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Abstract

Precursor messenger RNA (pre-mRINA) splicing is a critical step in the post-
transcriptional regulation of gene expression, providing significant expan-
sion of the functional proteome of eukaryotic organisms with limited gene
numbers. Split eukaryotic genes contain intervening sequences or introns
disrupting protein-coding exons, and intron removal occurs by repeated as-
sembly of a large and highly dynamic ribonucleoprotein complex termed the
spliceosome, which is composed of five small nuclear ribonucleoprotein par-
ticles, U1, U2, U4/U6, and US5. Biochemical studies over the past 10 years
have allowed the isolation as well as compositional, functional, and structural
analysis of splicing complexes at distinct stages along the spliceosome cycle.
The average human gene contains eight exons and seven introns, producing
an average of three or more alternatively spliced mRNA isoforms. Recent
high-throughput sequencing studies indicate that 100% of human genes
produce at least two alternative mRNA isoforms. Mechanisms of alternative
splicing include RNA—protein interactions of splicing factors with regulatory
sites termed silencers or enhancers, RNA-RNA base-pairing interactions,
or chromatin-based effects that can change or determine splicing patterns.
Disease-causing mutations can often occur in splice sites near intron borders
or in exonic or intronic RNA regulatory silencer or enhancer elements, as
well as in genes that encode splicing factors. Together, these studies pro-
vide mechanistic insights into how spliceosome assembly, dynamics, and
catalysis occur; how alternative splicing is regulated and evolves; and how
splicing can be disrupted by cis- and #rans-acting mutations leading to dis-
ease states. These findings make the spliceosome an attractive new target for
small-molecule, antisense, and genome-editing therapeutic interventions.
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INTRODUCTION

One of the most unanticipated findings in molecular biology was the discovery that eukaryotic
genes are discontinuous, with protein-coding segments or exons disrupted by noncoding segments
or introns (1, 2). With advances in genome sequencing, it has become apparent that precursor
messenger RNA (pre-mRNA) splicing can occur to a great extent that scales with organismal
complexity (3, 4). Indeed, although the mouse and human genomes contain similar numbers of
genes, alternative pre-mRINA splicing occurs in >95 to 100% of human genes, compared with
~63% of mouse genes (Table 1) (5, 6). Thus, one function of alternative splicing is to significantly
expand the form and function of the human proteome (7-9). Indeed, alternative splicing can serve
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Table 1 Comparative genomics of splicing levels in several well-studied metazoans®

HumanP Mouse® Fly* Worm®
Genome size 3,300 MB 3,300 MB 165 MB 100 MB
Protein-coding genes 22,180 22,740 13,937 20,541
Multiexonic genes (percentage with 2+ 21,144 (88%) 19,654 (63%) 11,767 (45%) 20,008 (25%)
isoforms)
Isoforms (average number per gene) 215,170 (3.4) 94,929 (2.4) 29,173 (1.9) 56,820 (1.2)
Average number of unique exons per 33 (26) 22 (15 7.5@) 8.6 (6)
gene(median)
Average number of unique introns per 28 (21) 19 (12) 8.7.(5) 7.2(5)
multiexonic gene (median)
Average exon length (median length) 320 bp (145 bp) 323 bp (141 bp) 494 bp (272 bp) 222 bp (157 bp)
Average intron length (median length) 7,563 bp (1,964 bp) | 6,063 bp (1,693 bp) | 2,068 bp (642 bp) 561 bp (354 bp)
Genes (all) 63,677 39,179 15,682 46,726
Isoforms (all) (average number per gene) 215,170 3.4) 94,929 2.4) 29,173 (1.9) 56,820 (1.2)

*On the basis of both initial (92, 93) and more recent deep (5, 6) RNA-sequencing (RNA-seq) data, 95% (92, 93) to 100% (5, 6) of human genes may
encode two or more (2+) isoforms, and other vertebrates, especially primates, may be similar in that most of those genes also encode 2+ isoforms (5, 6).

Relevant Drosophila RNA-seq data are from References 255 and 256, and relevant Caenorbabditis elegans RNA-seq data are from Reference 257.

bThe numbers are based on annotations from Ensembl (which does not use RNA-seq data for annotations). For current Ensembl versions of human and

mouse gene/transcriptome annotations, see http://uswest.ensembl.org/Homo_sapiens/Info/Annotation and http://uswest.ensembl.org/Mus_

musculus/Info/Annotation.

“The Drosophila and C. elegans gene/transcriptome annotations were imported from FlyBASE and WormBASE, respectively; see http://uswest.ensembl.
org/Drosophila_melanogaster/Info/Annotation and http://uswest.ensembl.org/Caenorhabditis_elegans/Info/Annotation.

many regulatory functions, from sex determination and diversity of neuronal wiring in the fruit fly
to determination of the physiological function of membrane-bound receptors in the mammalian
nervous system (10).

Biochemical studies have demonstrated that the RNA cleavage and ligation reactions neces-
sary for intron removal in protein-coding mRNAs (and long noncoding RNAs) occur in a large
ribonucleoprotein (RNP) machine called the spliceosome (11, 12). The spliceosome functions
in a complex and dynamic assembly, reaction, and disassembly cycle in which five small nuclear
ribonucleoprotein (snRNP) complexes (U1, U2, U4/U6, and U5) recognize and assemble on
each intron to ultimately form a catalytically active spliceosome (Figure 1). Over the past decade,
remarkable progress has been made to isolate, purify, and characterize the protein composition
and biochemical activities and to determine the structures of several of these distinct forms of the
spliceosome as they proceed along the reaction pathway. The catalytic center of the spliceosome
is also composed of RNA (13), so we can now definitively say that the spliceosome is a ribozyme,
like the ribosome.

Regarding alternative splicing, both single-gene and genome-wide methods have led to
important insights into how alternative splicing patterns are set up and maintained in particular
cell or tissue types (9, 14, 15). The role of cis-acting regulatory sequences and RNNA-binding
protein splicing factors that recognize and bind to these sites compose a common mechanism
for setting up and maintaining alternative splicing patterns. These sites can be either intronic
or exonic and can be positive (splicing enhancers) or negative (splicing silencers). In addition
to RNA-protein recognition, RNA-RNA base pairing can specify site use, as is the case for the
mutually exclusive exon 6 cluster in the Drosophila DSCAM gene (16). RNA-RNA base pairing
can also occur in #rans, exemplified by the small nucleolar RNA (snoRNA) HBII-5252B RNA,
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The spliceosome assembly and disassembly cycle, with known structures of individual complexes, as well as
the cross-intron assembly and disassembly of the major (U1 and U2) spliceosome. Also depicted is the
stepwise interaction of the spliceosomal small nuclear ribonucleoprotein (snRNP) particles (U1, U2, U4,
U5, and U6) (colored circles) in the removal of an intron from a precursor messenger RNA (pre-mRNA)
containing two exons (blue and purple); non-snRNP proteins are not shown. The spliceosomal complexes that
can be resolved biochemically in mammalian splicing extracts are shown. The names of the complexes, as
well as the first and second catalytic steps, are indicated. Also shown are the electron microscopy—derived
structures of the purified prespliceosome (complex A) (56), the U4/U6.U5 tri-snRNP (249), the precatalytic
spliceosome (complex B) (61, 250), and the catalytic step 1 spliceosome (complex C) (52, 60). Abbreviation:
SS, splice site. Modified with permission from Reference 12.

which regulates the serotonin receptor 2C transcript (17, 18). Finally, connections have been
made between chromatin modifications (19-21), small RNA pathway components (Argonaute
family members) (22-24), RNA polymerase II speed, and alternative splicing patterns (25-27).

Errors in alternative splicing can also lead to disease states (28, 29). Many cis-acting mutations
in mapped human and mouse disease genes cause defects in pre-mRNA splicing, whether the
mutations map at the intron—exon junction splice sites or at more remote sites, such as enhancers
or silencers located in exons or introns (30-35). Moreover, for types of myeloid hematopoietic
malignancies, especially myelodysplastic syndrome and chronic lymphocytic leukemia, mutations
in 3’ splice-site recognition factors, such as U2AF and SF3b, are linked to disease in cancer
patients (36-39). A variety of therapeutic strategies, such as small molecules (40, 41) and antisense
oligonucleotides (42-44), as well as genome editing using CRISPR/Cas9 (45, 46), show promise
for future intervention to ameliorate the diseasing-causing effects of human mutations on patterns
of alternative splicing. Detailed biochemical knowledge of the spliceosome and how alternative
patterns of splicing are set up and regulated will provide crucial information that can be used in
these therapeutic endeavors.
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BIOCHEMISTRY OF THE SPLICEOSOME

The spliceosome is a large and highly dynamic RNP machine. Biochemical purification and char-
acterization of active splicing complexes have illuminated our understanding of the steps in the
spliceosome cycle. They have also enabled the structural analysis of these staged complexes using
electron microscopy methods (11, 12).

