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Dysregulation of messenger RNA (mRNA) processing—in particular mRNA splicing—is a hallmark of cancer. Compared

to normal cells, cancer cells frequently present aberrant mRNA splicing, which promotes cancer progression and

treatment resistance. This hallmark provides opportunities for developing new targeted cancer treatments. Splicing of

precursor mRNA into mature mRNA is executed by a dynamic complex of proteins and small RNAs called the

spliceosome. Spliceosomes are part of the supraspliceosome, a macromolecular structure where all co-transcriptional

mRNA processing activities in the cell nucleus are coordinated. Here we review the biology of the mRNA splicing

machinery in the context of other mRNA processing activities in the supraspliceosome. 
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1. Introduction

A central dogma of eukaryotic cell biology describes the transcription of genes from DNA in the cell nucleus into

messenger RNA (mRNA), which is transported to the cytosol where it is translated into proteins. Hence, mRNA represents

the crucial intermediate between “the script” of the cell or its genetic code and “the workers” of the cell, the proteins. In

1977, Nobel laureates Phillip Sharp and Richard Roberts changed our view on how genetic codes are used to produce

proteins. They discovered that when hybridized, the major late mRNA transcript from an adenovirus and its DNA template

did not form a continuous hybrid DNA-RNA double strand. Instead, electron microscope analysis visualized single strand

loops of DNA protruding from different sections of the hybrid double strand . Their important finding showed that the

genetic message on the DNA is discontinuous and suggested that in eukaryotes the transfer of genetic information from

DNA to mRNA is not just by transcription, but also includes removal of at that time considered “invalid” genetic information

from a pre-mRNA intermediate transcript. The genetic information without translation function was called introns, while the

genetic information that is retained in the mRNA and is subsequently translated by ribosomes into protein was called

exons. We now know that the mRNA splicing process, in which introns are removed from the primary precursor transcript

to yield mature mRNA, takes place in a large complex of proteins and small RNA molecules called the spliceosome. In

recent years, spliceosomes in the process of catalyzing mRNA splicing have been captured and analyzed successfully 

, providing the possibility for in-depth study of the splicing process and splicing disorders. The mRNA splicing

process includes highly dynamic spliceosome formation, rearrangement and catalytic steps, which are discussed below.

The mRNA splicing machinery starts to assemble onto pre-mRNA while it is being transcribed in the nucleus .

Regardless of the number of introns in a pre-mRNA, four spliceosomes assemble with the pre-mRNA in a complex coined

the supraspliceosome, allowing coordinated simultaneous splicing of four introns . Emerging evidence has shown that

the supraspliceosome, in addition to the mRNA splicing machinery, also harbors other mRNA processing activities .

Many of the proteins that carry out or initiate these reactions are recruited to the pre-mRNA through interaction with the

carboxy-terminal domain of RNA polymerase II , allowing immediate processing of the nascent pre-mRNA. Since RNA

processing reactions are all enzymatic activities, with kinetics and efficacies dependent on the conditions, they influence

each other. The vast majority of mRNA splicing occurs co-transcriptionally, but the process can continue after release of

the transcript from its DNA template to complete splicing of—in particular—the last transcribed 3′ introns . The

supraspliceosome is considered the master coordinator of quality-controlled mRNA processing in the cell nucleus,

producing correctly spliced mature mRNA for subsequent export to the cytosol .

The boundaries between exons and introns on the pre-mRNA are delineated by splice (donor and acceptor) sites. When

these sites are effectively recognized by the spliceosome, it completely removes the introns and anneals the adjacent

exons to yield the mature mRNA. The efficacy at which splice sites are recognized by the spliceosome is, however, not

absolute. In contrast, the utilization of splice donor and acceptor sites by the mRNA splicing machinery is context

dependent . As will be discussed in detail later, splice site utilization is regulated by cis-acting RNA elements and

trans-acting proteins. Consequently, many single pre-mRNAs can be processed into multiple mature mRNAs carrying
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joined exon combinations that encode different protein variants, often with distinct functions. The vast majority of

transcribed human genes are subject to this so-called alternative splicing (AS) . On average, human gene transcripts

are processed into three or more alternatively spliced mature mRNA transcripts . This contributes to protein diversity

and facilitates cell differentiation and tissue development .

