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Abstract

The importance of RNA splicing in numerous cellular processes is well established. However, an
underappreciated aspect is the ability of the spliceosome to recognize a set of very small (3-30
nucleotide, 1-10 amino acid) exons named microexons. Despite their small size, microexons and
their regulation through alternative splicing have now been shown to play critical roles in protein
and system function. Here we review the discovery of microexons over time and the mechanisms
by which their splicing is regulated, including recent progress made through deep RNA
sequencing. We also discuss the functional role of microexons in biology and disease.

Alternative splicing (AS) is considered to be a major mechanism for expanding the
complexity of the proteome of eukaryotic cells, and it is estimated that up to 90-95% of
multi-exon genes express numerous transcript isoforms through AS.1 2 Alternative splicing
is a dynamic and well-orchestrated process that defines cellular context, and has been found
to play critical roles in diverse functions ranging from maintenance of stem cell
pluripotency? to generation of highly tissue-specific proteins in the brain and muscle.4%
Misregulation of AS can be devastating, with evidence of aberrant splicing found in cancer
and in neurological diseases (reviewed in ref.”).

The splicing machinery, a large RNA-protein complex known as the spliceosome, assembles
atthe 5" and 3" ends of an intron by scanning for the essentially invariant splicing sites, GU
and AG, respectively. Splice sites have limited information content and can compete for each
other, causing some exons to be skipped over and thus excluded from the resulting
transcript. To dictate precise splicing at specific sites, the substrate RNA has to contain
additional regulatory sequence or structural features. These include exonic and intronic
enhancers and silencers (ESE, ESS, ISE and I1SS)—short motifs that are bound by RNA-
binding proteins (RBPs) to modulate spliceosome interactions. Exons with stronger splice
sites and that are enriched in enhancer elements can be spliced more efficiently than those
with opposite features.

Importantly, splicing efficiency can also be affected by the size of exons and introns. Several
models of splicing based on the size of exons and introns have been proposed (reviewed in
ref.8). In lower eukaryotes such as yeast, introns are short and coordinated recognition of the
5" and 3" splice sites across introns leads to the commitment of the splicing reaction. This
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model is denoted the “intron-definition model” (Fig 1). In contrast, exons of higher
eukaryotes, and mammals in particular, exons are characterized by a much shorter size
compared to introns —human exons have a median size of ~120 nucleotides (nt) with 80%
less than 200 nt, while introns are on average ten times longer, with some extending to
several hundred thousands of nucleotides® —making intron definition challenging. For this
scenario, an “exon-definition model” has been proposed, where the splicing machinery is
recruited through coordinated recognition of the sites across exons (Fig 1).10: 11 The exon-
definition model suggests a range of optimal exon sizes required to fit all components of the
spliceosome and for efficient splicing. Based on splicing assays, it has been reported that
exons smaller than 50 nt have a clear disadvantage due to the molecular dynamics of the
splicing machinery itself, frequently resulting in exon skipping.12 This model is also
consistent with the observation that alternative exons are generally much shorter than
constitutive exons.13: 14

This review discusses exons of unusually small size ranging from 3 to 30 nt (up to 51 nt
according to some definitions), named microexons. Microexons are particularly interesting
models for studying AS from two defining perspectives: at the splicing regulation level—
how the small size of the exons is compensated for by additional enhancing signals—and at
the functional level—how these small fragments can result in significant impacts on the
protein products. We will discuss recent progress in the field, including insights obtained
from deep transcriptome sequencing and potential, yet underappreciated, links between
microexons and disease.

Discovery of microexons

The first microexons were described more than three decades ago. In 1985, Beachy et al.
described two 5 nt exons in the Drosophila Ubx gene®, and possibly the first use of the term
“microexon”. In the same year, Cooper and Ordahl identified a 6 nt constitutive microexon
in the chicken Troponin T gene.16 While studying AVcam in rat and mouse brain, researchers
were surprised to find multiple alternatively spliced isoforms, including evidence of AS in
microexons: Small et al. reported a 30 nt, developmentally regulated microexon in the rat
brain in 1988 (ref.17), and Santoni et a/. reported a 3 nt microexon in the mouse brain in
1989 (ref.18). In 1992, McAllister et a/. reported two 9 nt microexons in the Fasciclin | gene
in Drosophilal®

These exons were quite puzzling, and were largely considered to be outliers, studied as
peculiar and anecdotic. It is also technically difficult to properly align sequenced transcripts
such as expressed sequence tags (ESTSs) containing microexons to the genomic DNA. Due to
their small size, microexon sequences are easily mis-aligned or ignored as errors, and thus
require special consideration when aligning ESTs (and, nowadays, RNA-Seq reads).