Spliceosome Purification, Assembly, Composition, and Structure

Spliceosome assembly needs to occur repeatedly every time an intron is removed from a pre-mRNA
in a eukaryotic nucleus. Yeast and human spliceosomes have sedimentation values of 40 to 60S and
masses of ~4.8 MDa (11, 12). Many studies have described the stepwise assembly for the spliceo-
some, from E to A, to B, to B**/B*, to C, to postspliceosomal complexes, and to the ultimate release
of the intron lariat RNA, followed by snRNP recycling (Figure 1). The biochemistry of these or-
dered events has been intensively studied (11, 12). Among the most significant developments over
the past decade relating to the biochemistry of the spliceosome have been the development and
use of affinity purification, depletion, and reconstitution methods and other biochemical tricks to
isolate and characterize spliceosomal complexes at distinct stages along the spliceosomal assembly
pathway. The affinity purification methods have involved the use of “epitope-tagged” RNA sub-
strates containing either a tobramycin RNA aptamer (47) or binding sites for the bacteriophage
MS2 coat RNA-binding protein (48-50). These RNA substrates are first bound to immobilized
tobramycin resin or a purified recombinant maltose-binding protein—phage MS2 coat fusion
protein—and these RNAs are then incubated in splicing extracts from human, Drosophila (51),
or yeast (52) cells. Following fractionation of the spliceosomal complexes by either gel filtration
chromatography or velocity sedimentation in glycerol gradients, the RNA-protein complexes can
be affinity-purified and analyzed by gel electrophoresis and/or mass spectrometry for protein and
RNA composition and, in some cases, for catalytic activity. Collectively, these studies have pro-
vided an appreciation for the large, diverse, and dynamic protein composition of the spliceosome
(>200 proteins in metazoans; ~100 in yeast) (53) and also of how the protein composition of the
spliceosome dynamically changes as the assembly and subsequent catalytic steps occur (11, 12).

Most interesting has been the ability through careful purification and analytical biochemistry
to detect distinct proteins that either join or exit defined complexes at discrete places in the
spliceosome cycle. In addition to the RNA-RNA interactions in the spliceosome, an extensive
network of protein—protein interactions has been characterized (54). In some cases, biochemical
depletion—reconstitution reactions have provided a biochemical assay to determine the function
of specific proteins in, for instance, the transition from B to B**/B*, where Ul and U4 snRNPs
are ejected from the complex and ATP and GTP are hydrolyzed by the Brr2 and Snul14 proteins,
respectively (55). As is the case for the ribosome, the use of ATP and/or GTP hydrolysis is used
both to drive structural transitions and as a “proofreading” mechanism. It is clear that a number
of DExD/H-box ATPases facilitate structural rearrangements in the spliceosome.

One of the underlying rationales for the purification of discrete splicing complexes is to de-
termine the structure of these defined intermediates along the splicing pathway. Because of the
dynamic nature of the spliceosome, structural biologists have largely turned to electron microscopy
to assess the structures of a variety of spliceosomal complexes as well as isolated U snRNPs
(Figure 1). As these studies have progressed, increasingly higher resolution structures have been
determined for the A (56), B (57), B**/B* (58), and C (59) complexes. Initial low-resolution (25 -A)
studies on isolated C complexes (catalytically active, step I-blocked spliceosomes) produced a pic-
ture of three distinct structural domains with a diameter of ~280 A (60). Initial studies on the BAU1
complex at ~40-A resolution revealed a stable triangular domain of ~300-A diameter linked via a
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flexible region to an upper domain (61). This upper head domain was found in various orientations
with respect to the rest of the particle. Recall that the BAU1 complex represents a precatalytic
spliceosome and differs significantly in protein composition from the activated B**/B* spliceosome
(12). Biochemical comparisons of the human B complex (40S), B**/B* complex (45S) (58), and C
complex (40S) have indicated that the transition from B to B** is accompanied by the loss of U1
and U4 snRNAs and of ~35 proteins with the addition of 12 new proteins (51). The transition
from B** to Cis accompanied by the loss of two proteins and the addition of nine new proteins (12).

Concomitant with these rearrangements and compositional changes are alterations in the elec-
tron microscopy images of these complexes (Figure 1). Interestingly, comparative biochemical
analyses of human and Drosophila splicing complexes show remarkably similar protein composi-
tions (51); yeast have similar complexes, but they contain fewer proteins (12, 62). Additional studies
have provided pictures of the A complex or prespliceosome (containing Ul and U2 snRNPs) at
a low resolution (~40-50 A), indicating a main globular body with smaller protruding elements
(56). Higher-resolution structures will be possible with improvements in instrumentation and
improved sample preparation using mild chemical fixation to limit sample heterogeneity.

Equally as impressive as the characterization of the structure and composition of spliceosomal
complexes have been the purification, characterization, and electron microscopy structure deter-
mination of the spliceosomal snRNPs. We now have structures for Ul snRNP (~240 kDa); U2
snRINP and the associated SF3b complex, which is the target for frequent mutations in myeloid
cancers; and the U5, U4/U6, and U4/U6.US snRNPs (Figure 1) (63). Again, these structures
have given us a glimpse into the organization of these RNA-protein complexes that compose the
spliceosome, all of which have depended on careful and rigorous biochemical purification and
characterization of these RNPs.

Although collectively important structural insights have been gained from these studies, elec-
tron microscopy does not yet routinely offer the resolution of X-ray crystallography. In a tour de
force study, the human U1 snRINP was biochemically reconstituted from recombinant components
(64). This structure beautifully illustrates the complex architecture and network of RNA-protein
and protein—protein interactions required for this RNP complex. This reconstituted complex con-
tained the seven common snRNP Sm proteins, the U1C protein, and a portion of the Ul 70K
protein, but it is lacking the U1 A protein. However, because of a previous X-ray structure of the
Ul A protein bound to stem loop 2 of U1 snRNA (65), a complete structural model of U1 snRNP
could be made (Figure 2). The Ul snRNA consists of four stem loops that form a four-helix
junction with coaxially stacked helices. The structure also confirmed the common heptameric
arrangement of the seven common snRNP Sm proteins bound to the U-rich Sm-binding site,
found in all the spliceosomal snRNAs (Figure 2). In addition, the U1 70K protein contacts stem
loop 1 of the U1 snRINA, with its N terminus contacting the Sm core and the U1 C protein. More
recently, an X-ray structure of the native Ul snRNP was subjected to limited proteolysis at 4.4-A
resolution, showing details of the Sm protein-Sm RNA site interaction and multiple contacts of
the U1 snRNP-specific 70K protein (66). In addition, X-ray crystallographic studies have revealed
the core structure of U6 snRNP, containing most of the U6 snRNA and the four RNA recogni-
tion motif (RRM)-type RNA-binding domains of prp24 at 1.7 A (67). Interestingly, RRMs 1, 2,
and 4 of prp24 form an electropositive groove that binds double-stranded RNA and may play a
role in the annealing of U6 and U4 snRINAs. Researchers have solved an X-ray structure of U4
snRNP that illuminates the complex interactions between the core U snRNP Sm proteins and
their U-rich Sm RNA-binding site, common to all the U snRNPs (68). These structural studies
have given us a way to better appreciate and understand the complex conformational transitions
and RNNA—protein and protein—protein interactions that occur during the splicing cycle in these
large RNPs.
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Figure 2

Overview of a model of the complete human U1 small nuclear ribonucleoprotein (snRNP) derived from
X-ray crystal structures. Truncated stem loop 2 (SL2) was extended with an A-form RNA helix and, using
the crystal structure of the UIA-RNA complex (64), was appended to the extended helix. The internal loop
of SL2, consisting of four consecutive non-Watson-Crick base pairs, is in a position to interact with the
Sm-B and Sm-D1 proteins. Closely matching images are found in the gallery of negatively stained images of
U1 snRNP reported previously (251, 252).