The functional impact of AS requires for it to be tightly regulated and controlled. Hence, not surprisingly, dysregulated

mRNA processing, such as mRNA splicing, is an important cause of disease, including cancer . A pan-cancer analysis

 showed that tumors harbor up to 30% more AS events than normal tissues, with many tumors harboring thousands of

AS events that are not detectable in normal samples. As will be discussed herein, abnormal splicing of tumor-related

genes is associated with cancer development and progression, as well as with resistance to therapy.

2. Structure and Function of the (Supra) Spliceosome

The supraspliceosome comprises a single pre-mRNA in association with four spliceosomes . The RNA splicing

machinery, splicing reaction and alternative splicing are described in more detail in Section 2.1. The presence of intact

pre-mRNA is essential for the integrity of the supraspliceosome . A “rolling model” was proposed in which the pre-mRNA

“rolls” through the supraspliceosome, thereby making new introns available to the splicing machinery. The

supraspliceosome is co-transcriptionally assembled and does not disassemble during the splicing reaction. Its

composition remains intact as snRNA:pre-mRNA basepairing and protein:RNA interactions are reformed on each

subsequent intron . Electron microscopic studies of the structure of the supraspliceosome revealed that the four native

spliceosomes consist of a large and a small subunit, of which the first faces towards the outside and the latter faces the

inside of the supraspliceosome, forming contacts with the neighboring spliceosomes. The small subunit contains a hole

that leads into the cavity between its neighboring small and large subunits, presumably to facilitate the pre-mRNA to

connect all four spliceosomes . An in-silico study proposed that the snRNPs reside within the large subunit, leaving the

non-snRNPs to be attributed to the small subunit . A schematic depiction of the supraspliceosome is given in Figure 1a.

Figure 1. Structure and composition of the supraspliceosome. (a) Schematic impression of the macromolecular structure

of the supraspliceosome, consisting of four native spliceosomes assembled onto a pre-mRNA being transcribed by RNA

Pol II. In addition to pre-mRNA splicing carried out by the spliceosomes, the supraspliceosome provides a platform for all

other co-transcriptional mRNA processing activities (by proteins that are not shown in the illustration). (b) Major

components of the spliceosome U1, U2, and U4/U6.U5 snRNP subunits, with their Sm-snRNA core complexes and

subunit-specific splicing factor proteins (U2: SF3a complex in light blue, SF3b complex in dark blue; U4/U6.U5: U4/U6-

specific proteins in light blue, U5-specific proteins in dark blue). SL, snRNA stem-loop; red box, snRNA Sm site; green

box, other RNA-binding domains (U1: 5′ss recognition sequence, U2: BPS recognition sequence, U6: U2/U6 duplex-

forming sequence).

2.1. The RNA Splicing Machinery and the Splicing Reaction

A core task of the supraspliceosome is catalyzing the mRNA splicing reaction in its four spliceosomes. The splicing

reaction itself consists of two subsequent transesterification reactions that together yield two ligated exons and excise the

intronic sequence. The splicing process is initiated by recognition of splice sites (ss) in intronic sequences. The vast

majority of introns in eukaryotes are U2-type introns that contain highly conserved GT and AG dinucleotides at their 5′ss
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and 3′ss, respectively. The remaining part of the introns are U12-type introns, accounting for ~0.01-0.02% of eukaryotic

introns, that have AT-AC boundary sequences . Although there are some exceptions, U2-type introns undergo so-called

canonical splicing by the major spliceosome, whereas U12-type introns are spliced by the minor spliceosome through

non-canonical splicing. As the majority of human introns are U2-type introns, this review will only focus on the major

spliceosome. The major spliceosome consists of the five snRNPs U1, U2, U4, U5 and U6; DExD/H-type RNA-dependent

ATPases/helicases that facilitate structural remodeling of the snRNPs at different steps in the splicing process, as well as

many other splicing factors that regulate splice site usage and the mRNA splicing reaction. The snRNPs are the core units

of the spliceosome. In this section, each snRNP’s structure and function will be described in more detail. An overview of

all the snRNP-specific and -associated RNA splicing factors according to the KEGG, amiGO and Reactome databases is

given in Supplementary Table S1 and the most important ones are shown in Figure 1b.

