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Alternative splicing:
current perspectives

Eddo Kim,” Amir Goren,’ and Gil Ast*

Summary

Alternative splicing is a well-characterized mechanism by
which multiple transcripts are generated from a single
mRNA precursor. By allowing production of several
protein isoforms from one pre-mRNA, alternative splicing
contributes to proteomic diversity. But what do we know
about the origin of this mechanism? Do the same
evolutionary forces apply to alternatively and constitu-
tively splice exons? Do similar forces act on all types of
alternative splicing? Are the products generated by
alternative splicing functional? Why is “improper” rec-
ognition of exons and introns allowed by the splicing
machinery? In this review, we summarize the current
knowledge regarding these issues from an evolutionary
perspective. BioEssays 30:38—47, 2008.

© 2007 Wiley Periodicals, Inc.

Introduction

Splicing is the process by which introns are removed from an
mRNA precursor (pre-mRNA) and exons are ligated to form a
mature mRNA.(" Most types of splicing, in organisms ranging
from yeast to human, take place within the spliceosome—a
large complex composed of five ribonucleoproteins (RNPs)
containing the small nuclear RNAs (snRNAs) U1, U2, U4, U5
and U6 and as many as 150 proteins.?~® The splicing
machinery recognizes exons and introns by using multiple
signals, which presumably results in a network of interactions
across exons and/or introns; this recognition is known as exon
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definition and intron definition, respectively.®® The four main
splice signals that delineate the proper exon—intron bounda-
ries are (1) the 5’ and (2) the 3’ splice sites (5'ss and 3'ss),
located at the upstream and downstream exon—intron
junctions, respectively, (3) the branch site (BS), and (4) the
polypyrimidine tract, which is located upstream of the 3'ss!""”
(Fig. 1A).

In metazoans, these four splice signals are not sufficient for
the recognition of exons and introns by the splicing machinerys; it
has been estimated that these splicing signals provide only one-
half of the information required.® So what other factors assist
the splicing machinery in precisely recognizing the exon—intron
junctions? Studies of the molecular basis of splicing revealed
the existence of exonic and intronic cis-acting regulatory
sequences that bind trans-acting factors and thus influence
splice-site selection. These cis-acting elements are relatively
short, usually 4—18 nucleotides, and are classified as exonic or
intronic splicing enhancers or silencers. These regulatory
elements are required for constitutive splicing and for the
regulation of alternative splicing.®~'* Specific binding of
splicing regulatory proteins (such as SR and hnRNP proteins)
to these splicing regulatory elements assists in the placement of
the spliceosome on the appropriate splice sites.(>®

Alternative splicing is a mechanism, by which more than
one mRNA transcripts are generated from the same mRNA
precursort’” due to variations in the incorporation of coding
regions, giving rise to functionally different proteins.(:'®
Alternative splicing of untranslated (UTR) regions can also
determine mRNA localization and stability, as well as efficiency
of translation.

Types of alternative splicing
Alternative splicing events are classified into four main
subgroups: (1) exon skipping (cassette exons), where the
exon can be spliced out of the transcript together with its
flanking introns, (2) alternative 5'ss and (3) 3'ss selection,
which are the results of the recognition of two or more splice
sites at one end of an exon, and (4) intron retention, in which
an intron can remain in the mature mRNA molecule(!®:29
(Fig. 1B). Finally, there are other, less frequent, complex events
that give rise to alternative transcript variants, including
mutually exclusive events, alternative transcription start sites
and multiple polyadenylation sites."-2'=24

Bioinformatic analyses indicate that higher eukaryotes
exhibit a higher proportion of alternatively spliced genes
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Figure 1. Types of alternative splicing. A: The four basal
splice signals are depicted: 5 splice site, branch site,
polypyrimidine tract (PPT), and 3’ splice site. Bz The four main
types of alternative splicing are illustrated: exon skipping,
alternative acceptor site selection, alternative donor site
selection, and intron retention. The relative prevalence of each
type in alternative exons conserved in human and mouse is
shown in parenthesis. The remaining 32.5%, which are not
shown, represent more complex alternative splicing events.
Constitutive exons are shown in blue; alternatively spliced
regions in orange; introns are represented by solid lines; and
dashed lines indicate splicing options.

