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Abstract

This review is an attempt to establish concepts of splicing and alternative splicing giving proper relevance to introns, the key
actors in this mechanism. It might also work as a guide for those who found their favorite gene undergoes alternative splicing
and could benefit from gaining a theoretical framework to understand the possible impacts of this process. This is not a thor-
ough review of all the work in the field, but rather a critical review of some of the most relevant work done to understand the
underlying mechanisms of splicing and the key questions that remain unanswered such as: What is the physiological relevance
of alternative splicing? What are the functions of the different outcomes? To what extent do different alternative splicing types
contribute to the proteome? Intron retention is the most frequent alternative splicing event in plants and, although scientif-
ically neglected, it is also common in animals. This is a heterogeneous type of alternative splicing that includes different sub-
types with features that have distinctive consequences in the resulting transcripts. Remarkably, intron retention can be a dead
end for a transcript, but it could also be a stable intermediate whose processing is resumed upon a particular signal or change in
the cell status. New sequencing technologies combined with the study of intron lariats in different conditions might help to
answer key questions and could help us to understand the actual relevance of introns in gene expression regulation.

IN A NUTSHELL

Introns are the key actors in splicing. Alternative splicing can be defined as the differential selection of introns in different
transcripts, leading to the generation of distinct RNA isoforms from a single gene. Intron retention is the most frequent
alternative splicing event in plants. Transcripts with introns retained may have completely different fates, from being kept
in the nucleus to being actively translated. This review explores the mechanisms underlying these different outcomes of
alternative splicing.

Introduction genes contain introns that separate the regions that consti-
tute mature RNAs, the exons. Hence, introns are often ac-
knowledged as noncoding and/or noninformative
DNA interrupting informative and/or coding regions  sequences that interrupt the coding messages and/or separ-

(Fagundes et al, 2022). Among this junk DNA, eukaryotic  ate informative regions.

Eukaryotic genomes contain large amounts of so-called junk
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Game of introns

Though all eukaryotes have genes with introns, there is a
significant variation in their frequency, length, base compos-
ition, and distribution between different phyla and species.
Humans, similar to other mammals, have long introns of
5,850 nucleotides (nt) on average, with 45% Guanine and
cytosine (GC) richness and an average frequency of eight in-
trons per gene. These numbers are somewhat smaller in
Drosophila melanogaster, where the average length of an in-
tron is about 1,531 nt, and they are less frequent and have
lower GC richness (36.5%). By contrast, plants introns are
much smaller, for example averaging about 164 nt in
Arabidopsis (Arabidopsis thaliana) and 396 nt in rice
(Oryza sativa). Their frequency in plant genomes and GC
content is also lower than mammalian genomes (e.g. GC con-
tents of about 33% and 38%, in Arabidopsis and rice, respect-
ively; see the complete dataset in Zhu et al, 2009). The
correct identification and removal of introns by the spliceo-
some is a central conserved step during gene expression in all
eukaryotes. One of the key consequences of this noncontin-
uous exon—intron structure is the formation of alternative
splicing isoforms (Gehring and Roignant, 2021). This process
allows the generation of different mature RNAs or messenger
RNAs (mRNAs) from a single gene, expanding the transcrip-
tome and the proteome of an organism (Keren et al., 2010).

Splicing: finding the introns to eliminate

The term splicing means to join or to connect two strands by
their ends. When considering the splicing of RNA molecules,
the mechanism involves the removal of an internal region of
the RNA, defined as the intron, and the consequent connec-
tion of the neighbor regions, the exons. Since introns are the
units of splicing, it is relevant to note that there are four types
of introns: (1) transfer RNA introns are found in eukaryotes
and archaea and their splicing is catalyzed by protein en-
zymes, (2) group | introns, which are autocatalytic and found
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in organelles and ribosomal RNA genes of eukaryotes, (3)
group Il introns, which are found in bacteria and are self-
spliced in a two-step process, and (4) spliceosomal introns,
which are found in eukaryotes and are processed by a com-
plex cellular machinery known as the spliceosome (Irimia and
Roy, 2014). In this review, | will focus on this latter group.
Splicing and alternative splicing were discovered at the
same time (Chow et al,, 1977; Berget et al, 1977; Kornblihtt
et al, 2013). However, it is easier to understand alternative
splicing if we first comprehend splicing.