Consequently, microexons were not reported as common until 2003, when the first
systematic identification of microexons was reported by the Salzberg lab.2% They developed
a spliced alignment correction procedure that specifically investigates regions in ESTs/
cDNAs with small alignment gaps which might be due to unannotated microexons (Fig 2a).
The algorithm considers candidate canonical splice signals flanking these unaligned gaps,
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and evaluates each possible combination by searching for matches of the unaligned segment
in the reference genome. Perfect matches are then labeled as novel microexons. This method
significantly outperformed general-purpose cDNA aligners and identified 223 human
microexons including 170 exons that were unannotated previously, suggesting that 1.6% of
human genes contain microexons2%. Wu and Watanabe enhanced this method by
incorporating statistical significance scores for the microexons, and included it alongside an
improved novel exon detection algorithm as part of GMAP, their EST alignment tool.2 An
improved sensitivity was observed relative to other aligners, although specificity is not
addressed.

More recently, high-throughput RNA sequencing (RNA-Seq)?2 and the development of
splicing-aware aligners (Tophat23, MapSplice24, Olego?®, STAR?6, and HISATZ7) that can
identify novel exon junctions have greatly increased our ability to identify alternative exons
because of the unprecedented sequencing depth compared to EST data. Some aligners have
also made specific optimizations for discovery of microexons.

For example, OLego is designed to identify novel exon junctions and microexons as part of
the read mapping process2>. It uses a short-seed approach, where reads are divided into
small segments, which are mapped independently. The presence of a microexon is frequently
indicated by an unaligned gap in the middle of the reads. Similar to the Salzberg algorithm,
the unaligned fragment flanked by canonical splice site signals is re-mapped to the genome
to search for microexons with high confidence (Fig 2a). Where ambiguity exists, candidate
exons were further evaluated by a regression model that considers the strength of splice sites
and the size of flanking introns. It was estimated that such an approach can achieve >85%
sensitivity and >75% specificity for microexon detection.

An alternative approach, to search for all possible candidate microexons, was taken by
Irimia et al. in their VAST-TOOLS software.28 These microexons were defined by two splice
sites separated by 3—15 nt within known intronic regions, creating a database of exon-
microexon-exon junctions (Fig 2b). RNA-Seq reads were aligned to this junction database to
find microexons with experimental evidence.

Another approach, used by Li ef al, named ATMap, searches for novel microexons by
aligning RNA-Seq reads to a library of transcript models and searching for small insertions
(3-51 nt) (Fig 2c).2° These insertions are then compared with the reference genome to
define high confidence junctions based on canonical splice site motifs. For microexon
quantification, a reference containing the inclusion and exclusion isoforms is generated. In
practice, Li et al. found that the results obtained using ATMap and OLego are highly similar.

Leveraging the depth of RNA-Seq data and the computational tools described above, these
groups have defined a large number of microexons: 13,145 constitutive and AS microexons
6-51 nt were reported by Li e a/2°, 696 AS microexons (in 603 genes) 3-27 nt were
reported by Irimia et a/28, and 2,008 AS microexons (in 1,587 genes) 6-30 nt were reported
in an analysis of human brain transcriptomes at different developmental stages.3? These
three studies reveal that microexons are more prevalent and present in a larger number of
genes than previously appreciated. Furthermore, since the focus of these studies is biased
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towards the brain, investigation of deep RNA-Seq data from other tissues should reveal
additional unannotated microexons.

Regulation of microexons

Microexons have at least two apparent disadvantages in efficient splicing compared to exons
of regular size: 1) allosteric hindrance based on the exon-definition model, and 2) the
difficulty to accommodate necessary splicing enhancers in the exon (ESES). In this section,
we review evidence of compensatory mechanisms that allow microexons to turn the odds of
inclusion in their favor.