(genes that generate more than one type of mMRNA molecule),
and alternatively spliced exons than do lower metazo-
ans.®29 |n particular, more than 70* of human genes
undergo alternative splicing (reviewed in Ref. 25). Alternative
splicing does exist in lower metazoans, as well as in fungi®6=29
and in the protozoan Dictyostelium discoideum.®® However,
these studies indicate that alternative splicing events in these
species are extremely rare. In these organisms, the most-
prevalent type of alternative splicing was found to be intron
retention, which was found to be the rarest alternative splicing
eventin vertebrates and invertebrates (<5%)(1%2%3") and may
indicate that these are cases of mis-splicing.®® However, exon
skipping, which is the most-prevalent type of alternative
splicing in vertebrates and invertebrates (~30—40%),(19:2)
is the rarest (if not absent) form in these organisms. Thus,
alternative splicing is believed to be a major source for the
phenotypic complexity in higher eukaryotes. Indeed, exon
skipping exhibits a gradual increase in its relative prevalence
along the eukaryotic tree, suggesting it is the more-important
event in shaping phenotypic complexity. Following this line,
alternative splicing might conceivably explain part of the

discrepancy between the number of human protein-coding
genes (~25,000), which is only slightly higher than the
numbers in nematode (~19,000 genes) and lower than in rice
(~40,000 genes), and the phenotypic complexity. 234

Plants exhibit low levels of alternatively spliced genes in
general, but exhibit high relative levels of intron retention
(~30%) and a very low level of exon skipping (<5%).(19:20:3%
From an evolutionary perspective, this suggests that alter-
native splicing played a less-prominent role in plant evolution
than in vertebrate and invertebrate evolution where alternative
splicing greatly enhances transcriptomic and proteomic
diversity. This could be explained by the fact that plants exhibit
extensive whole/partial genome duplication events. Gene
duplication gives rise to a state of genetic redundancy, in which
one of the newly formed gene copies enters a period of
reduced evolutionary pressure. Selective constraints ensure
that one of the duplicates retains its original function, while
the second copy is free from these constraints and, thus,
accumulates mutations, which in turn may lead to a different
expression pattern or to neofunctionalization that advances
organism speciation.®6=3® Indeed, it was shown that whole
genome duplication in plants is associated with specia-
tion.®”39 This presumably led to a reduced need for
alternative splicing and, in particular, for exon skipping, as an
essential mechanism for genomic innovations leading to
speciation. Indeed, Yanai and colleagues found an inverse
correlation between the size of a gene’s family and its use
of alternatively spliced isoforms.® Moreover, Gu and co-
workers revealed loss of alternative splicing after gene
duplication.“" This suggests that exon duplication and
alternative splicing are interchangeable evolutionary mecha-
nisms and that the requirement for diversification may be
satisfied by either of the two mechanisms. *®

Although the importance of alternative splicing in higher
eukaryotes is well established, the prevalence and presence of
alternative splicing (and regulated splicing in general) in lower
eukaryotes is unclear. Recent findings in yeast (C. neofor-
mans) revealed evidence for a variety of alternative splicing
events in 4.2% of the genes, including exon skipping and
selection of alternative 5' and 3’ splice sites.? This finding
supports reports regarding the presence of alternative splicing
in several yeasts and protozoa.®®~3% Such studies shed light
on the origin of alternative splicing, with recent estimates
suggesting that the origin of multi-intron genes dates back to
ancient eukaryotes. *®

Different evolutionary constraints act on
alternative cassette and constitutive exons
Exon skipping is the most-prevalent type of alternative splicing in
higher eukaryotes, and hence its regulation has been the subject
of many studies over the last decade. One of the main methods
used for detection of the regulatory mechanisms of alternative
splicing is comparative genomics. The idea underlying a
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computational search for regulatory mechanisms via compara-
tive genomics is that selective pressure causes functional
sequences to evolve at a slower rate or to even remain intact
through evolution. Comparative genomics of human and mouse
is often used because both genomes are fully sequenced and
their transcriptomes are represented by millions of partially
sequenced mMRNA sequences called expressed sequence tags
(ESTs) and fully sequenced mRNA sequences called cDNAs.
Furthermore, the human and mouse lineages diverged between
96 and 110 million years ago, providing sufficient time for
mutations to accumulate, so that functional sequences are
revealed by conservation. 449