The splicing process requires two consecutive reactions,
first a nucleophilic attack of the adenine at the branching
point on the 5’ splice site (ss) upstream in the intron, to
form a branched 2'-5" phosphodiester bond; second, the
3’ OH of the upstream exon carries out a nucleophilic attack
at the 3’ ss of the intron to ligate the exons in a 5 -3’
phosphodiester bond. As a consequence, the intron is re-
leased as a lariat and the exons are joined together, giving
rise to the mature RNA molecules (Figure 1; see also Black,
2003; Smathers and Robart, 2019). These reactions are similar
in group Il introns and spliceosomal introns with a key differ-
ence, while group Il introns are self-spliced the spliceosomal
introns are processed, as the name implies, by the spliceo-
some. Importantly, there are two different spliceosomes
that are characterized by their respective protein subunits.
The major U2-dependent spliceosome catalyzes the splicing
of most introns (>99%) while the minor U12-dependent spli-
ceosome is responsible for a small remnant, though there are
some exceptions (Akinyi and Frilander, 2021; Larue et al,
2021). In this framework, if a region is recognized by the spli-
ceosome and is excised, then this region is, without question,
an intron. However, introns are often defined a priori as
“noncoding sequences” interspersed in coding regions of
the precursor mRNAs that are then excised by the spliceo-
some (William Roy and Gilbert, 2006; Rogozin et al., 2012).
As Alberto Kornblihtt, a renowned expert in the splicing field,
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Figure 1 The splicing mechanism. The splicing process follows two consecutive reactions, first a nucleophilic attack of the adenine at the branching
point on the upstream 5’ ss generating a branched 2'-5" phosphodiester bond; second, a nucleophilic attack of the 3" OH of the upstream exon to
the 3’ ss that ligate the exons in a 5’3’ phosphodiester bond. The excised intron is released as a lariat and the exons are joined together giving rise to
the mature RNA molecules. Nucleophilic attacks are schematized as dashed lines.
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might say “Nope, this is not right. This is wrong!” (Kornblihtt,
2021): introns cannot be defined by their lack of coding cap-
acities, as there are also exons that lack coding capacity and
there are introns that can be part of the translated message.
Introns can be found interrupting coding exons, but they are
also part of the untranslated regions (UTRs) along with exons
that are not coding, and exons and introns are also present in
long noncoding RNAs (yes, completely noncoding). In add-
ition, some introns that are retained in mature mRNAs actu-
ally have coding capacities. So, how can we define an intron?
Introns (and exons) are defined by the spliceosome. As intro-
duced above, introns are RNA sequences excised during spli-
cing, while exons are regions that are joined together to form
the mature RNA molecule. Gilbert proposed the term intron
in 1978: “The notion of the cistron, the genetic unit of func-
tion that one thought corresponded to a polypeptide chain,
now must be replaced by that of a transcription unit contain-
ing regions which will be lost from the mature messenger—
which | suggest we call introns (for intragenic regions)—al-
ternating with regions which will be expressed—exons”
(Gilbert, 1978). If we consider that “expressed” means to be
part of the mature mRNA, then this is, to my knowledge,
the most comprehensive and correct definition of splicing.
Alternative splicing experts might argue that this definition
fails to account for alternative splicing isoforms, since a re-
gion that remains in the mRNA in one isoform can be part
of an intron, or a whole intron, in another isoform.
Although this could mean that introns are not defined un-
equivocally, if we consider introns and exons to be isoform-
specific, the definition given by Gilbert is appropriate even
when considering alternative splicing.

The splicing machinery is mostly conserved among eukar-
yotes, and introns are pervasive in their genomes, but why do
they exist? This question arose as soon as splicing was discov-
ered, by the already mentioned Gilbert (1978). Because in-
trons generally belong to noncoding regions in DNA that
are mostly absent in mature RNAs, they had been considered
part of the junk DNA, lacking any relevant information
(Poverennaya and Roytberg, 2020). In this sense, introns are
often considered as mutational buffers that protect coding
sequences from random mutations. This view is not well-
sustained, however, as most mutagens generate errors
or changes in the DNA sequence with a given frequency
(1 base per X bases) that correlates with their dose. Having
more nucleotides as mutational substrates does not alter
that frequency, it only affects the total number of mutated
bases, so coding sequences are expected to be equally af-
fected by mutation with or without extra noncoding se-
quences. Hence, there must be other possible functions, as
having introns is expensive for cells, which must transcribe
the intron sequences and then remove them to generate ma-
ture mRNA (Jo and Choi, 2015). Relevant putative functions
of introns are usually divided into the following categories:
(1) functions associated with splicing; (2) generic functions
of noncoding DNA sequences; (3) storage of regulatory ele-
ments; (4) location of nested protein-coding genes; and (5)
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hot-spots of intra-genic recombination (Rogozin et al.,
2012; Jo and Choi, 2015; Poverennaya and Roytberg, 2020).
These have been extensively reviewed (see Jo and Choi
(2015) for a complete list with supporting studies), so in
this review | focus on those functions that seem to be well
supported, and | introduce and discuss others that are com-
monly ignored, considering the particular features of plant
genomes and transcriptomes.

