amount of a limiting splicing factor may have
a significant impact on whether a poorly defined
exon is included in the mature mRNA or not. Within
skin biology, alternative splicing of component
structural proteins has not been described very
often. Recently, however, Sawamura et al. [17]
described the first alternative splicing in the COL7A1
gene. Amplification of overlapping cDNA from ker-
atinocytes using reverse transcription-polymerase
chain reaction identified alternative splicing within
the NC-1 domain of type VIl collagen, which was
generated by a different exon 18 acceptor site 27 bp
upstream from the common acceptor site. This
transcript variant, which encodes a protein that is

nine amino acids longer than the usual transcript, is
found in keratinocyte biopsies from the wound edge
of patients with epithelialising skin ulcers and ker-
atinocyte cultures treated with the cytokine, trans-
forming growth factor beta-1.

Analysis of information content of all splice accep-
tor/donor sites throughout the COL7AT1 gene reveals
that, although exon definition of exon 18 is strong,
there is another acceptor site 27 bp upstream from
the natural site, with a higher R; when compared with
the natural site: 11.9 bits versus 10.8 bits (red arrow,
Fig. 2). This new site is approximately 50 bp down-
stream from the branchpoint sequence and thus
should not affect lariat formation. No similar accep-
tor site is predicted in any other part of the COL7A1
gene from the in silico analysis.

3.3. Intron retention

The retention of introns, as a physiological event in
pre-RNA splicing, has not been well recognised
because such transcripts are often believed to arise
erroneously from unspliced or partially spliced pre-
mRNAs. However, this phenomenon is not a rare
event. Indeed, it happens in almost 15% of all known
genes and in fact some retained introns may parti-
cipate in the coding of protein domains [18]. Introns
that are retained usually have higher GC contents
than non-retained introns, a similar GC distribution
for their flanking exons, a lower frequency of stop
codons and conservation of the same introns across
species [18]. In skin biology, intron retention was
first described by Whittock et al. [19], who found
inclusion of all of intron 19 of COL7A1 in mRNA
extracted from leucocytes of many recessive dys-
trophic epidermolysis bullosa patients, although the
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Fig. 2 Establishing exon definition through in silico analysis of the COL7A1 gene for sequence motifs of acceptor/donor
sites. Analysis of potential donor/acceptor splice motifs around exon 18 to 20 reveals an area within intron 18 that has a
higher sequence motif conservation than the natural acceptor splice site of exon 18. In silico analysis reveals that
although exon definition of exon 18 is strong, there is another acceptor site 27-bp upstream to the natural site, with a
higher information content when compared with the natural site (red arrow). This site has the capability to lead to cryptic
splicing and an in-frame insertion of 27-bp into the mRNA, increasing the length of the translated protein by 9 amino
acids. This in silico observation provides an explanation for the findings of cryptic splicing by Sawamura et al. [17]. This
computational modelling also demonstrates the relatively low information content for the intron 19 donor site (blue
arrow) and may help explain the non-pathogenic retention of intron 19 observations made by Whittock et al. [19].
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pathogenic mutations in these individuals clearly
were located elsewhere. The significance of intron
19 retention and why this occurs is not known. Using
the criteria set out by Galante et al. [18], the GC
content of intron 19 is not particularly high (62.9%),
compared with other introns of COL7A1 (average
58%) and although the GC distribution is similar in
the flanking exons (exon 19: 59.9%; exon 20: 71.5%),
there is a stop codon within this intron, leading to
protein truncation (909 amino acids compared to
the 2944 amino acids of full-length type VIl col-
lagen). Furthermore, there is no similarity of intron
19 across species. However, computer analysis of
the acceptor/donor splice sites for the entire
COL7A1 gene shows that exon 19 has the lowest
information content of any exon (blue arrow, Fig. 2).
The spliceosome has a lower affinity for these donor
and acceptor sites. This means that one or both sites
may fail to be recognised and the exon will not be
defined, therefore, it will not be excised. Another
mitigating factor is the relatively short length of the
IVS18-exon19-1VS19 span (354 bp), which permits
the entire interval to be included in the transcript.
The distribution of internal exon lengths in the
genome is quite constrained, presumably because
of the requirements of the exon definition model.