Activities and Reconstitution of Splicing Complexes

Many of the spliceosomal complexes isolated to date were blocked at a particular step in the
spliceosome cycle using various tricks. The purification and analysis of an active step I spliceosome
provide an elegant example of the power of the affinity purification methods that have been
developed for yeast spliceosomal complexes (62). The yeast spliceosome contains fewer proteins
than does the mammalian spliceosome, but it has a conserved core design (52). The purification of
human splicing complexes led to the isolation of an active salt-stable RNP core complex that was
capable of being reactivated upon addition of a micrococcal nuclease-treated nuclear extract (69).
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This biochemical complementation allowed the detection of important “second-step” splicing
components. A more recent study reconstituted both steps of splicing with highly purified yeast
spliceosomes by making use of a temperature-sensitive mutation in the Prp2 helicase to block
splicing before the first catalytic step and then using recombinant Prp2, Spp2, and Cwc25 to
complement the first step in splicing (62). This study showed a previously unknown role for Cwe25
in the first catalytic step of splicing and indicated that step 2 catalysis required Prp16, Slu7, Prp18,
and Prp22. The data also suggested that Prp2 functions to remodel the spliceosome, destabilizing
the SF3aand SF3b proteins. Purification of yeast spliceosomes also allowed a direct demonstration
of the reversibility of the two catalytic steps of splicing (70). Although exceedingly challenging,
these types of detailed biochemical analyses are necessary to understand the functional role and
mechanism of action of individual proteins in the complex spliceosomal machine and where in the
spliceosome cycle they function.

Single-Molecule Imaging of Splicing

The importance of functional assays for discrete biochemical steps in the splicing pathway and
the ensemble averaging inherent in bulk biochemical assays led investigators to develop single—
RINA molecule assays to detect both spliceosome assembly and catalysis (71). These systems used
a powerful combination of yeast genetic engineering for fluorescent protein tagging; chemical
biology to attach bright fluorescent dyes to RNA and protein molecules; and a type of total
internal reflection multiwavelength fluorescence microscopy, termed multiwavelength colocal-
ization single-molecule spectroscopy (CoSMoS) (71). In these assays, fluorescently labeled pre-
mRNAs are attached via a biotin moiety to the surface of a polyethylene glycol-coated coverslip
or microscope slide. Yeast splicing extract, generated from genetically engineered yeast strains
carrying fusion proteins of spliceosome proteins that are fluorescently labeled using highly spe-
cific chemical modification reactions, is then flowed into the reaction chamber containing the
immobilized pre-mRINA, which can be visualized in the CoSMoS microscope (72, 73). Bind-
ing of spliceosome components to the pre-mRNA can be detected by the colocalization of two
fluorochrome-labeled macromolecules of distinct wavelengths. Time-course experiments can be
done using video recording to follow both spliceosome assembly and intron removal. Through
these methods, several new insights have emerged. First, many of the initial pre-mRINA-binding
events by Ul and U2 snRNPs do not yield productive spliceosomes (73). Second, using a vari-
ety of introns, a study showed that both Ul-first and U2-first binding events could give rise to
active spliceosomes (74). This finding has implications for the assembly of spliceosomes across
large introns and for alternative splicing events that use intron or exon definitions. Finally, using
fluorescence resonance energy transfer experiments, a study followed the intron ends in real time
and found that they came together only when catalytically active spliceosomes were formed (75).
These types of experiments also provided insights into the RNA conformational dynamics that
occur during intron assembly and removal during the splicing cycle (76). Looking at individual
RNA molecules has given us an even better appreciation of the dynamics of spliceosome assembly
and intron removal.

RNA-RNA Base Pairing and RNA and Protein Structures
in the Active Site of the Spliceosome

One of the reasons that the spliceosome contains many DEAD/H-box RNA-dependent ATP-
ases/helicases is that alterations in RNA-RNA base pairing need to occur at multiple points
along the spliceosome assembly and catalysis pathway (12). For instance, as spliceosome assembly
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precedes the 5 splice site, the Ul snRNA base pairing that occurs in the initial E complex is
disrupted and replaced by a U6 snRNA interaction at the 5’ splice site after engagement of the
U4/U6.U5 tri-snRINP complex (12). Most dramatically, the initial joining of the tri-snRNP com-
plex to form the B complex contains U4 and U6 snRNAs that are base paired. Upon catalytic
activation of the spliceosome, this U4-U6 base pairing is disrupted and U6 snRNA forms an
internal stem loop that creates a critical catalytic metal-binding platform (Figure 3) and a base-
paired complex with U2 snRNA. This U2-U6 base-paired complex forms the active site of the
spliceosome, where the catalytic transesterification reactions of intron excision and exon joining
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Figure 3

Chemistry of precursor messenger RNA (pre-mRNA) splicing and U2/U6 model showing sites that are
sensitive to sulfur substitutions and rescued by thiophilic metal. (#) Reaction scheme (top) and transition state
diagrams (bottomr) for the two steps of nuclear pre-mRNA splicing. (5) Two-metal model for the RNA
catalytic core of the spliceosome. For branching, R1 represents the 29 hydroxyl of the branch adenosine, R2
represents the intron, and R3 represents the pro-Sp oxygen. For exon ligation, R1 represents the 39 oxygen
leaving group, R2 represents the pro-Sp oxygen, and R3 represents the 39 exon. (c) Model of group II intron
domain V during hydrolysis [PDB 4FAQ (77)]. Throughout, the reactive oxygens are colored red, the
pre-mRNA scissile phosphate is depicted in a transition state, and interactions between specific ligands and
the reactive oxygens mediated by M1 and M2 are shown as light purple dashed lines. Modified with
permission from Reference 13.
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occur (Figure 3). This structure bears remarkable similarity to the domain V region of self-splicing
group Il introns (13, 77, 78), which also use a lariat 2’~5" mechanism for group II intron removal.
On the basis of the similarity between the U2-U6 snRINA base pairing and the group II domain
V structure and mechanism, it was speculated that the spliceosome used RNA-mediated catalysis,
much like the ribosome.

A critical protein factor, the U5 snRINP protein prp8, is close to the active center of the
spliceosome (79, 80). Genetic experiments suggested an intimate involvement of the protein at
the heart of the spliceosome (79). Moreover, structural analysis of the prp8 protein revealed two
interesting domains: one similar to the RNase H/RuvC superfamily of nucleases and the other
similar to the reverse transcriptase (RT) enzyme superfamily (80-84). These findings suggested
that the catalytic core of the spliccosome may be an RNP enzyme, much like telomerase with
both RNA and protein components, but that the RNase H or RT domains of prp8 may use acidic
amino acid residues to coordinate catalytic metal ions, like the TERT subunit of telomerase (84).

Previous genetic studies of prp8 showed that it plays a critical role in both the first and second
steps of splicing (79) and in the transition of the active site from the first to second catalytic steps.
Photochemical cross-linking data also indicated that the prp8 protein was intimately located within
the heart of the spliceosome. Genetic and more recent structural studies indicate that prp8 plays a
role, along with prp16 and U6 snRNA, in alternative U2 snRNA and prp8 protein conformations,
thereby modulating the first and second catalytic steps of splicing (85). Thus, both biochemical
and genetic data make prp8 a good candidate for a protein component of the spliceosome that lies
at its catalytic center. The realization that prp8 has both RNase H and RT domains strengthened
the idea that pre-mRINA splicing evolved from the mechanistically related, but protein-free, self-
splicing group II intron RNA moieties.

The Spliceosome Is a Ribozyme

Several lines of evidence have suggested that the catalytic center of the spliceosome is composed
of RNA. In addition to the structural similarity between the U2 and U6 snRNA base pairing, small
segments of synthetic, purified, protein-free U2 and U6 snRNAs could function to catalytically
generate a phosphotriester bond by using the branched adenosine residue at the branch point as
the nucleophile (86, 87). The locations of catalytic metal ions in self-cleaving and self-splicing
ribozymes can often be determined by an experiment called metal ion rescue. Using chemical
synthesis, this approach involves the substitution of oxygen for sulfur atoms at various locations
surrounding the putative catalytic RNA residues. Normally, as indicated by X-ray structures
of a number of ribozymes, oxygen atoms serve to coordinate active-site metal ions, normally
magnesium, for catalysis (77). However, sulfur interacts poorly with oxygen, and these sulfur
substitutions are typically inactive in the presence of magnesium. Often these sulfur-substituted
ribozymes become active in the presence of more thiophilic metal ions, such as manganese or
cadmium. Early sulfur substitutions in the spliceosome active site suggested that RNA was the
catalytic entity (88), but the structures and domains of the prp8 protein brought these findings
into question (80, 84). Earlier biochemical studies on yeast U6 snRNP showed that functional
snRNP could be reconstituted with in vitro-synthesized U6 snRINA (89).