The advantage (?) of having introns

Introns are a hallmark of eukaryotic genomes, as spliceo-
somes and spliceosomal introns are present in every se-
quenced eukaryote (Collins and Penny, 2005; Martin and
Koonin, 2006) and are absent in prokaryotes. In prokaryotes,
where translation is cotranscriptional, introns would be a
great burden. In other words, “the coexistence of DNA and
functional ribosomes in the same cell compartment would
allow ribosomes to translate unspliced premessengers”
(Cavalier-Smith, 1991). Ergo, the nuclear compartment is
highly relevant when analyzing the existence and function
of spliceosomal introns. In this sense, it is important to
note that for an mRNA to be translated, introns must be re-
moved in order for the transcript to be exported to the cyto-
sol. This points to a potential key function for introns that is
linked to splicing: to regulate the timing and intensity of gene
expression. Interestingly, intron retention is a major phenom-
enon in plants (Ner-Gaon et al, 2004; Marquez et al,, 2012,
2015; Zhang et al,, 2022). Transcripts that retain introns are
mostly kept inside the nucleus (Gohring et al, 2014; Jia
et al,, 2020; Fuchs et al., 2021), which mostly prevents these
molecules from being translated. There are, however, specific
subsets of introns that manages to escape this obstacle, and
the transcripts that contain them are efficiently exported
and translated (Ner-Gaon et al., 2004; Marquez et al., 2015).

Intron retention—the presence of an intron in a processed
transcript (i.e. except for that intron perhaps) could be an
outcome of alternative splicing, but could also be a way to
stall the complete processing of a transcript in order to regu-
late the timing of gene expression (read expression here as
the generation of the protein-coding transcript; see
Boothby et al, 2013; Buccitelli and Selbach, 2020). In fact,
Jia and collaborators suggested that chromatin-tethered
post-transcriptional splicing is a major contributor to the
widespread intron retention in plants, and furthermore,
they indicate this could be a mechanism to produce func-
tional MRNAs when needed (Boothby et al,, 2013; Jia et al.,
2020). Such a mechanism was previously described in animal
cells and was designated as intron detention (Shalgi et al,
2014; Boutz et al,, 2015). Boutz and collaborators identified
thousands of detained introns in human and mouse cell lines
as well as in the adult mouse liver. The transcripts with de-
tained introns can have half-lives of over an hour yet remain
in the nucleus. They are not subjected to nonsense mediated
mMRNA decay (NMD) and many of the detained introns are
evolutionarily conserved (Boutz et al., 2015). In plants, intron
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retention isoforms are also not degraded by NMD, and this is
mainly due to their nuclear retention that make them un-
available to this degradation machinery (Kalyna et al, 2012;
Leviatan et al, 2013; Gohring et al, 2014; Fuchs et al,
2021). A remarkable extreme scenario is that of human an-
ucleate platelets, where splicing of specific introns of accu-
mulated precursor mRNAs occurs in response to cellular
activation in an environment that lacks any nuclear regula-
tion or de novo transcription (Denis et al., 2005; Schwertz
et al, 2006). Interestingly, though intron retention is general-
ly scientifically neglected in animals, data from more than
40 diverse human and mouse cell and tissue types shows
that intron retention affects transcripts from most genes
(Braunschweig et al.,, 2014). Moreover, the authors of the study
claim that “these retained introns act widely to functionally
“tune” transcriptomes by further reducing the expression of
relatively low abundance transcripts that often lack physio-
logical relevance to the cells and tissues they are detected”
(Braunschweig et al,, 2014). Generally speaking, the presence
of an intron in an MRNA seems to be linked to fine-tuning
of gene expression in plants (as well as in animals). It is relevant
to mention that plant introns are short and, hence, less prone
to contain regulatory sequences or signals as those for cleavage
and polyadenylation, while mammalian introns are much
longer, which increases the chances to find these kinds of regu-
latory sequences or signals, and reduces the probability of find-
ing the whole intron retained in a transcript.