Li et al. analyzed a number of regulatory features surrounding 7,949 microexons (<51nt)
expressed in the brain and made several interesting observations.2® First, compared to exons
of regular size (either alternatively or constitutively spliced), microexons tend to possess
shorter flanking introns (median 955 nt vs. 1161 nt). This observation suggests that
inefficient exon definition might be compensated for by more efficient intron definition.3!
Second, both 3" and 5" splice sites of constitutive microexons are significantly stronger
compared to alternative exons and other constitutive exons of larger sizes. Third, microexons
possess a much higher density of ESEs, despite the fact that the absolute number is limited
by their short length. Interestingly, an increased co-occurrence of certain motifs was
observed in introns proximally to the microexon splicing sites. High cytosine and uridine
elements are the most enriched within 10-20 nucleotides upstream of exon 3" splice site
compared to the constitutive exons. Those can potentially stimulate the binding of multiple
RBPs including PTBP, TIAL1, HNRNPC, ELAVL1, or U2AF2. Experimental evidence also
exists for some sequence motifs that can promote inclusion of microexon in vertebrates. For
instance Carlo et a/. identified a repeated heptanucleotide intronic enhancer (GGGGCUG)
located in the downstream intron that promoted the inclusion of a 6 nt microexon in the
chicken cTNT gene.32 This inclusion was stimulated by binding of the SF1 protein, which
the authors suggested defines the exon.33

A prominent feature of microexons is the dynamic changes during development or cellular
differentiation, which is particularly true in the central nervous system. For example, during
in vitro differentiation of mouse embryonic stem cells to glutamatergic excitatory neurons,
30% of exons go from near complete exclusion to near complete inclusion (or vice versa)
and 69% showing a change > 50%.28 This includes the 12 nt microexon of the £na/h gene
(enabled homolog (Drosophila), a phosphoprotein involved in the regulation of actin
filament assembly), which reaches 50% inclusion in neurons, but the exon is completely
skipped in embryonic stem cells. These dramatic, highly-controlled changes suggest that the
microexons perform critical functions in neurodevelopment, although their exact function is
not yet clear in most cases.

Many microexons show high neuron-specific splicing compared to the other cell types
within the human central nervous system, with more than 90% of regulated microexons
having their highest inclusion levels in neurons,28 and such specificity is generally highly
conserved in mouse brain.2? It was also reported that microexons represent 1/3 of all the
neuron-specific AS events conserved between human and mouse?8, suggesting that neural-
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specific microexon programs are conserved and functional. Strikingly, 55 microexons are
deeply conserved in vertebrates that span 450 million years of evolution from zebrafish to
human.28 Intronic regions surrounding in-frame microexons are highly conserved,
supporting both the importance of the exons and the difficulty in accommodating a sufficient
number of regulatory elements within the exon.2? Interestingly, the intronic regions of
frame-shifting microexons are less conserved.

The dramatic splicing changes in different cellular contexts are regulated by tissue-specific
splicing factors such as RBFOX,34 3536 NOVA 37 38 and MBNL.3% 40 These proteins
recognize sequence elements frequently located in the intronic regions surrounding
alternative exons. There exists a strong correlation between the splicing factor binding
position and inclusion or exclusion of the alternative exon, creating an “RNA-map”.4! For
example, binding of the RBFOX protein downstream of the AS exon leads to its inclusion
(the binding site acts as an ISE) while recognition of the same sequence upstream promotes
exon exclusion (the site acts as an 1SS).36: 42.43 |t is believed that several AS factors, such as
RBFOX, PTBP1, and nSR100 (SRRM4), contribute to the regulation of microexon inclusion
in a tissue or cell type-specific manner.28: 29 This was supported by RNA-Seq based
transcriptome profiling of splicing factor knockdown and mapping of protein-RNA
interactions by CLIP experiments,* which allow for the investigation of direct regulation of
the alternative events by specific RBPs.

Over half of the detected microexons in the study by Irimia et al. were affected in HEK293T
kidney cell by overexpression of nSR100.28 The importance of the protein for the direct
regulation of these splicing events was also supported by CLIP data, where enrichment of
nSR100 binding was observed in the upstream intronic region in close proximity towards the
3 splice site. Interestingly, Irimia et a/. indicated that while other RBPs (RBFOX, MBNL,
ESRP1, and PTBP) regulate all exon sizes relatively equally, nSR100 regulates a
significantly higher proportion of microexons compared to exons of larger sizes (>27 nt)
(ref.28),

Together, these results make clear that proper inclusion of microexons is highly complex,
tightly regulated, and not yet fully understood. In addition, tissue or cell type-specific
regulation of many microexons suggests that they are likely functional and thus require
precise inclusion in specific cellular contexts. The regulatory mechanisms enabling their
function, which overcome the steric disadvantages imposed on microexons, are under strong
selection pressure to be conserved during vertebrate evolution.