Using this reconstitution assay, researchers tested a vast array of sulfur substitutions in the
yeast U6 snRINA for splicing activity in yeast splicing extracts in the presence of different metal
ions (13). These studies showed that sulfur substitutions at critical positions in divalent metal ions
in the U2-U6 snRNA complex were inactive in magnesium but could be reactivated for both
splicing steps in the presence of manganese or cadmium. Interestingly, the U6 catalytic metal
ligands correspond to positions observed to localize catalytic metal ions in the structures of group
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I intron RNAs. Also, double-sulfur substitutions in U6 snRNA and the substrate pre-mRNA have
provided evidence that these U6-bound metal ions serve a catalytic role by interacting directly
with scissile phosphates, rather than simply functioning structurally. These studies, along with
a mutational analysis of putative metal-coordinating amino acid residues in prp8 that had no
effect on the activity of the spliceosome (13), indicate that, similar to the group II introns, the
spliceosome active site is a ribozyme that catalyzes both steps in pre-mRINA splicing (Figure 3a).

ALTERNATIVE SPLICING: PREVALENCE, TISSUE SPECIFICITY,
AND DISEASE CONNECTIONS

Splice Sites

The major class of introns in metazoans is composed of the U2 type and contains loosely defined
consensus sequences for the 5’ splice site, the intron branch point, and the 3’ splice site (Figure 4).
During initial intron recognition, Ul snRNA base-pairs with the 5" splice site and U2 snRNA
base-pairs with the intron branch-point sequence (12). By contrast, the splice-site sequences in the

5'splice site

GCACACTE]

ST

C
-2 -11-10 9 8 -7 6 -5 4 -3 -2 -1 1 2

3'splice site

Figure 4

Pictograms of the major U2-dependent intron class consensus splice-site signals. Approximately 20,000 5
and 3’ splice sites from annotated GenBank files were extracted and aligned as described elsewhere (253,
254). In these pictograms, the size of a letter corresponds to the frequency with which that base is present at
each position in a compilation of splice sites. (#) Major class 5’ splice-site consensus sequence. The position
labeled 1 is the first nucleotide of the intron, and the position labeled —1 is the last nucleotide of the
upstream exon. (b)) Major class branch-site consensus. A small database of experimentally confirmed branch
sites (166) was used to generate this pictogram. The position labeled 1 is the branch-site residue. (¢) Major
class 3 splice-site consensus. The position labeled —1 is the last nucleotide of the intron, and the position
labeled 1 is the first nucleotide of the downstream exon. Modified with permission from Reference 254.
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budding yeast Saccharomyces cerevisiae are very highly conserved, and this conservation is correlated
with the fact that the vast majority of yeast introns are constitutively spliced, with only a few
examples of alternative splicing (12). However, in metazoans, these degenerate consensus splice
sites may be a key feature that allows the generation of diverse alternative splicing patterns and may
also lead to a requirement for additional protein factors to stabilize or target specific splice sites in
a given tissue or cell type. Nonetheless, these consensus splice sites can be targets for mutations
that affect pre-mRNA splicing patterns and can lead to disease states (29-35). In fact, early human
genetic studies indicated that many of the thalassemia mutations in the 3-globin gene, which are
common in human populations, affect splice sites and give rise to aberrant splicing patterns (90,
91). More recent studies indicate that a large fraction of human and mouse disease gene mutations
affect the splicing process (30-35). Finally, many so-called silent mutations can affect pre-mRNA
splicing and other RINA processing reactions (31, 35).

Prevalence of Alterative Splicing and Correlation with Organismal Complexity

An interesting outcome of the sequencing of the human and other model organism genomes was
the realization that humans do not have many more genes than other commonly studied model or-
ganisms, such as mice, fruit flies, or worms (Table 1) (see http://www.ensembl.org/index.html).
This observation raises the question of how humans can be so much more morphologically and
behaviorally complex than these other metazoans. One possibility is that the role and extent of
alternative pre-mRNA splicing increase with increasing organismal complexity. Consistent with
this idea, characterization of expressed complementary DNA (cDNA) clone sequence tags indi-
cates an increase in the prevalence and extent of alternative splicing that correlates with organismal
complexity (Table 1) (3, 4). The current Ensembl annotations [which do not take into account
recent RNA-sequencing (RINA-seq) data] indicate that, for multiexon protein-coding genes,
Cuenorbabditis elegans has 25% that undergo alternative splicing, Drosophila has 45%, mice have
63%, and humans have 88%. This general trend is consistent with a role for alternative splicing in
organismal complexity. In fact, humans have the largest average number of mRNA isoforms per
gene (Table 1). The most current estimates, based on RNA-seq data, indicate that >95-100%
of human genes generate at least two alternative pre-mRINA isoforms (with an average of seven
mRNA isoforms per gene) (Table 1) (92, 93). Moreover, an analysis of expression of the human
transcriptome (based on References 5 and 6) indicates that alternative splicing may be a key aspect
related to the phenotypic complexity of Homo sapiens. Thus, alternative pre-mRNA splicing plays
key roles in gene expression and in the diversification of both the transcriptome and the encoded
proteome, with humans having the largest extent of alternative splicing.

Disease Mutations, Cancer, and Neurodegenerative Diseases

Ithaslong been known that disease mutations can affect splicing by altering either the splice sites or
exonic or intronic sequence regulatory motifs, termed silencers or enhancers (see the section titled
Silencers and Enhancers, below). Among the first examples of human disease mutations affecting
splicing were the 3-globin thalassemia mutations (discussed above) (90, 91) and mutations in the
SMN-2 gene, which give rise to spinal muscular atrophy (94, 95). The splicing factor hnRNPA1,
which binds to a regulatory site in the SMN-2 transcript, plays a key role in regulating the splicing
of SMIN-2 pre-mRNA as well as the splicing of the pyruvate kinase pre-mRINA in cancer (96-99).
More extensive surveys of silent and missense mutations in a variety of disease genes have linked
non-splice-site point mutations in exonic or intronic splicing silencers and enhancers to defects in
RNA processing (30-35). Studies showing that RNA regulatory elements deep within an intron
can control splicing of an exon that is kilobases away indicate that exome-sequencing strategies
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to identify base changes associated with disease may be missing important mutations (100). Such
links between silent mutations have been found in DNA damage and repair factors, such as ATM,
BRCA1, and MLH1, which have direct roles in cancer pathways (31, 99, 101).

Also disease causing are the cis-acting mutations in a prion-like domain in the C-terminal
region (the glycine-rich domain) of hnRNPAL that are linked to the degenerative muscle disease
amyotrophic lateral sclerosis (102). Prion-like domains are rich in asparagine, glutamine, tyrosine,
and glycine residues and are found in hnRNPA2B1, hnRNPA1, TDP-43, FUS, EWSRI, and
TAF15 (103). Mutations in the prion-like domains of the RNA-binding proteins TDP-43 and
FUS are also linked to amyotrophic lateral sclerosis. These low-complexity sequences are common
in heterogeneous nuclear ribonucleoprotein particles (hnRNPs), some of which can form fibrils,
and can interact with the C-terminal domain (CTD) of RNA polymerase II (104).

One of the most exciting findings in this area in the past few years comes from the Cancer
Genome Project, in which genomic DNA from a variety of human tumors was sequenced and
analyzed. A surprising finding was that there are recurring somatic mutations in genes encoding
3" splice-site recognition protein components and serine—arginine repeat (SR) splicing factors,
namely U2AF1 (U2AF35), SRSE2 (SC35), SF3B1 (SF3B155 or SAP155), and ZRSR2 (URP)
(29, 36, 38, 105-107). Functional assays showed that overexpression of mutant versions of these
factors could alter splicing patterns and that splicing patterns were also altered in patient samples,
indicating that 3’ splice-site use patterns were affected (108). Thus, somatic mutations in genes
encoding well-studied splicing factors are correlated with at least two types of cancer, indicating
that aberrant splicing patterns are directly linked to the disease phenotype (39, 99).