Introns, and transcripts that retain introns, may have more
than the mere passive functions associated with nuclear reten-
tion or detention that can be resumed by post-transcriptional
splicing. On the one hand, intron lariats (see Figure 1), one of
the final products of splicing, were associated with microRNA
(miRNA) biogenesis. Using an RNA debranching enzyme mu-
tant in Arabidopsis (dbr1), Li and colleagues showed that the
accumulation of intron lariats reduces miRNA accumulation.
This seems to be linked to these lariats’ secondary structure,
which resembles a primary miRNA that can act as a decoy
that associates with the DCL1/HYL1 dicing complex, seques-
tering it and preventing this complex from processing proper
miRNAs (Li et al., 2016). Although the evidence was obtained
from a weak mutant allele of dbr1 (the null mutant is embryo
lethal in both plants and animals) and from the overexpres-
sion of particular lariats, both of which are artifactual molecu-
lar phenotypes, the results indicate that if there is such a
condition that increases the amounts of any lariat, or of several
lariats, then these would interfere with miRNA biogenesis,
thereby impacting different plant responses. On the other
hand, nuclear retention of transcripts was recently shown in
human cells as a mechanism that might support robust
mMRNA concentration homeostasis. This is based on negative
regulation of RNA polymerase Il (RNAPII) transcription by
the accumulation of nuclear mRNAs (Berry et al, 2022). If
this mechanism is conserved in plants, then the accumulation
of transcripts (those mRNAs that retain introns) in the nuclear
compartment may be another way, directly and actively, to
globally regulate gene expression.
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In addition to the general function(s) of introns, they can
offer a significative benefit under certain conditions, as sys-
tematically removing all known introns from budding yeast
(Saccharomyces cerevisiae) genes, renders organisms that
poorly adapt to starvation conditions regardless of host-gene
function (Parenteau et al., 2019). Similarly, a less known role
of introns, most conspicuously studied in Arabidopsis, is the
enhancement of gene expression. This process generally in-
volves introns located near the 5’-end of the genes associated
with conserved sequences that may have a function at the
DNA level (Parra et al., 2011; Rose et al., 2011). More interest-
ingly, in some cases intron-mediated enhancement of gene
expression requires a functional intron (i.e. the splicing itself).
This direct effect of splicing-competent introns on gene ex-
pression is a bona fide case of intron-mediated enhancement
and provides evidence of crosstalk between splicing and tran-
scription (Moabbi et al,, 2012; Dwyer et al,, 2021). Moreover,
as exon junction complexes deposited on spliced mRNAs en-
hance translation, the splicing affects the output of a gene at
different levels (Lee et al,, 2009). Finally, | would like to draw
the attention toward a poorly considered and less evaluated
option. This is the possibility that a transcript that is retained
in the nucleus could be acting as a regulatory long noncoding
RNA (IncRNA) that, as an example, titrates a splicing factor
or any other RNA binding protein. This possibility is partially
supported by recent findings in animal cells showing that
upon ultraviolet (UV) irradiation there is an increase of a
noncoding transcript of a gene (ASCC3) that counteracts
the function of the protein-coding isoform (Williamson
et al, 2017).

Therefore, introns are clearly advantageous, and this is
most likely related to the addition or synergy between differ-
ent effects: they are good places for recombination at the
DNA level; they have different roles in regulating gene expres-
sion, some that are passive and others (far more interesting)
that could be active; and they are fundamental to the phe-
nomenon of alternative splicing. This process leads to a sub-
stantial expansion of the transcriptome as well as potential
proteome diversification and may be an important compo-
nent of organismal responses and adaptation to the environ-
ment (Staiger and Brown, 2013).

The blue pill or the red pill? The fates of
splicing alternatives

Now that we understand the process and ramifications of
splicing, we can start arguing about its alternatives.
Alternative splicing means exactly that: to have options to
the process of recognition of intronic (and exonic) se-
quences, or in other words, the splicecosome might recognize
the same region as an intron in some conditions or as part of
an exon in others. The spliceosome can eliminate a particular
sequence in response to a stimulus, or it could retain that re-
gion in the mature RNA molecule in other cases. The first
part of this review focused on one kind of alternative splicing
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Figure 2 Major types of alternative splicing events and their frequency in Arabidopsis. Alternative splicing events can be divided into four different
general categories: (1) cassette exons are alternative splicing events where an exon is included/excluded in/from the mature RNA, (2) alternative
(Alt.) 5" ss corresponds to the differential recognition and usage of different alternative 5’ ss giving place to mature RNAs that have a longer/shorter
exon (in its 3" end), (3) similar to the latter, alternative 3’ ss corresponds to the differential usage of 3’ ss in competition giving isoforms with a
longer/shorter exon (in the 5’ end of the corresponding exon in this case), and (4) intron retention is the permanence of a region that can be iden-
tified as an intron and excised in other isoforms, it is a lack of recognition and/or usage of the involved 5’ and 3’ ss. As the fundamental unit of
splicing is the intron, the figure includes the A to visualize the recognized and used alternative splice sites that results in each isoform and the cor-
responding lariats. Alternative splicing isoforms and common labels are depicted, and the frequency and number of each event according to the

AtRTD3 transcriptome are shown (Zhang et al., 2022).

event, intron retention. This is, in fact, a very special member
of much more heterogeneous set, as we will see next.