Based on human—mouse comparative analyses of consti-
tutive and alternative cassette exons, it has been demon-
strated that alternatively spliced exons are under different
selective pressures than constitutive ones. These constraints
are evolutionary forces that are related to the mechanisms that
ensure the regulation of alternative splicing. To date, more than
ten characteristics are known to distinguish alternatively from
constitutively spliced exons (Fig. 2). Exons that are alter-
natively spliced in both human and mouse are more conserved
than constitutive exons. This probably reflects the need of
cassette exonsto rely on exonic splicing regulatory sequences
for exon selection and alternative splicing regulation. (44748
This conservation is higher toward exon edges, presumably to
assist in placement of the basal splicing machinery on the

correct exon—intron junctions. The sequence conservation
also extends into the flanking introns of conserved alternative
cassette exons for 80 to 100 nucleotides, compared to
constitutive ones, where the conservation level is significantly
lower. This presumably indicates that cassette exons rely on
regulatory sequences in their flanking introns for the proper
regulation of alternative splicing as well.?%4°=%2 Another
important distinguishing characteristic is the weak splice sites
of cassette exons compared to the strong ones in constitutive
exons. In the case of the 5'ss, it was shown that strong base
pairing with the U1 snRNP leads to constitutive splicing,
whereas weak or suboptimal binding gives rise to alternative
splicing. Also, different levels of inclusion are dependent on the
binding affinity to U1. Thus, the type of the 5'ss dictates
constitutive or alternative splicing and also the level of
inclusion/skipping in alternative splicing.®35* Alternative
cassette exons are also shorter®>°® and are flanked by
longer introns than constitutively spliced ones.('®®" The
longer intronic sequences flanking these short cassette exons
presumably obstruct the ability of the splicing machinery to
recognize these exons. Altogether these observations imply
that cassette exons are suboptimal for recognition by the
splicing machinery.

These characteristics also shed light on the evolutionary
history of cassette exons. The suboptimal signals of these
exons (short, weak splice sites, located between long flanking
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Figure 2. Certain characteristics distinguish conserved alternative exons from constitutively spliced ones. The main features that differ
between A: constitutively and Bz alternatively spliced exons that are conserved in human and mouse are illustrated, namely, exon length,
splice site strength, exonic splicing regulatory sequence (ESR) conservation, percent identity between human and mouse, length of
flanking introns and their conservation level between human and mouse, and the fraction of symmetrical exons.
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introns) presumably implies that the splicing machinery must
rely more on exonic and intronic regulatory sequences for exon
selection and alternative splicing regulation. Indeed, exonic
splicing regulatory sequences were found to be significantly
more conserved in alternatively spliced exons compared with
constitutively spliced ones.®® This could explain why alter-
native exons are more conserved than constitutive ones,
especially in the wobble position, since maintaining the protein
sequence is not the only selective pressure acting on these
exons.“® This suggests another characteristic that distin-
guishes alternative cassette exons from constitutive ones—
the ratio between non-synonymous (Ka) and synonymous
mutations (Ks). This ratio was previously proposed for
detecting exons in genomic regions through the Ka/Ks ratio
test,®® based on the assumption that a strong purifying
selection is acting on most of the protein-coding regions in the
human genome. Thus, when comparing human—mouse
coding regions, the rates of synonymous mutations should
be much higher than non-synonymous ones, yielding Ka/Ks
ratios that are significantly lower than one. However, since
alternative exons exhibit a low Ks rate due to the high
conservation level dictated by regulatory sequences, this ratio
test might not detect alternative exons effectively, as was
indeed discovered by Xing and Lee.®®® Hence, this ratio test
may be used as a distinguishing characteristic between the
two exon types. It is worth noting that the literature shows
contradicting results. A recent publication indicates that the
level of Ks is actually higher in alternative exons compared to
constitutive ones, indicating a fast evolution rate in alterna-
tively spliced coding regions.©"

Another characteristic that distinguishes alternative from
constitutive exons is the percentage of symmetrical
exons.®®%2 Symmetrical exons are defined as exons com-
prising a divisible-by-three number of base pairs. Hence,
exclusion or inclusion of such exons would maintain the
reading frame of the downstream exons. This selective force is
probably the strongest one acting on alternative splicing in
general, and on exon skipping, in particular, and is further
discussed below in detail.