Previous genome-wide studies have shown that in different tumors there are altered patterns
of splicing. However, global patterns of spliced pre-mRINA isoforms cannot pinpoint the causal
change responsible for a cancer phenotype. Likewise, cis-acting mutations found in 3’ splice-site
factors led to the discovery of many alterations in 3’ splice-site use, but the challenge now is to find
one or several “causal” spliced pre-mRINAs that lead to a cancer cell. Studies of overexpression of
the splicing factor SRSF1 (ASF/SF2) showed thatitacts as an oncogene, leading to tumors in mice
(109). Several causal target genes in the mTORc] pathway that linked to the cancer phenotype
have been identified (110). Thus, overexpression of splicing factors can also lead to cancer.

The Spliceosome as a Target for Small-Molecule and Nucleic
Acid Therapeutics

Cancer genomics has identified cis-acting mutations in several 3’ splice-site factors (29, 36, 38,
105-108). Interestingly, chemical genetics and chemical biology studies have identified small-
molecule splicing inhibitors, such as spliceostatin (111, 112), that also target the 3 splice-site factor
SE3b (see the section titled Prevalence of Alterative Splicing and Correlation with Organismal
Complexity, above). These compounds have previously been used as anticancer agents because
they cause cell cycle arrest. Moreover, large-scale compound screens have led to the discovery of
additional organic compounds that inhibit splicing at different stages (113, 114). Taken together
with the cancer-causing mutations in these factors, such studies give good leads on small-molecule
therapeutic applications for compounds that act on the spliceosome (40, 41).

In addition to small-molecule therapeutics, antisense oligonucleotides have been used exten-
sively to alter and control splicing patterns in vivo (42, 43). Most dramatically, a method called
TSUNAMI has been used to correct a spinal muscular atrophy-like syndrome in a mouse model by
altering SMIN-2 pre-mRNA splicing patterns (44, 115-117). Thus, the use of antisense oligonu-
cleotides may also be a viable therapeutic alternative to small-molecule therapy.
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Most recently, very efficient genome editing using the CRISPR/Cas9 system, performed via
hydrodynamic mouse tail vein injection, allowed correction of a single-point mutation in a mouse
liver model causing a splicing defect and normal liver development and function (46). This proof-
of-principle experiment used a mouse model with a point mutation in the FAH (fumarylacetoac-
etate hydrolase) gene leading to tyrosinemia and liver disease. Researchers showed that this gene
could be edited to the wild-type allele using Cas9 in whole animals, thereby rescuing the body-
weight-loss phenotype associated with the disease mutation. Thus, the future of using genome
editing to correct the many disease-causing defects in pre-mRINA splicing is bright (45).

ALTERNATIVE SPLICING: MECHANISMS

RNA-Protein Interactions: Heterogeneous Nuclear Ribonucleoproteins
and Serine-Arginine Repeat Proteins

Ithaslong been known that extrinsic, nonspliceosomal RNA-binding proteins play a role in splice-
site selection and activity (14, 118-120). Generally, these proteins can be divided into three classes:
the classical/canonical hnRNPs (121); SR proteins (122-125); and tissue-specific RNA-binding
proteins, such as nova (126), neuronal PTB/hnRNPI (126), the Rbfox family (100, 127-129),
and the muscleblind/CELF family (130, 131). In some cases, hnRNP proteins act as splicing
repressors, and SR proteins act as splicing activators. The tissue-specific RNA-binding protein
splicing factors, such as nova or Rbfox, can act as either activators or repressors (126, 129). A recent
study showed that SR proteins can both cooperate and compete in splicing regulation (132). SR
proteins and their binding to RINA have been studied extensively, using both in vitro binding
and selection assays. These proteins can also recognize short RNA sequence motifs, which can
function as splicing “enhancers” when bound to exons (124, 125), but they can repress splicing
when bound to introns. hnRNP proteins also possess sequence-specific RNA-binding activity,
and these motifs often can function in a variety of assays as splicing “silencers” (121). However, in
some cases, hnRNP proteins, such as hnRNPL, can activate splicing. Thus, splicing factors, often
depending on the position in a pre-mRNA to which they bind, can act as activators or repressors.

One well-studied family of RNA-binding proteins of the hnRNP class consists of hnRNPAL,
A2, and A3 (121, 133). There are also four homologs of the hnRNPA/B proteins in Drosophila.
Characterization of hnRNPA1 and A2 in mammals (134) and hrp48, 40, 38, and 36 in Drosophila
(135) indicates thatin some cases the family members can function redundantly or with overlapping
specificity in the regulation of pre-mRINA splicing (134-136). In vitro RNA binding (137), binding
site selection experiments (SELEX) (135, 138), and genome-wide approaches (134, 135) indicated
that these proteins have specific affinities for a variety of RNA sequences and regulate overlapping,
yet distinct, populations of transcripts. Human hnRNPA1 is a well-studied splicing repressor
that interacts with silencer elements (96, 97, 139-142). Mechanistically, hnRNPAI has different
modes of action, including (#) binding to exonic or intronic splicing silencer elements to repress
exon inclusion by steric action (31), as is also the case for hrp48 and the Drosophila P element
exonic splicing silencer (see below); (b) binding of hnRNPAI1 to a higher-affinity binding site
that promotes cooperative binding and “spreading” hnRNPA1 proteins to adjacent lower-affinity
binding sites (140); and (c) interaction hnRNPA1 proteins bound to intronic silencer elements on
both sides of an alternative exon, resulting in loop formation and exclusion of the exon (143). In
some cases, hnRNPAI can act as a splicing activator (133, 136, 144, 145).

hnRNPL (and the related hnRNPLL) can bind to both exonic and intronic RNA sites and acts
as an enhancer or repressor of exon inclusion (146). hnRNPL has been best studied as a splicing
repressor of the CD45 gene (147) and acts in conjunction with hnRNPA1 to induce extended Ul
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Figure 5

Positive and negative control of precursor messenger RNA (pre-mRNA) splicing by cis-acting intronic and
exonic silencers and enhancers. Diagram of a segment of a typical metazoan pre-mRNA with exon and
surrounding introns indicated. Intronic and exonic splicing enhancers (ISE, red box; ESE, purple box) and
intronic and exonic splicing silencers (ISS, orange box; ESS, brown box) are indicated. Serine-arginine repeat
(SR) proteins generally act to promote splicing from nearby splice sites by interacting with splicing
enhancers. Heterogeneous nuclear ribonucleoprotein particle (hnRNP) proteins generally act to inhibit
splicing from nearby splice sites by interacting with splicing silencers.

snRNP—pre-mRNA interactions (148). hnRINPL can also interfere with 3 splice-site recognition
by U2AF® (149). In vivo binding studies on hnRNPL, using individual-nucleotide-resolution
UV cross-linking and immunoprecipitation (iCLIP), also indicate that hnRNPL exhibits a bind-
ing preference for C/A motifs that correlates with the in vitro binding SELEX consensus sequence
(150). Genome-wide mapping revealed that hnRNPL preferably binds to introns and the 3’ un-
translated region (UTR) (150). hnRNPL may function as a repressor when bound to intronic
regions upstream of alternative exons and as an enhancer when bound to downstream introns (150).

Silencers and Enhancers

Studies of splicing regulation using in vitro biochemical assays led to the discovery of cis-acting
elements that promote (enhancers) or inhibit (silencers) splicing activity from nearby splice sites.
These regulatory elements can be located either in exons or in introns (Figure 5). One of the first
exonic splicing silencers defined was found in the Drosophila transposable P element pre-mRNA,
whose activity blocks splicing of the P element transposase pre-mRNA in somatic cells (151, 152).
This silencer binds U1 snRNP to a pseudo-5" splice site, the hnRNP proteins PSI and hrp48, and
other RNA-binding proteins (151-154). Both exonic and intronic splicing silencers (abbreviated
ESS and ISS, respectively), regulatory motifs that bind the splicing repressor protein hnRNPA1,
have been identified and characterized; they regulate splicing of the HIV pre-mRNA (139, 155,
156). In addition, exonic and intronic splicing enhancers have been defined, typically as binding
sites for the SR protein class of splicing activators (Figure 5) (122, 124, 125).

In addition to individual gene studies, a number of clever selection strategies, carried out either
in vitro or in vivo, have identified both splicing enhancers (157-159) and silencers (160-162). A
biochemical study of in vitro—selected silencers identified hnRNPA1, which appeared to affect
U1 snRNP binding across a nearby exon to effect silencing (162). More recent biochemical stud-
ies incorporated an extensive in vivo screen for exonic splicing silencers coupled with the use of
RNA affinity purification and mass spectrometry to identify proteins that bound to the compre-
hensive collection of splicing silencer motifs defined bioinformatically from the in vivo selections
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(163, 164). These large-scale studies further point to the critical role of hnRNP proteins in splicing
silencer activity.