The alternative splicing mechanism can be viewed as the
differential recognition and selection of 5’ ss and 3’ ss by
the spliceosome (Kornblihtt et al, 2013; Vaquero-Garcia
et al, 2016; Dent et al,, 2021). Considering this, we can build
a simple list of all possible types of alternative splicing events
(Figure 2). These are: (1) cassette exons, leading to exon in-
clusion or skipping, (2) alternative 5’ ss, that increase or re-
duce the length of an exon in its 3’ end, (3) alternative 3’
ss, that increase or reduce the length of an exon in its 5’
end, and (4) the above-mentioned case of intron retention,
the complete retention of an intron in the mature RNA.
However, as you may guess, there are different combinations
of all these options and there are also particular sub-types
with specific features. As shown in Figure 2, when considering
internal alternative splicing events, intron retention is the
most prevalent, with almost 50% of relative frequency. It is
followed by alternative 3’ ss, then alternative 5’ ss, and finally
exon skipping, according to AtRTD3, the most comprehen-
sive dataset of Arabidopsis (Zhang et al,, 2022). Moreover,
this curated transcriptome recognizes 40,929 total genes,
and 27,199 that are multi-exonic (with at least one intron).
Considering this, almost half of the total annotated genes
(nearly 50%), and about 75% of the multi-exonic genes,
have more than one isoform. However, these numbers also
include alternative transcription start sites (TSS) and

polyadenylation sites. If considering only alternative splicing
events, then the frequency is similar to what was previously
reported for Arabidopsis, around 60% (Marquez et al., 2012;
Zhang et al,, 2017). These numbers indicate that alternative
splicing events are common in this model organism. In
other plant species, reports indicate that a frequency greater
than 60% or 80% of intron-containing genes undergo alterna-
tive splicing in soybean (Glycine max) and maize (Zea mays),
around 50% in rice, and 24% in wheat (Triticum aestivum L.).
In all the analyzed cases, intron retention events are the most
conspicuous (see Li et al, 2021 for further details). Hence,
there are some linked emerging questions: Are the different
alternative splicing isoforms coding for different proteins
with distinctive domains or functions? If not, what are the
fates or possible functions of the different mRNA isoforms?

Let us try to answer these questions by using the most com-
plete and highly curated dataset available for plants, the
Arabidopsis transcriptome AtRTD3 (Zhang et al., 2022). If in-
tron retention events are 47.40% of total internal alternative
splicing events, then the remanent 52.60% is constituted by
cassette exons and alternative 5" and 3’ ss. The vast majority
of the alternative splicing events fall into the coding sequence
and they may consequently have an impact on the proteome
(Zhang et al,, 2017, 2022; Marquez et al, 2012). On the other
hand, 17.4% of the multi-exon protein-coding genes are pre-
dicted to generate NMD-targeted isoforms (Kalyna et al,
2012; Drechsel et al, 2013). Since introns often have
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termination codons and favor the retention of the transcripts
that contain them in the nucleus, we could ignore them as
contributors to protein diversity. Removing these important
events and considering NMD, we can deduce that only about
40% of the total alternative splicing events could have an im-
pact on the proteome. In this sense, Yu and colleagues com-
bined uniquely aligned reads from transcriptome and
translatome to ensure the comprehensive and reliable detec-
tion of alternative splicing events that could be translated.
Using stringent parameters for intron identification, they
found between 22,541 and 22,896 total genes, with 17,652—
17,670 (77%-78%) that are intron-containing. Depending on
the pipeline used for transcript identification, between
34.9% and 40.1% of the alternative splicing events were found
associated with polysomes (Yu et al., 2016). It is important to
mention that these results are somewhat misleading, as the
authors did not actually evaluate whether different isoforms
of a same gene are translatable. It could be the case that
only a minor proportion of the polysome-associated events
is linked to individual transcriptional units, whilst the vast ma-
jority of the associated events are actually represented in the
translatome by the reference isoforms, that are commonly
coding and used to build the annotated gene models. As de-
duced above, although intron retention is the most abundant
alternative splicing type, it is also more likely to be excluded
from the translatome (Yu et al,, 2016). Importantly, our deduc-
tion relies on a flawed assumption, that all introns are the
same. In fact, different introns can confer distinct properties
to the transcripts in which they are embedded.