Function of microexons

AS in coding regions generally has one of two immediate consequences (Fig 3). If an exon
is in-frame (its length is a multiple of three) and contains no stop codon, it leads to alteration
of the local amino acid sequence. These exons can change the functional properties of the
protein products by modulating protein-protein interactions and enzymatic activity, by
including post-transcriptional modification sites, or by influencing protein localization. On
the other hand, exons that are not in frame can change the open reading frame during
translation, which typically leads to the formation of a premature stop codon (poisonous
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exons) and subsequent degradation of the transcript via nonsense-mediated decay (NMD,
reviewed in ref.#%). Interestingly the majority (80-90%) of microexons have a length that is a
multiple of three, allowing them to maintain open reading frames.28: 22 The remaining
micro-exons will likely cause a frame-shift, and thus trigger NMD as part of the mRNA
surveillance pathway or as a mechanism to regulate the steady-state gene expression level.
For example, Li et al. identified a conserved, frame-shifting 17 nt microexon in NFKB1
(nuclear factor kappa B subunit 1, encoding a stimulant-activated transcription factor
associated with inflammatory disease), which might play a regulatory role.2°

Amino acid sequences encoded by neuronal microexons show striking enrichment in
protein-domains involved in protein-protein interactions (Fig 3). In fact, microexons are
frequently central nodes in the protein interaction networks and are known to be part of the
stable protein complexes.28 Several examples indicate that inclusion of microexons leads to
the changes in the non-structured and disordered regions of the protein, which remodel
protein interaction networks. Often, microexons affect protein function in a tissue-specific
fashion. Several examples of microexons affecting protein function are listed below.

The three paralogs of amyloid-beta precursor protein binding, family B (APBB1, APBBZ2,
and APBBJ3) contain a 6 nt microexon that maps to the beta-turn loop of phosphotyrosine-
binding domain of amyloid-beta precursor that was predicted to influence cytoplasmic tail
interaction with amyloid-beta protein. This prediction was confirmed by luminescence-based
mammalian interactome mapping and co-precipitation experiments of the Apbbl and
histone-acetyl transferase Kat5/Tip60 as well as with amyloid precursor APP. Inclusion of
the microexon (encoding for the amino acids RE) significantly increased interaction between
Apbb1 and Kat5 but had little effect on the interaction with APP.28

In vertebrates, the /TSN gene (intersectin 1, a neuronal membrane protein involved in
membrane and synaptic transport) undergoes AS affecting several domains (SH3, EH, PD,
and DH).%8 Exon 20 of the /TSI gene encodes for five amino acids (VKGEW) within the
n-Src loop of the SH3A domain and shows high neuronal specificity. Interestingly inclusion
or exclusion of the exon dramatically influences protein interacting preference of the /7SN1
gene. /n vitro pull-down experiments with the neuron-specific inclusion isoform showed
higher affinity with Dynamin 1, Synaptojanin 1 and CAGAP, while experiments with the
ubiquitously-expressed exclusion isoform selectively binds to SOS1 and c-Chl.47

Finally, a 21 nt microexon in Protrudin (ZFYVEZ7) is always included in neurons but
excluded in oligodendrocytes (astrocytes have a mix of the two isoforms).48 The neuronal
isoform promotes neurite outgrowth and axon growth, and establishes neuronal polarity.
Microexon 8a in LSD1 gene shows a highly developmentally regulated and neuron specific
expression pattern. Interestingly, misregulation of the neuron specific isoform can modulate
neurite growth in rat cortical neurons*® by affecting its phosphorylation status on threonine
369b encoded by alternative microexon 8a. This phosphorylation is important for the
detachment of the HDAC1/2 and CoREST from LSD1 thus displacing histone deacetylase
activity from the co-repressor complex and promoting neuronal maturation.>0
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These diverse examples represent some of the functions encoded by microexons. With the
rapidly increasing list of microexons, these are likely only a tiny fraction of functional
microexon events. As biochemical studies on individual alternative exons are performed, we
will likely see an increase in microexons with a clear biological role, in turn aiding our
understanding of cellular processes.

Microexons in disease

Misregulation of AS can have devastating effects on various cellular functions.
Misregulation can occur in one of two ways. First, by perturbation of key splicing regulators,
which results in a loss of regulation and fine tuning of various cellular programs including
differentiation, maturation, and homeostatic functioning. Second, and more subtly, by
perturbation of AS of individual exons through disruption of an RBP binding site or a splice
site as a result of a point mutation. An expanding list of diseases are attributed to splicing
misregulation, including amyotrophic lateral sclerosis (ALS), spinal muscular atrophy
(SMA), frontotemporal dementia (FTD), myotonic dystrophy (DM), and cancer (reviewed in
ref.”).