Origin and characteristics of alternative 3'ss
and 5’ss selection and intron retention

The regulatory factors that govern alternative 3'ss and 5'ss
selection and intron retention have not been as extensively
studied as those governing alternative use of cassette exons.
Yet, a recent study revealed that alternative 3'ss and 5'ss
selection emerged from constitutive exons. Like alternative
cassette exons, alternatively used splice sites have weak
splicing signals along with a high conservation of the flanking
introns. This supports the assumption that weakening or loss
of one of the splicing elements (here, weakening of splice
signals) is partially compensated for by an increased depend-
ence on additional splicing signals (for example, regulatory

elements in the flanking introns). The constitutive side of exons
with alternatively used splice sites, on the other hand, exhibits
characteristics similar to constitutive exons, namely, strong
splice signals and lower level of conservation in the flanking
intron.®® These suggest that alternative splice site use is an
intermediate between constitutive and alternative cassette
exons.

Intron retention is the least common of the four major types
of alternative splicing in higher eukaryotes. Intron retention is
believed to be the result of intron, rather than exon, definition,
associated with failure of the splicing machinery to recognize
weak splice sites flanking short introns. A recent study found
that the weaker splice sites, which are associated with events
of intron retention, cannot be the only explanation for this
phenomenon. Specifically, retained introns not only exhibit
weaker splice sites, but are also associated with genes
harboring shortintrons, and exhibit higher levels of expression
and lower density of exonic splicing silencers and of the
intronic splicing enhancer GGG.®"

These results suggest that alternative splicing due to
selection of alternative splice sites is a subgroup of exon
skipping, whereas intron retention might reflect mis-splicing.®®

Origin of alternative cassette exons
Until recently, only two mechanisms were suggested to be
responsible for the origin of alternatively spliced exons. Both
mechanisms describe the appearance of new exons, which
are then spliced alternatively. One of these mechanisms is
known as exon shuffling, in which a new exon is inserted into
an existing gene or an exon is duplicated within the same gene,
and becomes alternatively spliced (Fig. 3A).©*%% About 10%
of all genes contain tandemly duplicated exons and about 10%
of mutually exclusive alternatively spliced exons originated
from tandemly duplicated exons. 69

The second mechanism for the origin of alternatively
spliced exons involves the emergence of alternatively spliced
exons following exonization of intronic sequences (Fig. 3B).
For example, the primate-specific Alu retroelement, which is
highly abundant in intronic sequences,®” contains multiple
sites that are similar, but not identical, to real splice sites.©®¢9
Several mutations that change pseudo splice sites to real ones
can result in the recognition of a part of the Alu element as a
bona-fide exon.®>7%7" About 4% of human genes contain
transposable element motifs in their coding regions, indicating
that exons might have originated from the exonization of these
elements.®86972=75) A recent analysis indicated that up to
3.6 times more exons originated from transposable elements
in the human genome than in the mouse (1824 and 506 exons,
respectively), and this difference is primarily attributable to
exonization events of the primate-specific Alu element.®”
This phenomenon is not restricted to the human and mouse
genomes, as other studies revealed similar trends in other
species as well.(76~7®
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Figure 3. The origin of alternative splicing. Three possible mechanisms have been suggested for the origin of alternatively spliced exons:
A: exon shuffling, Bz exonization of transposable elements, such as primate-specific Alus, and €z shift in the splicing mode of exons from
constitutive to alternative as a result of relaxation of splice signals during evolution, which is coupled to fixation of ESRs.