Interactions between Small Nuclear Ribonucleoproteins and Splicing Factors

U1 snRINP can bind in vitro to both normal and cryptic 5’ splice sites in the f-globin pre-mRNA
(165, 166). More recent studies have shown that Ul snRNP plays a role in the suppression of
premature cleavage and polyadenylation (PCPA) by binding to non-5" splice-site sequences (see the
section titled U1 Small Nuclear Ribonucleoprotein and Premature Cleavage and Polyadenylation,
below) (167, 168). A general and important principle of splicing regulation that has emerged is that
snRINP binding to specific sites may be enhanced by interactions early in spliceosome assembly.
In addition, intron—exon definition is governed by non-snRNP splicing factors, namely hnRNP
and SR proteins (118). For example, the splicing repressor protein PSI has an auxiliary domain, C
terminal to the four KH-type RINA-binding domains, that interacts directly with the Ul snRNP
70K protein and promotes Ul snRNP binding to the P element exonic splicing silencer (169).
Both hnRNPA1 and hnRNPLL can promote Ul snRNP binding to specific pre-mRNAs during
splicing silencing (148). SRSF1 (ASF/SF2) can promote proximal 5 splice-site use by increasing
Ul snRNP-pre-mRNA binding (170). The splicing activator protein, TIA-1, also binds U-rich
intronic regulatory elements adjacent to 5’ splice sites and interacts directly with the Ul snRNP
C protein to promote 5’ splice-site use (171). Interestingly, in vitro selection (SELEX) assays
showed that the U1 C protein possesses a site-specific RNA-binding activity, which may facilitate
U1 snRNP binding to particular sites in the transcriptome (172). Finally, a recent study showed
that the splicing repressor PTB/hnRNPI interacts directly with U1 snRNA in the intact snRNP
complex to mediate splicing repression of the c-src N1 exon (173). Similarly, recognition of 3’
splice sites by U2 snRNP requires the RINA-binding proteins SF1/BBP and the heterodimeric
U2 snRNP auxiliary factor (U2AFYS/U2AFS) (9). In many cases, these interactions result in
cooperative assembly of proteins, snRNPs, and the pre-mRNA substrate, as was shown for the
doublesex splicing enhancer in vitro (174) and for the C. elegans splicing factors ASD-2 and SUP-
12 (175). Thus, one key step to the initial stages of intron recognition and spliceosome assembly
is positioning snRNPs correctly on a given pre-mRNA through cooperative interactions with
nonspliceosomal RNA-binding factors.

RINA-RNA Base Pairing

A role for RNA-RNA secondary structures in controlling alternative splicing has long been sug-
gested (176), but recent experiments have illuminated concrete examples of how RNA-RNA
recognition can act to dictate splice-site choice (177). In addition, recent studies using chemi-
cal probes to study RNA structures in vivo, coupled with high-throughput cDNA sequencing,
highlight that regions of the transcriptome can be highly structured (178). It is also likely that
there are transcriptome RNA-RNA dynamics that must occur, as nascent pre-mRNAs synthe-
sized by RINA polymerase II are folded cotranscriptionally, spliced, polyadenylated, and bound
by nuclear RNA-binding proteins in preparation for export of mature mRNAs to the cytoplasm.
High-density RNA structure mapping of nuclear RNAs promises to illuminate the dynamics of
pre-mRNA structure in vivo (178).

The best example of cis-acting RNA-RINA base pairing controlling alternative splicing comes
from the Drosophila DSCAM gene (179). Here, four clusters of alternative exons, used in a mutually
exclusive manner, can combinatorially generate >36,000 distinct spliced mature mRNA isoforms,
approximately three times more than the number of genes in the fruit fly genome (179). DSCAM is
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Figure 6

RNA-RNA and RNA-protein interactions that regulate mutually exclusive splicing of the Drosophila DSCAM exon 6 exon cluster. A
model for the mechanism by which the heterogeneous nuclear ribonucleoprotein (hnRNP) hrp36 prevents the inclusion of multiple
DSCAM exon 6 variants. hrp36 (yellow circles) binds to all the exon 6 variants (o7#nge) and represses their inclusion. When the
conserved cis-acting RNA selector sequence upstream of a specific exon interacts by RNA-RNA base pairing with the conserved exon 6
cis-acting RNA docking site located upstream of the exon 6 cluster of 48 exons, it results in the derepression of hrp36 on the exon
immediately downstream, but not for the other 47 exon 6 variants. In this way, only a single exon 6 variant is included. hrp36 competes
with serine-arginine repeat (SR) proteins (green circles) for binding to the exon 6 variants. In the absence of hrp36, these activators can
bind to all the exon 6 variants and function to enhance their splicing to other exon 6 exons. Figure modeled on data from Reference 16.

an immunoglobulin superfamily member that plays a role in neuronal connectivity in development.
The exon 6 cluster contains 48 alternative exons that are used in a mutually exclusive manner (16).
A conserved “docking” site is complementary to a conserved “selector” site upstream from each
of the 48 alternative exons (16, 179). There is both phylogenetic and experimental evidence that
RINA-RNA base pairing between the docking and selector sites dictates which of 48 alternative
exons in the exon 6 cluster are used to make the mature DSCAM mRNA (180). RNA interference
(RNAI) and RNA-binding assays also identified the hnRNP protein, hrp36, as a repressor that
functions to enforce the mutual exclusivity by allowing only one exon from the exon 6 cluster to be
spliced into the mature DSCAM mRNA (Figure 6) (16). A new study using reporter transgenes in
flies showed that the patterns of DSCAM splicing in the Drosophila nervous system are probabilistic
(181).

The DSCAM gene remains the best example of cis-acting RNA secondary structures controlling
splice-site choice. In addition, recent studies have indicated that splicing of DSCAM exons 4 and
9, as well as the 14-3-3xi pre-mRNA (182) and splicing targets of the Rbfox proteins (100), use
RNA-RNA base pairing to control splicing patterns.

What about the possibility of trans-acting RNA-RINA base pairing affecting alternative splicing
patterns? There has been one report of a small RNA controlling alternative splicing. The snoRNA
HBII-52 appears to regulate alternative splicing of the serotonin receptor 2C pre-mRNA (17, 18).
Here, an 18-nucleotide complementary RINA region between the snoRINA and a splicing silencer
element in the serotonin receptor pre-RNA leads to alternative exon usage. Given the highly
flexible nature of microRNA—target mRINA base pairing and the finding of Argonaute family
members in the nucleus (see the section titled Connections Between Alternative Splicing and
Small RNA Pathways, below), other examples of trans-acting small RNAs controlling alternative
splicing may be found.

Chromatin

Several examples of links between chromatin and splicing have been discovered (20, 26, 183,
184). First, the speed of RNA polymerase II appears to correlate with splicing patterns (see the
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section titled Cotranscriptional Splicing: Connections to Chromatin, below) (25, 185), which ap-
parently can be influenced by histone modifications. Second, there are “adapters” that link specific
histone modifications or “marks” to splicing factors. Finally, many protein—protein interactions
between chromatin-binding/remodeling proteins and splicing factors or spliceosome components
have been observed. The first example of a direct, functional interaction of a chromatin-binding
protein and a spliceosome component was the interaction between CHD1 and U2 snRINP (186).
CHDI contains two tandem chromodomains and binds tightly to covalently modified histone
H3(H3K4me3) (186). Functional in vivo and in vitro assays established a link between CHD1 and
splicing. Another example of a chromatin-splicing connection is the binding of the splicing repres-
sor protein PTB/hnRINPI to the histone-binding adapter protein MRG15 (187). MRG15 binds
to the modified histone H3K36me3 mark and may serve as an adapter to target PTB/hnRNPI.
Perturbations of MRGI15 alter the splicing of the FGFR2 gene exon I1Ib, as well as other exons. In
addition to acting to recruit splicing factors, histone modifications may alter chromatin states and
change RNA polymerase II transcription rates (25, 26). For instance, repressive histone methyl-
ation marks, such as H3K9me3 and H3K27me3, can recruit heterochromatin protein 1 and slow
RNA polymerase II, leading to changes in splicing patterns (188). Thus, discrete histone modi-
fications on chromatin may be used to target splicing factors to specific genes or exons/introns
to control splice-site use or to change the rate of RNA polymerase II transcription through a
chromosomal locus, resulting in splicing pattern changes.