On the other hand, both splice site strength and
accessory regulatory sequences dictate splice site
use. In the majority of alternative splices, each
skipped upstream acceptor site has a lower R; value
than that of the ultimate downstream acceptor site
[20]. In other words, there is an inverse relationship
between splice acceptor and propensity for exon
skipping. For consecutive short exon—intron inter-
vals (such as IVS518-exon19-1VS19), this same
mechanism could alternatively produce intron 19
inclusion due to failure to recognise the donor at the
end of exon 18 [19].

4, Splice site mutations and inherited
skin disease

A thorough survey of human mutations show that
approximately 15% of point mutations that are asso-
ciated with genetic diseases affect the splice signals
at the ends of introns, leading to aberrant splicing
patterns, typically with skipping of the neighbouring
exon(s) [21]. In COL7A1, splicing mutations account
for almost 17% of all mutations [19] and similar
mutations have been reported in several other
human collagen genes [16]. However, these data
derive mainly from genomic DNA analyses and the
effect of a mutation on the mRNA or protein is
usually predicted from the genomic sequence, as
opposed to study of the mRNA.

4.1. Intron—exon border splice site
mutations

In reviewing pathogenic splicing mutations in the
COL7A1 gene, most occur within either the *“GT” at
the 5’ end or the “AG” at the 3’ end of the introns,
with approximately 69% involving the donor site
[19]. These splice site mutations have mostly been
assumed to result in exon skipping, but this is not
always the case. Indeed, computational analyses of
genomic sequences using base composition can be
used to help understand and predict cryptic splicing.
For example, the COL7A1 mutation 1VS30-1G>A is
not predicted to lead to exon skipping since the
sequence change results in a reduction in informa-
tion content of the acceptor splice site, thus, creat-
ing a cryptic acceptor splice site 1 bp downstream
into exon 31 (Fig. 3). Direct sequencing of cDNA
derived from the skin of a patient with this mutation
confirms this prediction. Likewise, the mutation
c.4118C>T at the end of exon 35, has been pre-
viously classified as a splice site mutation [19], but
the donor R; is only minimally reduced, from 9.5 to
9.4 bits, and therefore, the intron 35 donor splice
site may not be compromised. Another example is
the COL7A1 mutation IVS7-6del5, which abolishes
the natural donor splice site (R; reduced from 5.9 to
—4.3 bits) and is predicted to create a cryptic donor
site 13 bp downstream (R; increased from —1.3 to
4.0 bits), this outcome is fully supported by cDNA
sequence analysis [22].

Once a natural donor splice site is weakened or
abolished, the cryptic site activated by this muta-
tion must reside within a few hundred nucleotides of
the natural splice site, since the novel exon in
restricted in length [23].

4.2. Exons: missense and nonsense
mutations, deletions and insertions

The most common pathogenic missense mutations in
the COL7A1 gene involve substitution of glycine
codons within the X—Y-glycine repeats, destabilising
the integrity of the triple helix and accounting for
most cases of dominant dystrophic epidermolysis
bullosa [24]. By contrast, with few exceptions, mis-
sense mutations within the non-collagenous regions
are not thought to be pathological, merely indicating
common or rare polymorphisms. Computational mod-
els of such sequence changes, however, can shed new
light on their disease relevance. For example, the
mutation 341G>T in exon 3 of COL7A1 gene is
expected to convert a glycine (GGG) residue to valine
(GTG) residue within the non-collagenous NC-1
domain. Analyses of information content, however,
reveals that this mutation creates a new cryptic donor
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Fig. 3 Insilico analysis of a splice site mutation in COL7A1 predicts a frameshift rather than exon skipping. (a) Genomic