It is inconceivable that microexons would be immune to either of these two types of
perturbations. Because they have been shown to play key roles in altering the intrinsically
disordered regions of proteins—potentially mediating protein-protein interactions and post-
translational modification capacities—it follows that micro-exons should be considered valid
candidates in causing genetic diseases.

In fact, several genome-wide studies tried to address the involvement of microexons in the
development of neurological disorders. One study focused on autism spectrum disorders
(ASD), a highly heritable group of pathologies in children characterized by impaired social
response and language development28, Post-mortem samples from the superior temporal
gyrus of healthy individuals as well as ASD patients (n=12 for each) were subjected to
RNA-Seq and analyzed accordingly, matching for the age and gender. In the studied sample
set, 30% of the microexons showed significant splicing changes between the control and
ASD groups. A large portion of misregulated microexons appeared to be regulated by the
RBP nSR100 (SRRM4) and were located within genes previously linked with ASD,
including DTNA, ROBO1, SHANKZ, and ANK?Z. Full loss of nSR100 in mice results in
defective neurite outgrowth and cortical layering, and typically (85%) causes death within
hours after birth from poor breathing, with the minority that remain alive showing
pronounced neurological tremors.51 52 Interestingly, heterozygous nSR100 knockout mice
have features characteristic of autism, including social aversion that is more pronounced in
males (a striking observation considering that autism is more prevalent in human males),
increased sensitivity to auditory stimuli, and defective dendritic spines.>? These mice also
show an increase in excitatory glutamatergic synapses and a decrease in inhibitory
GABAergic synapses, possibly to compensate for lowered frequencies of excitatory
postsynaptic currents and decreased neuron excitability.

The neuron-specific microexon 27 of the LZCAM gene (L1 cell adhesion molecule, an
axonal glycoprotein involved in neuron migration and differentiation) translates to four
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amino acids (RSLE), which together with its upstream sequence form a critical YRSLE
motif that is necessary for axonal growth cone sorting and membrane incorporation during
axon growth of DRG neurons.>3 The same sequence motif is necessary for the interaction
with AP-2 protein and clathrin mediated endocytosis.>* Surprisingly, microexon 2 of the
same gene contains a protein motif (YEGHHV) that modulates L1 interaction with protein
ligands, in turn modulating nervous system development.® It was reported that exon 2
truncated neurons have lower neurite promoting activity.>6 Understanding the role and
function of the microexon splicing in the context of the L1 protein is particularly important
due to the number of diseases that are associated with the mutations in LZCAM gene. These
are usually combined under the term L1 syndrome and include hydrocephalus and CRASH
syndrome (Corpus callosum hypoplasia, Retardation, Adducted thumbs, Spasticity and
Hydrocephalus), which in certain cases are directly linked to deletions in the regions
containing the above discussed microexons.>”

Interleukin-18 (IL-18) is a pro-inflammatory cytokine that is expressed in the form of a
precursor which is processed to its active form by caspase-1 and caspase-4. Ovarian
carcinoma cell lines as well as epithelial cells from fresh ovarian tumors contained a large
portion of IL-18 precursor that was resistant to caspase mediated activation compared to
healthy ovarian epithelial cells. This was found to be associated with the expression of a
truncated isoform that lacks microexon 3, which encodes four amino acids, despite the fact
that the caspase binding domain, located in the downstream exon 4, is intact. Such alteration
of microexon inclusion potentially leads to establishment of the immune privilege during
neoplastic transformation.>8

Finally, the GABAa receptor subunit gamma has two distinct splicing isoforms: the long
(y2L) and short (y2S) isoforms, which differ by a 24 base pair coding microexon
(LLRMFSFK). This microexon introduces a protein kinase C phosphorylation site.>% 60 The
phosphorylation state is dependent on inclusion of the microexon and was shown to
influence GABA activated currentb, In schizophrenia patients, a statistically significant
imbalance between the long and short isoform was observed: in affected individuals brain
levels of the -y2S isoform were drastically reduced by 51.7% compared to control while
expression of the longer isoform was reduced non-significantly by 16.9%°%2, thus affecting
the current mediated by one of the major receptors.