Up to this point in the review, introns have been consid-
ered as one big category containing all those RNA sequences
or regions that can be recognized and excised by the spliceo-
some, though some of these can also be retained in certain
conditions. However, not all introns are the same. Besides
their capacity of being recognized and excised by the spliceo-
some, introns can have completely different features and
provoke different fates for the RNAs that contain them.
Intron retention, defined as the permanence of an intron
in an otherwise processed transcript, can be developmentally
or physiologically regulated, constituting a relevant layer in
gene expression control (Boutz et al, 2015 Jacob and
Smith, 2017). The effect of a retained intron in a transcript
is a direct consequence of its relative location within the ma-
ture RNA and of its specific features (mainly associated with
the cis-elements constituting the intron).

Regarding the relative location, an intron in the UTR or in
the coding sequence will lead to different fates for the reten-
tion variants. Interestingly, introns at 5" UTRs can modulate
the output of a gene by intron-mediated enhancement of
gene expression (Parra et al, 2011). Intron-mediated en-
hancement of gene expression may reflect a fundamental
feature of eukaryotic gene expression since it has been ob-
served in diverse phyla, including plants. As explained above,
since intron sequences can have an effect at the DNA or at
the RNA level, Rose and colleagues used sequences from in-
trons that stimulate gene expression in both sense and anti-
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sense orientations. Both orientations were stimulating, sug-
gesting that the enhancement occurs at the DNA level
(Parra et al,, 2011; Rose et al., 2011). This favors the idea of
an enhancer sequence present in these introns. However,
intron-mediated enhancement of expression is often related
to the splicing of the introns involved (Moabbi et al., 2012).
Hence, modulating the splicing/retention of those introns is
a way to control the total output of the gene. More broadly,
introns in the 5" UTRs can also insert an upstream open read-
ing frame (UORF), or other structural features with conse-
quences for translational efficiency (Jacob and Smith,
2017). Intron retention events in the 3' UTR can introduce
cis elements that affect the stability or translational efficiency
of the corresponding mRNA. Moreover, if the intron in the 3’
UTR is more than ~55 nt downstream the natural stop co-
don, while its excision could lead to NMD, its retention
can stabilize the mRNA (Bicknell et al, 2012). On the other
hand, if the intron is in the coding sequence, then it is key
to consider its particular properties. As anticipated above,
many introns contain stop or termination codons, hence
their retention can generate transcripts with premature ter-
mination codons (PTCs). The presence of PTCs is often
coupled to cytoplasmic degradation of the transcripts via
the NMD pathway (Kalyna et al., 2012; Drechsel et al,
2013; Lykke-Andersen and Jensen, 2015). As shown in
Figure 3, transcripts with retained introns can also be stored
in the nucleus to be post-transcriptionally spliced in response
to appropriate signals, giving place to functional mRNAs that
are consequently exported and translated (Boothby et al,
2013; Mauger et al, 2016; Jia et al, 2020). On the other
hand, these transcripts can be kept in the nucleus and

Intron
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bona fide I . Nuclear
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Figure 3 Game of introns. During splicing, introns are excised; however,
some introns are retained and are present in the otherwise completely pro-
cessed and mature RNA. Depending on the features of the retained intron,
and on the characteristics of retention (definitive or temporary), the alter-
native splicing outcome has different fates. Exitrons are reference isoforms
that are exported and translated as the (not-so-appropriately-called) “fully
spliced”, the commonly coding and fully processed isoforms. Canonical in-
tron retention, where the introns likely include stop codons in their se-
quence, leads to nuclear retention or to NMD in case of export to the
cytoplasm. Intron detention is a specific case of intron retention that is tem-
porary, as the splicing resumes (post-transcriptionally) after a signal or acti-
vation of the cell. See the text for further details.
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degraded in this compartment afterwards (Pendleton et al,
2018), being dead ends or, similarly, they can be post-
transcriptionally spliced to give rise to fully processed tran-
scripts containing PTCs that are then subjected to NMD,
as another way to remove them from the nucleus but active-
ly degrade them (Boutz et al,, 2015). In all these cases, intron
retention serves as a diversion. This detour can be temporary,
as in the case of intron detention events where splicing re-
sumes upon a signal; or absolute, as in the case of those tran-
scripts with retained introns that are degraded in the nucleus
or by cytosolic NMD. In both cases, intron retention would
be regulating the final transcriptional output of functional
variants (i.e. translated) of a gene (Figure 3).