DNA wild-type sequence for the intron30/exon 31 border. (b) In contrast, genomic sequence from a patient with
dystrophic epidermolysis bullosa demonstrates a heterozygous splice site mutation, 1VS30-1G>A mutation (arrow). By
current paradigms, this mutation should result in skipping of exon 31. (c) Analyses of information content, however, shows
areduction of R; at the natural acceptor site from 12.0 to 4.4 bits. (d) This mutation, therefore, is also predicted to create
anew cryptic donor splice site 1-bp into exon 31, with an increase in R; from 0.5 to 8.7 bits, resulting in the deletion of the
first nucleotide G in exon 31. (e) Direct sequencing of cDNA derived from the patient’s skin confirms this frameshift in
exon 31 and illustrates how computer analysis can help in predicting the consequences of splice site mutations.

splice site 87 bp upstream from the consensus donor
splice site, with R; value higher than the nearest
natural site (8.2 bits versus 6.6 bits). Direct sequen-
cing of cDNA derived from the skin of a patient with
this mutation (and a clinical phenotype of recessive
dystrophic epidermolysis bullosa) confirms this pre-
diction and demonstrates the pathogenic relevance
of this seemingly innocuous amino acid substitution
[25]. Adding further complexity to nucleotide sub-

stitutions that may appear non-pathogenic are muta-
tions that do not change a particular amino acid,
termed silent mutations. Some of these mutations,
however, may have pathogenic consequences, such as
3009C>Tinexon 20 of the LAMB3 gene, which leads to
a cryptic donor splice site and a clinical phenotype of
junctional epidermolysis bullosa [26].

Nonsense mutations are usually predicted to
result in truncated proteins and/or accelerated
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Fig. 4 |In silico analysis of a nonsense mutation, R185X, in exon 5 of the COL7A1 gene, surprisingly predicts cryptic

splicing. Data analysis of (a) wild-type sequence, (b) the mutation R185X, and (c) the natural donor splice site of exon 5.
The nucleotide substitution 553C>T in exon 5 of the COL7A1 gene changes an arginine codon to a termination codon,
designated R185X. However, this transition raises the donor R; content at this position from 0.1 (a) to 7.6 (b) bits, higher
than the natural site at 5.6 bits (c) and is therefore predicted to result in an out-of-frame cryptic splice site 122-bp before

the end of exon 5.

mMRNA decay of the mutant transcripts. However,
this is not always the case. For example, the muta-
tion R185X in the COL7A1 gene is actually predicted
to generate a cryptic donor splice site (R; increases
from 0.1 to 7.6 bits, compared with the natural
donor site of 5.6 bits) (Fig. 4).

These examples highlight the fact that several
different sequence changes can modulate splicing
and without characterisation at the mRNA level,
their interpretation can be difficult to predict.
Indeed, a study comparing cDNA and genomic DNA
in neurofibromatosis patients clearly illustrates this
problem [27]. Splicing anomalies were identified in
50% of the patients in whom mutations were identi-
fied, and in at least 13% of these, the nature of the
mutation would have been wrongly classified (fra-
meshift, missense or nonsense) if only genomic DNA
analysis, and not additional cDNA sequencing, been
carried out.

Pathogenic mutations may also occur in
sequences encoding ESE or ESS regions. This type
of mutation has not been formally studied in the
dermatological literature, probably because it is
rare and because the mutation itself does not cause
cryptic splicing—it merely enhances or suppresses