A recent study provides evidence for a third mechanism for
generation of alternative cassette exons.®>%® While in the two
above-described mechanisms, the alternatively spliced exons
are generated de novo, in this third mechanism, alternative
cassette exons are derived from constitutively spliced ones
(Fig. 3C). In fact, the hypothesis that constitutively spliced
exons became alternatively spliced is not limited to the
creation of alternative cassette exon. As was discussed
above, it was recently shown that alternative 5’'ss and 3'ss
are derived from ancestral constitutive exons. Mutations
inside an exon or along the flanking introns were shown to
be responsible for the creation of new splice signals that
compete with the authentic ones, leading to alternative splice
site selection.©®

Evolution of newly born
alternatively spliced exons
Exons that originated from exonization events are alternatively
spliced more than could be expected by chance.®”7® In
human, almost all exonized Alu elements are alternatively
spliced,®”% a phenomenon also observed for retroelement
exonization events in rodents.”” In addition, these exons
exhibit low inclusion levels; namely, they appear in only a small
fraction of the mRNAs transcribed from the corresponding
gene.®%78.79) Thys, the ancestral transcript is maintained as
the major form, leaving the minor transcript form almost free of
selective pressure and ready for exaptation (acquirement of a
new function).®® Presumably, some of these exons can confer
an evolutionary advantage to the organism and therefore
become exapted. In such a scenario, the exaptation process is
expected to be accompanied by an increase in the inclusion
levels of these exons. (758182

Hence, one could expect alternatively spliced exons that
originated from previously constitutively spliced ones to exhibit

a high inclusion level in order to maintain the ancestral
transcript as the main product. In fact, a recent computational
study revealed that alternative cassette exons exhibiting high
inclusion levels are typically conserved between human and
other mammalian genomes, whereas alternatively spliced
exons with low inclusion levels are mostly not.”® Moreover,
previous studies demonstrated that homologous exons that
splice differently between human and mouse, termed species-
specific exons, exhibit a high inclusion level, which presumably
reflects their evolutionary history.®® Therefore, alternative
cassette exons with high inclusion levels probably originated
from exons that were previously constitutively spliced, where-
as alternative cassette exons with low inclusion levels probably
originated from de-novo exonization of intronic sequences.®
This suggests that the inclusion level may serve as an indicator
of the age of alternatively spliced exons and, consequently, of
their origin and evolution.

The evolutionary forces that shift exons
from constitutive to alternative splicing
A new evolutionary mechanism, by which constitutively spliced
exons became alternatively spliced, was recently shown.®®
This mechanism involves mutations that accumulated in the
splice sites, leading to their suboptimal recognition by the
splicing machinery, and thus skipping of the corresponding
exon (Fig. 3C). This mechanism is associated with mutations
in exonic and intronic sequences that generate splicing
regulatory sequences. These in turn assist in placing the
splicing machinery on the correct splice junctions and also
regulate the inclusion—skipping ratio of the alternatively
spliced exon. We will now examine this mechanism in detail.
Relaxation of 5'ss selection is thought to be a major
selective force in alternative splicing. The strength of the 5'ss is
measured based on the binding affinity to U1 snRNA. While U1
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snRNA is highly conserved, the 5'ss have changed consid-
erably during evolution. The 5'ss of the yeast S. cerevisiae
(and of Hemiascomycetous fungi, in general) is highly
conserved in the intronic portion. On average, it is composed
of 6.5 constitutive base pairs, all of which interact with U1.
Conversely, the mammalian 5’ss is degenerate and covers
nine nucleotides (the last three positions of the exon and the
first six intronic positions), seven of which typically pair with
U1.®® Therigid 5'ss site in yeast provides a strong binding site
for U1 and presumably explains why S. cerevisiae introns are
efficiently removed and alternative splicing is rare. However, in
mammals, degeneracy at the 5'ss results in many regions that
have comparable affinity for U1. In some cases, the binding
platforms for U1 are weak, and thus in one mRNA precursor
U1 binds to that site and supports splicing of the corresponding
exons, whereas in another pre-mRNA molecule generated
from the same gene, U1 binds to that site inefficiently or does
not bind at all and thus the exon is skipped—which is the major
form of alternative splicing in higher eukaryotes. (535484-86)
Hence, a strong U1/5’ss is associated with constitutive splicing
and a weaker 5'ss (also called a suboptimal site) is associated
with alternative splicing.®® It was therefore proposed that
these changes led constitutive exons to evolve into alternative
ones and vice versa.