2.1.1. Biogenesis of the Spliceosome: Assembly and Transport of Sm-snRNA Complexes

Biogenesis of snRNPs for assembly of spliceosomes has been reviewed more extensively elsewhere  and is

illustrated in Figure 2. The U1, U2, U4 and U5 snRNAs are transcribed in the nucleus and exported to the cytoplasm,

where they associate with the seven Sm proteins that form a doughnut-shaped circular structure around the snRNA. In

the case of the U6 snRNA, the LSm proteins form the typical heptameric ring structure around its Sm site and its

biogenesis presumably occurs within the nucleus. The important (L)Sm-snRNA structure in the heart of the spliceosome is

discussed in detail below. Complete Sm rings incorporating their snRNA (termed Sm-snRNA complexes here) need to

translocate back to the nucleus where they reside in Cajal bodies. There, further snRNP biogenesis takes place, by

binding of U snRNP particle-specific proteins to the Sm-snRNA complexes. Mature snRNPs are primarily located in

nuclear membrane-less organelles termed nuclear speckles that serve as a reservoir for spliceosome components.

Nuclear speckles are found in interchromatin regions close to actively transcribed genes (reviewed by ). Many

proteins involved in transcription, epigenetic regulation, and RNA processing, modification and packaging are present in

these speckles, making them nuclear gene expression hubs. The localization of proteins in nuclear speckles is regulated

by post-translational modifications such as phosphorylation, addition of phosphoinositol derivates, ubiquitination and

SUMOylation . The localization in speckles is important, as increasing the levels of U1 snRNPs did not achieve

enhancement of mRNA production when no speckles were present . For use in the mRNA splicing reaction, snRNPs

are recruited from the speckles to active transcription sites at the interface of speckles and chromatin. The Sm and LSm

proteins have been postulated to be the earliest spliceosomal components, with their gene family nearly achieving its

current composition already by the time the last eukaryotic common ancestor emerged approximately two and a half

billion years ago . The seven Sm proteins that together form the heteroheptameric ring structure are denoted SmB/B’,

SmE, SmF, SmG, SmD1, SmD2 and SmD3. Additionally, SmN is a tissue-specific substitute for SmB/B’ expressed

primarily in the brain and heart that affects mRNA splicing through downregulation of mature U2 snRNP when it is

incorporated in its Sm ring . The structurally highly similar (L)Sm proteins form a heptameric ring structure around each

snRNA, which presumably functions as a platform for other snRNP proteins to assemble onto. Sm proteins are crucial for

the assembly, stability and nuclear import of snRNPs and hence for proper functioning of the spliceosome.

Figure 2. Spliceosome snRNP subunit biogenesis. Details are given in the main text. Since U1, U2, U4 and U5 snRNPs

are compiled in the same manner, the biogenesis of U1 snRNP is shown as example. The snRNAs are transcribed by

either RNA polymerase II (U1, U2, U4, U5) or RNA polymerase III (U6). RNA polymerase II-transcribed snRNA is exported

to the cytoplasm after quality control in Cajal bodies (CBs). SmD1, SmD3 and SmB/B’ are dimethylated (displayed by

stars) in the cytoplasm by the methylosome complex. The Sm ring is assembled around the snRNA by the SMN complex
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and the Sm-snRNA core complex is imported back into the nucleus where snRNP maturation takes place in the CBs. The

exact LSm assembly route onto the U6 snRNA is not known but presumably takes place in the nucleus. The LSm-U6

snRNA core complex probably moves to the nucleolus where it is 2-O’-methylated (displayed as a star) and subsequently

transported to the CBs where U6-specific proteins are assembled and U4/U6.U5 tri-snRNP maturation can take place.

Mature snRNPs are recruited into the supraspliceosome to take part in the RNA splicing reaction.

Each Sm protein consists of a short N-terminal α helix and five anti-parallel β strands, representing the highly conserved

Sm fold. β strands 1–3 represent Sm motif 1 which is involved in the protein-snRNA interaction. β4 and β5 represent Sm

motif 2 which is involved in the protein–protein interactions within the Sm heptameric ring structure. β4 interacts with the

β5 of its neighbor through the formation of hydrogen bonds. The Sm motifs are highly conserved . The Sm ring

structure is further stabilized by hydrophobic residues that point towards its center and make contacts with other Sm

proteins .