splicing at natural splice sites. However, one pre-
viously published COL7A1 mutation, IVS2-3C>G,
does appear, in retrospect, to compromise an ESE,
resulting in the retention of the last 70 nucleotides
of intron 2 [22]. Analysis of this mutation shows that
it abolishes the acceptor splice site (R; reduces from
8.3 to 2.3 bits) and creates a new site at position —2
to the natural site (R; increases from —1.8 to
5.5 bits) (Fig. 5). Surprisingly, this site is not used
for splicing. Interestingly, computer analysis also
reveals that the mutation abolishes SRp40 ESE at
position —3 (R; reduces from 6.2 to 1.5 bits).
Although hypothetical, it is plausible that without
this enhancer, the splicing machinery fails to detect
the new cryptic splice site at the —2 position and
then has to resort to the nearest natural acceptor
site, which is 70 bp upstream from the acceptor
splice site (R; = 5.0 bits), hence providing an expla-
nation for the partial retention of intron 2.
Inferring the potential consequences of ESE
mutations should not be based solely on in silico
prediction, however, since the role of ESE sites are
still not fully characterised and the biology has not
caught up sufficiently to assert that these changes
always result in cryptic splicing. For example, the
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Fig. 5 Insilico analysis of IVS2-3C>G in COL7A1 explains how an ESE mutation affects cryptic splicing. This mutation was

previously shown to result in partial retention of intron

2 but the mechanism was not explained [22]. New insight,

however, can be gained from computational analysis. In silico data for (a) wild-type sequence, and (b) the mutation IVS2-
3C>G. Analysis of 1VS2-3C>G in intron 2 of the COL7A1 gene shows that the natural acceptor splice site is abolished (R;
reduces from 8.3 to 2.3 bits). This mutation also creates a new cryptic acceptor splice site, 2-bp upstream into intron 2 (R;
increases from —1.8 to 5.5 bits). However, this site is not used in vivo because the same mutation also abolishes SRp40 ESE
(R; reduces from 6.2 to 1.5 bits). (c) Splicing apparatus instead uses the nearest natural acceptor site, 70-bp upstream

into intron 2 (R; = 5.0 bits).

mutation c.1760A>T in the middle (61 bp from the
acceptor splice site) of exon 12 of the DSP gene
creates a new SC35 ESE (R; changes from 0.8 to
6.5 bits) at position —1 to a donor site (R; = 6.8 bits,
compared to the natural donor site 96 bp down-
stream with R; = 9.5 bits). It is conceivable that this
might result in a cryptic splicing in the middle of this
exon. Analysis of RT-PCR products, however, shows
normal splicing. Thus, the in silico predictions of ESE
mutations should always be substantiated by mRNA/
protein work.

4.3. Introns: branchpoints, stem-loop,
pseudoexon splicing

Although the branchpoint consensus sequence (BPS)
in higher eukaryotes is not as well-conserved as in
prokaryotes and a mutated BPS can easily be
replaced by a cryptic BPS with only moderately
reduced splicing efficiency in vitro [28], splice lariat
BPS mutations have been reported in many inherited
diseases, chiefly in dominant or X-linked disorders.
These include nail patella syndrome [29] and type I
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Ehlers—Danlos syndrome [30]. However, in xero-
derma pigmentosum, an autosomal recessive con-
dition, splice lariat BPS mutations have also recently
been reported [31]. Pathogenic mutations can
either be missense changes that affect BPS informa-
tion content, for example, an A>G change at the 2’
A position of the BPS (IVS3-24A>G) in the XPC gene
in a case of xeroderma pigmentosum [31] that
reduces R; from 9.2 to —2.6 bits or, alternatively,
intronic deletions of the BPS, for example, the
mutation [VS1-37del17 in the LMX1B gene in a
patient with nail patella syndrome [29]. Such muta-
tions prevent binding of the U2 snRNP to the BPS,
leading to destabilisation of U2AF and U1 snRNP and
loss of the exon boundary definition of the subse-
quent exon, typically resulting in exon skipping.

Another disease-associated mechanism leading
to aberrant splicing may involve formation of
stem-loop structures at exon—intron junctions.
Masking of these sites by mutations may lead to
exon skipping through loss of the motif that the
spliceosome normally recognises. An example of this
has been noted in studies on the MAPT gene in the
disorder, fronto-temporal dementia with Parkinson-
ism. Here, a stem-loop structure is formed at the
junction between exon 10 and intron 10 that inhibits
inclusion of exon 10 by interfering with U1 snRNP
hybridisation to the pre-mRNA. Mutations that
destabilise this structure by reducing the number
of potential base pairs in the stem result in inclusion
of exon 10 and consequently alter the protein iso-
form ratio, eventually leading to the disease phe-
notype [32]. This type of mutation has not been
described in the skin.