ALTERNATIVE SPLICING: INSIGHTS FROM GENOMICS

Access to genome and cDNA sequences, synthetic oligonucleotide microarrays, and more re-
cently, high-throughput cDNA sequencing has led to broad genome-wide assessment of alter-
native splicing patterns. These technologies have also revealed how RNA-binding proteins and
intrinsic spliceosomal components act to control hundreds to thousands of alternative splicing
events in metazoan tissues.

Genome-Wide Studies of Alternative Splicing

Comparative genome sequencing has led to the realization that complex multicellular eukary-
otes do not scale in complexity with gene number: Humans, mice, worms, and fruit flies each
have 15,000-25,000 genes. One hint of the complexity of splicing came initially from expressed
sequence tag sequencing, which suggested that higher levels of alternative splicing scaled with or-
ganismal complexity. Thisidea made some sense in light of the fact that newly sequenced metazoan
genomes had approximately 15,000-25,000 genes. One of the early breakthrough technologies
was the use of inkjet long DNA oligonucleotide synthesis methods to generate splice junction
microarrays, coupled with bioinformatics of annotated splicing events, to demonstrate wide vari-
ations of alternative splicing in different human tissues (119, 189, 190). This technology, coupled
with RNAi in Drosophila cells, gave the first glimpse into how many splicing events hnRNP or
SR protein splicing factors could regulate (191). This method was subsequently overtaken by
high-throughput sequencing, which demonstrated that >95%-100% of human genes can gen-
erate at least two alternatively spliced isoforms (92, 93). More recent and extensive sequencing
and comparisons among several vertebrate species indicate that essentially all multiexon genes can
undergo alternative splicing (5, 6). However, our ability to sequence more deeply and detect novel
alternatively spliced mRNA isoforms does not necessarily mean that these low-abundance species
are functional at the biological level and may represent low-level errors made by the spliceo-
some. Nonetheless, these recent sequencing and comparative genomics studies indicate the great

Lee o Rio



variety and extent of alternative splicing that multiexon genes can undergo in different metazoan
tissues. Many of these alternative splicing events are conserved across multiple species and in a
tissue-specific manner (5, 6).

Genome-Wide RINA-Protein Interaction Maps, RINA Structure Maps,
and Alternative Splicing Patterns

Along with advances in genome-wide technologies to detect alternative splicing patterns, different
methods have been developed to detect the binding of RNA-binding proteins and splicing fac-
tors to regions of cellular transcripts in vivo. Initially, immunopurifications with affinity-purified
antibodies were used in conjunction with microarrays to detect transcripts that could be enriched
using antibodies to specific splicing factors (for examples, see References 192 and 193). Several
cautionary notes have appeared regarding the use of native, low-salt conditions to retrieve RINA-
binding proteins, which could, in principle, exchange between different RNAs during cell lysis and
various biochemical manipulations (194, 195). As an alternative to native immunoprecipitation, a
method called CLIP (UV cross-linking and immunoprecipitation) (196) that uses in vivo cross-
linking of RNA to bound proteins with shortwave UV light (254 nm), much the same as Choi &
Dreyfuss (197) had done initially to identify in vivo RNA-bound hnRNP proteins. Improvements
in high-throughput sequencing (HTS) coupled with the CLIP method led to HT'S-CLIP (198) or
CLIP-seq (128, 199, 200) that resulted in a large increase in the ability to recover and map protein-
bound RNA tags to the transcriptome. In addition, two variations on the original CLIP method,
iCLIP (201) and photoactivatable ribonucleoside-enhanced cross-linking and immunoprecipita-
tion (PAR-CLIP) (202), have been developed to improve the efficiency of recovery and sequencing
of protein-bound RINA-binding site tags. To generate a covalent photochemical adduct, the UV
cross-linking methods described above rely on a specific juxtaposition of the RNA nucleotide bases
and appropriately positioned amino acid side chains in the protein of interest. Thus, because the
UV cross-linking efficiency of protein to RNA in cells is rather low (1-2%), it is likely that the
CLIP methods do not retrieve all the protein-bound sites for a given protein in the transcriptome.
In addition, the covalent UV-induced protein-RNA cross-links likely trap transient (and possi-
bly nonspecific) RNA-binding sites, as has been recently shown for DNA-binding transcription
factors in mouse nuclei (203). Owing to these limitations, several alternative methods, termed
RIPiT (using formaldehyde cross-linking and high-throughput sequencing) (204), PIP-seq (a
ribonuclease-mediated protein—-RNA footprinting method in conjunction with high-throughput
sequencing) (205), and RNA Bind-n-Seq (using purified protein and high-throughput sequencing
to generate a series of RNA-binding motifs, with associated affinities) (206), have recently been
described. Finally, using all available data, a comprehensive compendium of RNA-binding motifs
for many RNA-binding proteins has been assembled (207). Taken together, these methods allow
protein-binding sites in the complex metazoan transcriptome to be identified. Finally, several re-
cent studies have used cell-permeable chemical probes, either 2'-acylation SHAPE reagents (208)
or dimethyl sulfate (178, 209, 210), to probe RNA structures in living cells. These new methods
will also shed light on protein binding site regions and the role of RNA structure in alternative
splicing in the future.

The application of HT'S-CLIP/CLIP-seq methods to study a large number of RNA-binding
proteins has provided a transcriptome-wide view of the locations of binding regions for these
proteins. These “RNA maps” have provided many insights into how and where different RNA-
binding proteins function in alternative splicing as well as many other processes (15, 211, 212).
It is likely that a single RNA-binding protein has many different roles to play in the cell. One of
the best-studied neuronal splicing factors, nova-1, is a great example of the predictive power of a
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Figure 7

The RINA map of splicing regulation by the neuronal nova protein. A nova RNA splicing map for cassette
exons generated by integrating the high-throughput sequencing cross-linking and immunoprecipitation
(HTS-CLIP)/CLIP-sequencing (CLIP-seq) experimental identification of nova-binding sites and splice
junction microarray data. The red dashed line (top) indicates enhanced exon inclusion by nova, and red peaks
indicate the density and location of HTS-CLIP/CLIP-seq tags. The blue dashed line (borrorz) indicates
enhanced exon skipping by nova, and blue peaks indicate the density and location of HT'S-CLIP/CLIP-seq
tags. Modified with permission from Reference 198.

genome-wide RNA map to show whether the protein would act as a splicing activator or repressor
in different pre-mRNAs depending on where the protein is bound (Figure 7) (198). Interestingly,
this “nova RNA map” and the RNA-binding specificity of nova protein are conserved between
mammals and Drosophila (213). Other tissue-specific splicing factors, such as muscleblind (130,
131,214) and Rbfox (100, 127-129), also show this position-dependent activator/repressor activity.
One of the great powers of genomics is to illuminate patterns in genome-wide data in a statistically
significant way, and the “nova RNA map” is a great example of this type of data analysis (Figure 7).
Moreover, this type of data can be combined with mathematical modeling to provide new insights
into the “splicing code” and splicing “networks” to reveal new biology (129, 215, 216). In the future,
RNA maps will be integrated with splicing profiling data, transcriptome structure probing, and
human genetic variation to provide insights into how mutations can affect the splicing process in
Homo sapiens.