But what was the strength of the 5'ss of the first
spliceosomal intron? Irima et al. studied the 5'ss of spliceo-
somal introns in 49 genomes from a wide variety of eukaryotic
lineages. They suggested that the eukaryotic ancestors had
relatively weak 5'ss and that some lineages independently
underwent 5'ss strengthening. Recent reconstructions of gene
structure in the ancestral eukaryote also imply the presence of
multi-intron genes.*® These observations suggest a much
earlier emergence of widespread alternative splicing than
previously appreciated.®” This may mean that in lineages
where relaxation of the 5’ss led to suboptimal recognition and
alternative splicing, the ancestors might have been subjected
to opposing evolutionary forces.

The pressure on alternative exons

to maintain the reading frame

Many of the human cassette exons with high inclusion levels
are also alternatively spliced in the mouse orthologous gene.
This indicates that the alternative form emerged before the
human/mouse lineages diverged and that the alternative state
remained (fixated) during evolution. This conservation implies
that there are functional roles for both the exon inclusion and
skipping isoforms and that the alternative form is not merely a
splicing error. About 66% of alternative cassette exons
conserved between human and mouse are symmetrical—that
is, the total number of nucleotides in the exon is divisible by
three—compared with only 40% of constitutively spliced
ones.®%% Hence, functional alternative exons tend to
maintain the open reading frame.

A similar trend was observed for alternative 5’ and 3’ splice
sites selection—the alternative extension was usually sym-
metrical (63—72%), whereas the exon as a whole exhibited
symmetry levels identical to constitutive exons.®® But why
does such selection act mainly on the alternative regions and
less on the constitutive ones? Part of the answer is revealed
when the origin of these exons is considered. Selection of
alternative 5'ss and 3'ss emerged from previously constitutive
exons that gained a competing splice site through point
mutations.®® The original splice site is maintained as the
major site, whereas the new one is the minor site. One of
the major selective forces on fixation of such new events is that
the selection of the new splice site will not change the reading
frame. Following a possible fixation and gain of function, the
inclusion level of the minor form is expected to increase. Thus,
splice site selection and inclusion level might tell us something
about the evolution of alternative splicing.

Most alternative cassette exons that are conserved
between human and mouse exhibit high inclusion levels
(~64%).%®) This suggests that these exons originated from
constitutive exons, since the inclusion level of newly born
exons is very low. Examination of these exons revealed that
inclusion level negatively correlates with symmetry.®®® This is
further indicative of the selective pressure to maintain the open
reading frame, since the lower the inclusion level of the major
form, the more alternative transcripts lacking the exon are
formed. Thus, there is selective pressure to prevent frame-
shifts that lead to premature termination codons (PTCs) when
inclusion levels are high (Fig. 4). In contrast, recently created
alternative cassette exons that were only recently created, as
in events of exonization of intronic sequences, exhibit very low
inclusion levels (~19%). These newly born human alternative
cassette exons do not exhibit a tendency to be symmetrical
and 79% of them disrupt the reading frame or introduce
PTCs.(5%67)

The majority of functional alternative exons are sym-
metrical. But what about the ~30% of alternative splicing
events, which are conserved between human and mouse, that
are non-symmetrical? Such alternative non-symmetrical
exons lead to frameshifts and consequently to PTCs and
truncated proteins that might be deleterious, for example, by
acting in a dominant negative manner (Fig. 4). Since these
alternative cassette exons introduce transcripts that contain
PTCs, itis somewhat surprising that these splicing events have
been maintained for the 96—110 million years since the
divergence of the human and mouse lineages. One would
expect such transcript variants to disappear in the course of
evolution and the alternative exon to shift back to a constitutive
state. One mechanism that might relax purifying selection
against alternative splicing events that introduce PTCs is the
nonsense-mediated mRNA decay (NMD) pathway.®8% PTC-
containing transcripts are targeted and marked for degrada-
tion by NMD and thus their concentration in the cytoplasm is
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Figure 4. Effects of symmetrical and non-symmetrical alternatively spliced exons on the reading frame. A: A schematic of a gene
structure consisting of four exons, where the second exon is a symmetrical cassette exon, is depicted. Inclusion or exclusion of the
symmetrical exon does not alter the open reading frame of the downstream exons. B: A gene consisting of four exons, where the second
exon is a non-symmetrical cassette exon, is illustrated. Inclusion or exclusion of the non-symmetrical exon results in a frame-shiftand a PTC

downstream of the alternative exon.