Can we think of an active function for intron retention iso-
forms? Although this alternative splicing outcome seems to
have mostly passive functions, it could also give rise to a hith-
erto unexplored possibility, the generation of isoforms that
have a regulatory role, as such long noncoding RNAs
(Schmitz et al,, 2017; and although not a regular case of intron
retention, see also Williamson et al,, 2017). However, intron re-
tention variants could also actively affect translation efficiency
and mRNA stability, and furthermore, they can directly con-
tribute to proteome diversity. In this sense, there is a category
of introns that have features making them more like exons
than other introns; these are known as exitrons, as named
by Yamile Marquez, Andrea Barta, Maria Kalyna, and colla-
borators when originally characterized; first as cryptic introns
and then as exonic introns (Marquez et al., 2012, 2015). As the
authors nicely described, exitrons constitute intra-exonic re-
gions that, when retained, never introduce any stop codons
as these are fully coding sequences. In this sense, exitrons
are always part of the reference isoforms. Among the many
specific features of these exitrons, like the higher GC content
compared to other introns and their full-coding capacity, of
fundamental relevance is a lack of sequence determinants
that could cause their nuclear retention. Captivatingly, their
name actually includes this fundamental property, as tran-
scripts with exitrons are exported out of the nucleus. So,
even though exitrons were detected as a subset of retained in-
trons, called cryptic introns in the first report, they are clearly
distinguishable from “canonical” introns. About half of the
1,002 Arabidopsis and 923 human exitrons have sizes of multi-
ples of 3 nt, so they keep the translation reading frame either
excised or retained. Moreover, their alternative inclusion/exci-
sion affects the presence of protein domains, disordered re-
gions, sites of various PTMs, signal peptides, etc. clearly
contributing to protein diversity. Consistently with these exo-
nic features, those exitrons that can be evolutionarily com-
pared with ancestral states, showing that they originated
from alternative exons (Marquez et al,, 2015).

The spliceosome recognizes introns. That is its job, and it is
not an easy task in some conditions. This process (like alterna-
tive splicing) occurs mostly cotranscriptionally (Beyer and
Osheim, 1988; Kornblihtt et al, 2013; Zhu et al, 2020).
However, some introns are not efficiently or rapidly spliced,
and they remain in the otherwise completely processed

Petrillo

transcript (Ner-Gaon et al., 2004; Braunschweig et al., 2014;
Boutz et al, 2015; Jia et al, 2020). As explained several times
in this text, these transcripts are defined as intron retention
isoforms (Jacob and Smith, 2017), however, this definition en-
compasses several different types of introns that can be re-
tained. Braunschweig, Irimia, Blencowe, and colleagues
proposed the existence of three different types of introns,
based on their particular features/sequence, types A-C:
“Type A are ancestral introns flanked by constitutive exons,
Type B arose by “intronization” of ancestral exonic sequence,
and Type C are located adjacent to one or more alternative
exons that may or may not be conserved between species.”
(Braunschweig et al,, 2014). Interestingly, Irimia characterized
type B introns in Caenorhabditis elegans by their intra-exonic
location, high GC content, shortest length, weakest splice
sites, and highest retention (Irimia et al., 2008). These are all
features shared with exitrons (Marquez et al,, 2012, 2015);
in fact, type B introns and exitrons are most likely the same
type of intron. Among these features underlies the difference
that determines the efficient export of transcripts containing
exitrons from the nucleus, in contrast to that of other intron
retention isoforms. The coding capacity could be of relevance,
however itis more likely that their nuclear export or retention
is regulated by the 5" and 3’ ss sequences (Palazzo and Lee,
2018). Interestingly, Legrain and Rosbash concluded in 1989
that early acting factors of the spliceosome interact with
the 5" ss and the branch-point sequence to commit the pre-
cursor to splicing, thereby preventing its transport to the
cytoplasm (Legrain and Rosbash, 1989).

Intron retention is the trickiest type of alternative splicing
event. It is completely different from the other categories in
the sense that there are no splice sites in competition. It is
just an intron singing, Should I stay or should | go?. When con-
sidering cassette exons, alternative 5’ ss or alternative 3’ ss,
there are always two or more splice sites that compete for
the recognition by the spliccosome. This competition leads
to the selection of the strongest, in terms of sequence, or the
most favored one according to other regulators, such as
RNAPII transcription elongation, chromatin modifications,
and splicing factors (Black, 2003; Kornblihtt et al, 2013).
Interestingly, when considering intron retention, there is only
one 5’ ss and one 3’ ss to consider, but the mechanism is
such that in some cases these splice sites are recognized, and
the intron is correctly excised, while in others there is no recog-
nition of these sites, and the intron remains in the mature RNA.
Hence, we need to consider splicing efficiency, spliceosome ef-
ficacy, recognition of the different sites versus usage, and the
temporal dynamics of splicing and export, as being of key rele-
vance to the general cotranscriptionality of the splicing and the
possibility of posttranscriptional processing of some introns.
Some introns may be retained until the RNA is completely de-
graded, meaning it is the final state of that molecule. This is the
case with bona fide intron retention; but it is also the case of
exitrons, as transcripts with exitrons are actively translated
and then degraded as any other coding mRNA of the cell.
Other introns can be excised post-transcriptionally, in response
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to a signal or a change in the cell. In this case the intron reten-
tion variant can be considered as an intermediate. Thus, it can
be important to determine whether an intron is retained as an
outcome of splicing or as an intermediate and regulated step in
the processing of a transcript. Novel approaches and technolo-
gies might help us to clearly distinguish these different path-
ways and fates of introns to gain further knowledge of their
relevance in genomes and in gene expression regulation.