COTRANSCRIPTIONAL SPLICING: CONNECTIONS TO CHROMATIN

A variety of data indicate that splicing can occur during transcription of protein-coding and non-
coding RNA genes by RNA polymerase II (217). The spliceosomal snRNPs are recruited to active
genes during transcription (218-220). Classic biochemical fractionation and RNA metabolic la-
beling studies indicated that hnRINA existed as polyadenylated species and that its size was reduced
prior to arrival in the cytoplasm (221). More recent studies have used biochemical fractionation
of chromatin and high-throughput sequencing in several mammalian, Drosophila, and yeast sys-
tems to demonstrate that splicing can occur cotranscriptionally on nascent transcripts (218-220,
222-230). However, given the average rate of RNA polymerase II elongation in vivo, ~3-4 kb/min
(221), itis not surprising that, for long genes with large introns, splicing may not occur before the
gene is finished transcribing and cleavage and polyadenylation of the transcripts may occur prior
to completion of intron splicing, a process that takes minutes to complete. Indeed, some spliced
and polyadenylated transcripts stay associated with chromatin at the gene locus after processing
but prior to nuclear export to the cytoplasm (231). However, at least some transcripts appear to
be “posttranscriptionally” spliced (221), as evidenced both by genome-wide data (223) and by the
fact that an antibody to the active, phosphorylated form of SF3b detected spliceosomes in the
nucleoplasm away from chromatin (232).
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A series of studies have suggested a connection between the speed of RNA polymerase II and
alternative splicing patterns (25, 27, 185). One such study used a “slow” «-amanitin-resistant mu-
tant of the largest subunit of the RNA polymerase I and found distinct splicing patterns depending
on whether the gene was transcribed by the wild-type or “slow” form of RNA polymerase II (185).
Another study showed that transfection of small interfering RNAs targeted to the region near the
fibronectin EDI exon could cause a switch in the splicing pattern that correlated with a change
in histone modifications (increased dimethylation at K9 and trimethylation at K27 of histone H3)
at the target site, leading to the recruitment of the heterochromatin-associated protein HP1-«,
which is thought to slow RNA polymerase II transcription (188). Thus, the histone modifications
on chromatin may cause changes in alternative splicing patterns by affecting the RNA polymerase
IT transcription rate.

CONNECTIONS TO OTHER RNA PROCESSING REACTIONS

There is an abundance of evidence that pre-mRNA splicing is coordinated with transcription and
other RNA processing reactions (233, 234). A key factor in this coordination is the CTD of the
largest subunit of RNA polymerase II (234, 235). Phosphorylation of this CTD region is used
to coordinate different stages in the transcription cycle, and the CTD interacts with a variety of
proteins, including splicing factors. Biochemical studies have indicated that RNA polymerase II
has direct effects on pre-mRNA splicing (236) and polyadenylation (237). These studies recon-
stituted these RNA processing reactions in vitro and showed that addition of purified phosphor-
ylated RNA polymerase II or the phosphorylated recombinant, purified CTD stimulated both of
these RNA processing reactions. In a coupled in vitro RNA polymerase II transcription-splicing
system, SR splicing factors were required for the coupling of transcription with splicing (238).
Connections between pre-RNA splicing and polyadenylation were also shown in vivo, when a
polyadenylation enhancer was found to bind U1 snRNP and the SR splicing factor SRp20 (SRSF3)
(239).

U1 Small Nuclear Ribonucleoprotein and Premature Cleavage
and Polyadenylation

One of the most exciting findings in the past few years was the connection between Ul snRNP
and suppression of pre-mRINA PCPA, a process called telescripting (167, 168). Ul snRINP is
an integral component of the splicing machinery and is the most abundant spliceosomal snRNP
(~1 million copies per cell). Dreyfuss and colleagues (168) used antisense morpholino oligonu-
cleotides in conjunction with genome-wide approaches to examine the effect of Ul snRINP on
the transcriptome. They found that blocking the 5" end of Ul by transfection of antisense mor-
pholino oligonucleotides into human cells led to a dramatic increase in prematurely terminated,
polyadenylated gene transcripts terminating within 1 kb of the transcription start sites. In addition
to normal 5 splice sites, Ul snRINP also binds to many specific sites in the pre-mRINA. This may
be reminiscent of the binding of U1 snRNP to a pseudo-5" splice site in the Drosophila P element
exonic splicing silencer (i.e., Ul binding to nonfunctional splice site-like sequences) (169). This
telescripting process also occurred in mouse and Drosophila cells (167). Interestingly, a recent study
indicates a role for Ul snRNP and polyadenylation signals in termination of the short promoter-
associated antisense transcripts (paRNAs) and promoter directionality (240). Thus, these studies
revealed a new and unexpected function for U1 snRNP in suppression of PCPA and “transcriptome
surveillance.”
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CONNECTIONS BETWEEN ALTERNATIVE SPLICING
AND SMALL RNA PATHWAYS

A very interesting connection has been made recently between components of the small RNA
pathways, namely the Argonaute family members and alternative splicing patterns. Several results
suggested that small RNA pathways could impinge on alternative splicing. Specifically, it appears
that a trans-acting snoRNA, HBII-52, can regulate alternative splicing patterns (17, 18). There
is also highly mismatched base pairing between microRINAs and their target mRNAs (22). Data
from HTS-CLIP/CLIP-seq/iCLIP experiments with human (241), mouse (242), C. elegans (243),
and Drosophila (244) Argonaute family members also showed that the proteins bound both introns
and exons as well as canonical 3' UTRs. Thus, small RNA pathways may play a role in controlling
alternative splicing (23, 24).

Because of the well-characterized slicer function of the Argonaute family of proteins in posttran-
scriptional gene silencing occurs in the cytoplasm, there was a question about whether Argonaute
proteins may be present at appreciable levels in the nucleus. However, experiments from Drosophila
showed that Argonaute-2 (Ago-2) played a role in the nucleus by interacting with insulator-binding
proteins on chromatin (245) and Ago-2-bound small RNAs from the heat-shock gene promoter
regions (246), both of which are nuclear functions. More recently, Ago-2 was found to asso-
ciate with small antisense promoter-associated transcripts in mouse embryonic stem cells that are
homozygous mutant for Dicer (247). Importantly, epitope-tagged human Ago-2 associates with
chromatin and copurifies from chromatin with splicing factors (248). In Drosophila, cell fraction-
ation experiments and chromatin immunoprecipitation sequencing (ChIP-seq) data showed that
Ago-2 was both in the nucleus and associated with chromatin (244). In human cells, RNAi knock-
down of Ago-2 affects alternative splicing by using exon microarrays and specifically modulates
splicing of the CD44 gene (248). In Drosophila, Ago-2, but not other components of the somatic
RNAi machinery (Ago-1, Dicer-1, or Dicer-2), plays a role in alternative splicing, as indicated by
RNAI to Ago-2, Ago-2 mutants, and both splice junction microarrays and RNA-seq (244). Inter-
estingly, a catalytic mutant of Ago-2 is still able to control splicing, whereas a deletion of the Ago-2
gene is not (244). iCLIP/CLIP-seq data from Drosophila have shown that Ago-2 binds in vivo to
a glycine-rich RNA-binding motif present in the splicing target transcripts (244), similar to that
found in mouse embryonic stem cells that are homozygous mutant for Dicer (242), thus suggesting
that Ago-2 possesses intrinsic RNA-binding activity without being programmed by small RNAs.
In Drosophila, ChIP-seq and RNAi experiments revealed a second nuclear function for Ago-2:
Ago-2 binds to chromatin at the promoters of genes whose transcription is derepressed upon
Ago-2 RNAI depletion (244). Interestingly, these promoter sites also colocalize with Polycomb
group repressor proteins, which may provide a mechanism for Ago-2-mediated transcriptional
repression (244). Thus, Argo-2 plays an unexpected role in several nuclear processes, including
the regulation of alternative splicing.

CONCLUSIONS

Alternative pre-mRNA splicing is a critical component of the regulation of gene expression path-
ways in metazoans. Combining alternative exons in different patterns dramatically expands the
proteomic of metazoan genomes and contributes significantly to the identity, development, and
diversity of cells, tissue, and organs. Biochemical and structural studies have illuminated the com-
position, structure, and dynamics to the spliceosome, a ribozyme with an evolutionary history re-
lated to that of the self-splicing group IT introns. New breakthroughs in cryo—electron microscopy
and image collection will soon lead to improved high-resolution structures of the spliceosome.
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Most importantly, mutations at the intron—exon borders in splice sites or in intronic or exonic
splicing regulatory RNA sequences, often “silent” mutations, affect the splicing process, leading to
disease in humans. The Cancer Genome Project has revealed mutations in gene-encoding splicing
factors that are linked to specific cancer types. Moreover, small-molecule compounds, antisense
oligonucleotides, and genome-editing approaches hold promise for correcting the effects of these
mutations common in human genetic variation and disease. Breakthroughs in high-throughput
sequencing technologies promise to identify and link many more human mutations to disease.
Finally, high-throughput sequencing coupled with in vivo probes of RNA structure promises to
reveal global aspects of RNA folding throughout the transcriptome and show how this organization
may be disrupted by human disease-causing mutations.

NOTE ADDED IN PROOF

We want to highlight the fact that a new 3.3-A structural model of U1l snRNP has just been
published by the Nagai lab (258).
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