We are currently in the early stages of estimating the extent to which individual microexons
contribute to the development of disease and in distinguishing between microexon
misregulation as a primary cause or a secondary effect of disease progression. In the case of
LSD1, for example, animals with a deletion of the neuron-specific microexon experience
milder symptoms of pilocarpine-induced status epilepticus (PISE), 63 display a reduced
anxiety phenotype®4, and survive at a higher rate compared to control animals.®3 Along the
same line, global alteration of microexon expression as a result of reduced levels of nSR100/
SRRMA4 also points toward a causal role of microexons in contributing to ASD-like
phenotypes, as evidenced by the prevalence towards male animals reminiscent of the gender
bias of autism incidence in humans.>2 These examples show that the functional significance
of this under-investigated class of exons could be substantial.
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Conclusions

Recent technological innovations have allowed us to identify thousands of microexons,
highlighting an underappreciated type of functional genomic elements. In this review, we
have discussed both individual and global roles for sets of microexons that reveal their
potential for modulating cellular biology in normal physiological settings and genetic
diseases.

Despite their small size, microexon inclusion levels are tightly regulated, and many
microexons are constitutively expressed. This is achieved by a combination of stronger
canonical splice signals and the regulatory motifs recognized by splicing factors. In addition,
microexons are in general flanked by shorter and well conserved introns that can potentially
influence and promote their inclusion level. Importantly, the presence of splicing enhancers
suggests that microexons are intentionally included by the cell, even if they serve as yet
unknown functions.

Several diseases directly attributed to microexon perturbations have been described in the
literature. It is apparent that, similar to the already established model of AS in disease,
microexons encoding for even a few amino acids can have critical effects on global
physiological processes such as tumorigenesis and development. Perturbation of the factors
that are involved in those mechanisms can have dramatic effects on pathology establishment
and disease progression. As microexons are identified and characterized more
comprehensively, it is likely that more direct causes of disease will be uncovered.

An interesting extension to the study of microexons is that they may potentially be the
answer to some unexplained intronic variants. There are currently many identified mutations
in non-coding, deep-intronic regions that are associated with human disease. Their function
has been unclear in the absence of any coding potential, but given the existence of very small
microexons (3nt or 1 amino acid), it is possible that these mutations are in fact located
within or near an undefined, coding microexon. Even these small perturbations can change
protein-protein interactions as a result of remodeling of flexible inter-domain linkers, protein
localization, and post-transcriptional modifications.

Further work will be needed to systematically identify candidate causal splicing events. As
with AS in general, the combination of extensive throughput techniques, genome editing,
and deep RNA sequencing will provide a powerful toolkit for precision medicine and
enabling the understanding of individual AS events and their impact on disease. We hope
that future studies will take advantage of the progress made in identifying the presence and
importance of microexons and fully consider them as candidate causal exons.
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Figure 1. Intron- and exon-definition models
Schematic representation of the two primary models that drive assembly of splicing factors

complexes and define the use of the splice sites in different MRNA architectures. The intron
definition model is applicable to lower eukaryotes such as yeasts where the length of the
intronic regions is rather small. The exon definition model proposes an explanation for more
complex splicing regulation in higher eukaryotes due to the complexity of the genome
organization and the presence of large intronic areas that are on average ten times longer
than coding exons.
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Figure 2. | dentification of microexons
Currently available bioinformatics tools for identifying microexons.

A. Salzberg/GMAP and OLego algorithms: 1) When comparing cDNA sequences (Salzberg/
GMAP) or RNA-Seq reads (OLego) to the reference genome, there will be unmappable
insertions in the cDNA/RNA-Seq reads corresponding to unannotated microexons. 2) These
algorithms search for potential matches to these segments at high resolution and evaluate
candidate splice sites in the reference genome to identify novel exons. 3) After identification
of the microexon, the reads map correctly.

B. VAST-TOOLS: 1) cDNA libraries are used to build an exon junction database. 2) All
possible microexon candidates are enumerated in silico by searching pairs of splice site
separated by 3—15nt within known introns. 3) Read mapping for an RNA-Seq library of
interest is performed against this exon-microexon-exon junction database to detect
microexons.

C. ATMap: 1) Mapping of RNA-Seq reads to a reference cDNA database lacking a
microexon results in unmappable insertions in the read. 2) ATMap returns to the reference
genome to identify splice sites surrounding a region that matches the read. 3) After
identification of the microexon, the reads map correctly.
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Figure 3. Function of microexons
Inclusion of microexons can: (A) cause a frameshift leading to premature stop codons and

degradation of the mRNA via nonsense-mediated decay, (B) change protein structure which
may in turn modulate protein-protein interactions, and (C) create sites for post-translational
modification of proteins.
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