Mutations found deep into the intron can also
cause aberrant splicing. For example, in a case of
neurofibromatosis, a NF1 gene mutation sited more
than 300 bp into the intron, designated IVS30 +
332A > G, creates a new donor splice site, with the
information content increasing from —4.1to0 8.7 bits.
This activates a natural acceptor splice site 177 bp
upstream with R; = 2.1 bits and results in a cryptic
splicing of a new exon [27]. Another example of a
pathogenic intronic mutation has been reported by
Pagani et al. [33], who described a 4 bp deletion in
the intron-splicing processing element (ISPE) within
intron 20 of the ATM gene in a patient with ataxia
telangiectasia. This motif is complementary to U1
snRNA and interacts specifically with U1 snRNP par-
ticle. Abolition of this ISPE leads to the aberrant
inclusion of a cryptic 65 bp exon.

Interestingly, mutation at a natural site can also
activate sites that are further away inside the intron
when a cryptic exon is created. For example, muta-
tion of the first nucleotide of exon 3 of the CFTR
gene, designated c.406G>A, activates a cryptic exon

183 bp in length in intron 3 (2354 nucleotides down-
stream of exon 3 and 19,329 nucleotides upstream of
exon 4) [34]. In this instance, the cryptic exon is
activated by weakening the natural acceptor site of
the downstream exon. In other words, this activation
depends on the comparative affinity of the cryptic
versus the natural acceptor. Since intron 3 is so large,
the downstream acceptor of exon 4 has evolved to be
quite strong (R; = 14.8 bits), thus precluding the acti-
vation of the cryptic exon (which notably has very
weak binding sites, with R; =2.91 bits). Any reduc-
tion in the strength of the natural acceptor (in this
case, R; is reduced only from 14.8 to 12.6 bits)
appears to activate this cryptic exon [16]. This is
an interesting mutation, since this would be very
difficult to predict a priori.

5. Conclusions

The process of intron removal from pre-mRNA com-
plexes leading to mature mRNA is directed mainly by
interactions between the spliceosome and well-con-
served genomic DNA sequences at intron—exon bor-
ders, known as donor and acceptor splice sites.
Other areas such as branchpoint sequences in the
introns or exon splice enhancers/suppressors can
also influence RNA splicing. Pathological disruption
of normal intron—exon splicing can result from
mutations in sequences that have a direct influence
on splicing or from mutations that generate cryptic
splice sites. Traditionally, mutation screening of
genodermatoses is generally based on genomic
DNA analysis and the effect of a mutation on the
mRNA or protein is usually inferred from the geno-
mic sequence, as opposed to direct evaluation by
RT-PCR studies. Moreover, sequence changes in the
introns not directly adjacent to natural splice sites
are generally ignored as part of most mutation
detection strategies. The failure to search for such
mutations and the lack of appreciation of the poten-
tial for other intronic or exonic sequence variations
that may affect intron splicing means that the
incidence of disease-associated mutations that
affect splicing is probably much higher than pre-
viously thought. To improve understanding of splice
site anomalies, insight into whether changes in
genomic DNA sequences might affect splicing has
been gleaned from a number of computational
tools. Indeed, there is now a decade of research
on information theory-based analysis of splicing,
which supports the use of an in silico approach to
accurately predict the consequences of splicing
mutations. In fact, so many splice variants have
now been revealed by sequencing methods that it
is impractical to comprehensively test the disease
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relevance of all of them in the laboratory. When no
obvious coding sequence mutation is evident, there-
fore, information analysis can prioritise and direct
subsequent laboratory workup of the remaining var-
iants to establish which, if any, might be pathogenic.
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