Conclusion and future perspectives

One fundamental take-home message of this review should
be the importance of clear definitions of exons and introns.
Although we can guess, based on sequence, if a particular re-
gion of a precursor RNA is an exon or an intron (i.e. 5’ ss, 3" ss,
GC richness, coding capacity, etc.), the spliccosome knows
better. Whatever the sequence, if it is excised by this complex
machinery, it is indeed an intron, and the regions upstream
and downstream of the excised segment are exons.
Importantly, all the internal exons (i.e. from the second till
the penultimate) are defined by splicing; however, the ter-
minal exons are different. The first exon is defined by the
transcription start site (TSS) on the 5’ end, and by splicing
in its 3’ end; while the last exon is defined by splicing at its
5" end, and by cleavage and polyadenylation at its 3’ end.
Interestingly, a region that is recognized and excised as an in-
tron in one isoform of a gene can be part of the mature
MRNA of another isoform of the same gene. This is the basis
of alternative splicing. Transcripts with different termini that
arise from alternative TSSs or alternative polyadenylation
sites should not be confused as alternative splicing isoforms.

The alternative splicing process generates different tran-
scripts from the same gene. It is normally accepted that
this results in an expansion of the proteome, however, the
contribution of the different alternative splicing isoforms
to protein isoforms is still elusive in plants, and also in animal
systems. A study in moss (Physcomitrium patens) suggests
that alternative splicing does not substantially modify the
proteome (Fesenko et al.,, 2017), as only 85 isoform-specific
peptides, representing 25 differentially alternatively spliced
genes, were found in this organism. Another study, using
Arabidopsis, allows the authors to conclude that the low
numbers of alternatively spliced events that can be con-
firmed using proteomics datasets are the result of a relatively
low depth of sampling in the experiments (Severing et al,
2011). Interestingly, using a TRAP-seq (translating ribosome
affinity purification followed by sequencing) approach, Tian
and colleagues identified domain-specific alternative splicing
events, reflecting differential contribution of selected alter-
native splicing events during shoot domain specification in
Arabidopsis. Precisely, they identified 751 genes whose iso-
forms show domain-specific enrichment in the translatome
data (Tian et al, 2019). Similarly, an evaluation of polysome-
bound mRNAs estimated that 35% of the alternative splicing
events are most likely translated (Yu et al, 2016). Although
intron retention is the most represented event in the
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transcriptome, its frequency in the translatome is substan-
tially reduced. Of course, these numbers must be considered
in light of all the different potential features and fates of in-
trons discussed above. When analyzing the different possibil-
ities, exitrons are among the events that significantly
contribute to the proteome (Yu et al, 2016; Marquez et al,,
2015), while the more canonical events of intron retention
contribute much less. Similar to exitrons, cassette exons
and alternative 5’ ss and 3’ ss events that are expressed
and identified in the transcriptome, are mostly present in
the translatome (Yu et al,, 2016).

Intron retention is the most conspicuous type of alterna-
tive splicing in plants, and is also relatively common, al-
though often ignored, in animals. As explained above,
aside from the case of exitrons, intron retention does not
contribute to the proteome, begging the question of why
it persists. This review is an attempt to answer these ques-
tions, although it raises others, including the key question
of whether a retained intron is a dead end or a
yet-to-be-processed region in an mRNA. Deep sequencing
methods that analyze intron lariat populations under dif-
ferent conditions could be used to explore this question.
Since splicing and alternative splicing are all about introns
and their recognition, analyzing the intron lariats is argu-
ably the best way to study the regulation of these processes
(Zhang et al, 2019). In fact, intron lariats together with
their mature mRNAs are the actual products of splicing
(see Figure 1), hence they could be directly and accurately
linked to changes in splicing decisions. This kind of per-
spective, together with the new technologies for long-read
sequencing, could lead to a new revolution in our under-
standing of alternative splicing, its outcomes, and its func-
tions. In the coming years it could be exciting to explore if
coding genes that undergo alternative splicing, could give
rise to isoforms that lack coding capacities and act as regu-
latory long noncoding RNAs (Williamson et al., 2017), blur-
ring the lines between different subfields of RNA biology.
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