expected to be low or non-existent.®® One example for that is
the case of polypyrimidine tract binding protein (PTB), where
an alternative transcript lacking the non-symmetrical exon
11 is removed by NMD.®" Also, recent studies from the Ares
and Brenner labs revealed that human SR genes have
alternatively spliced isoforms that contain PTCs and are
degraded by NMD.®2%% These non-symmetrical and con-
served exons of the skipping type are usually observed near
the 5 end of the pre-mRNA, presumably due to selection
against similar exons that were located downstream (nearer
the 3 end).®¥ This implies that alternatively spliced exons that
failto activate the NMD degradation and thus generate ‘poison’
transcripts were selected against during evolution.®* More-
over, recent studies, and the fact that these transcript are
present in mMRNA datasets, suggest that the role of NMD in
targeting these PTC-containing transcripts is not as common
as previously estimated.©5-%7)

So, whatimportant role do these alternative transcripts play
that enabled their fixation through evolution?

Why do cells tolerate noise instead of turning
down the volume?

Recently, an ambitious project to identify all functional
elements in the human genome was launched. The ENCODE
(ENCyclopedia Of DNA Elements) consortium began with a

pilot phase that focused on a specified 30 megabases
(approximately 1%) of the human genome sequence.®® The
results imply that the identification of all protein-coding genes
is nearly completed, but raise many questions regarding
random use of off-site promoters to generate non-protein
coding transcripts.®® Moreover, alternative splicing in human
genes was found to be much more frequent than has
commonly been suggested. However, many of the potential
alternative gene products exhibit substantial rearrangements
and will have markedly different structures and functions
compared with their constitutively spliced counter-
parts.(1% 1" Moreover, the vast majority of these alternative
isoforms exhibit low inclusion levels, and little evidence exists
to indicate whether they have a role as functional proteins, or
whether they are merely “noise” of the splicing machinery.(1°"

Several studies have shown that truncated mRNA mole-
cules, which were generated as a result of alternative splicing,
are translated into proteins. As a result of use of an alternative
splice acceptor site, the MUC1 gene encodes a truncated
mRNA transcript, introducing a frame-shift, that is translated
into protein.'®® The FMR1 gene exon 14 is non-symmetrical
and when spliced out introduces a frame-shift. Interestingly,
the absence of exon 14 changed the localization of the
transcript from the cytoplasm to the nucleus.®® Exon
skipping is also responsible for a truncated ASBT mRNA that
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is translated.('®” However, no biological function for these
truncated proteins has yet been demonstrated.

If these alternatively spliced transcripts are indeed noise,
are transcripts that contain non-symmetrical alternative exons
the only ones that produce such noise? Probably not—several
chimeric transcripts that represent gene fusion events were
previously reported in the human genome. These very long
transcripts originate from the fusion of two consecutive genes
as a result of misidentification of the transcription termination
site and subsequent continuation of transcription into the
following adjacent gene.!'°>1%) These fused long transcripts
generally exhibit unique patterns of splicing and often (>50%)
contain PTCs. In-frame PTCs can also be created by non-
linear mRNA processing, such as exon repetition (RNA
tandem exon(s) duplication) or exon scrambling.!'%7=110)

So, why do cells tolerate the noise of PTC containing
transcripts? In some cases, these transcripts might not be
noise at all, but rather these mRNAs might play a regulatory
role, balancing between mRNA transcripts that produce a
functional protein and mRNA transcripts producing non-
functional proteins. This would provide a regulatory layer at
the splicing level rather than at the transcription or translation
level. Other PTC-producing isoforms are presumably noise
and might be tolerated as long as levels are low (low inclusion
or skipping level).('°")

Conclusions

We are at the beginning of an exciting era in which sequencing
of different genomes and their transcriptomes allows us to
examine biological mechanisms and to compare them among
different organisms along a known evolutionary tree. The
publication of the genomes of human and many other
vertebrates, invertebrates, yeast, protozoa and plants, as well
as sequences of large numbers of transcripts generated from
each organism provides the data for comparative genomics
and transcriptomics analyses. We are starting to elucidate the
forces that shape the evolution of alternative exons and
beginning to identify their origins. Sequencing of genomes and
transcripts from more organisms from a broad range of
lineages will further our understanding of the alternative
splicing mechanism.
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