The association of the Sm ring with the U snRNA represents the first phase of the snRNP assembly . The stepwise

assembly of the Sm-snRNA complex takes place in the cytoplasm (Figure 2) and is mediated by the methylsome complex

(consisting of protein arginine N-methyltransferase 5 (PRMT5), methylosome protein 50 (WDR77) and methylosome

subunit pICln) and the SMN complex (consisting of Gem-associated proteins Gemin 2–8 and SMN1 and 2) . SmD1-

SmD2 initially forms a dimer bound by pICln that is assembled onto PRMT5/WDR77 where SmD1 is symmetrically

dimethylated. SmD3/SmB/B’, in parallel, is bound by another pICln molecule and recruited to a second PRMT5/WDR77

complex where SmD3 and SmB are both symmetrically dimethylated. In plants, Sm protein dimethylation by PRMT5 was

shown to be required for recruitment of the NineTeen/Prp19 complex (NTC) and therefore proper functioning of the

spliceosome . In addition to PRMT5, PRMT7 was also found to be required for symmetrically dimethylating Sm proteins

. Subsequently, the SmF-SmE-SmG trimer binds to SmD1-SmD2-pICln on the methylosome complex and forms the 6S

complex . The 6S complex is an Sm ring intermediate in which pICln functions as an Sm protein mimic reserving space

for SmD3-SmB/B’ . Of note, pICln was postulated to not only function as structural chaperone in the formation of the

Sm protein ring, but also to prevent the formation of aggregates by unassembled Sm proteins . In the final steps of the

Sm ring assembly, the 6S complex and SmD3-SmB/B’ complex release their pICln subunits and are loaded onto the SMN

complex through interactions with Gemin2, where the final heptameric Sm ring is formed . Interestingly, Sm proteins

are not the only proteins that adopt the Sm fold, as this structural arrangement was also observed for Gemin6 and

Gemin7 in the SMN complex. Gemin6 and Gemin7 form a dimer through their β4 and β5 strands, respectively. The β5 of

Gemin6 and β4 of Gemin7 are involved in binding Sm proteins, thereby facilitating the interaction between Sm proteins

and the SMN complex . Defects in the association of Sm proteins with the SMN complex can have drastic phenotypic

consequences, as malfunction of the SMN complex due to loss of SMN1 leads to spinal muscular atrophy (reviewed by

). Additionally, the F22S mutation in SmE leads to the disruption of its interaction with the SMN complex and is

associated with microcephaly . Above-mentioned SMN defects give rise to aberrant splicing patterns.

Gemin5 is an RNA-binding protein (RBP) that is part of the SMN complex and is involved in the recruitment of the snRNA

towards the Sm proteins through recognition of the Sm site and the 7-methylguanylate (m G) cap of the snRNA 

. The Sm site of U1 has a weaker binding affinity than the Sm sites of other U snRNAs for Gemin5. Here, U1 snRNP 70

kDa (SNRNP70) in the cytoplasm recruits Gemin2-Sm complexes directly to U1 snRNA, independent of Gemin5 . The

Sm proteins are organized around the snRNA in the following consecutive order: SmE, SmG, SmD3, SmB, SmD1, SmD2

and SmF, with each Sm protein directly interacting with a single nucleotide of the Sm site . The Sm site consists of a 5′

adenosine preceding five consecutive uridines (with U1 being the exception that contains a guanine instead of the fourth

uridine), followed by a guanine (with U5 and U6 snRNAs being the exceptions, which contain a uridine or a 2′,3′-

cyclicphosphate group, respectively) . The 5′ adenosine and the 2′-OH groups of the sugar backbone of the

Sm site are important for stable Sm-snRNA complex formation. Additionally, flanking nucleotides of the Sm site determine

the rate of Sm protein assembly onto the snRNA . SmE, SmF and SmG make the initial contact with the Sm site, which

is stabilized by SmD1 and SmD2, of which the contact between SmG and the first uridine is highly conserved . Every

Sm protein clamps its corresponding Sm site nucleotide in between their loops L3 and L5 . The positioning of the

Sm ring relative to the Sm site is not the same for every U snRNA. In the human U1 snRNA, the last two nucleotides of

the Sm site interact with SmD2 and SmF , whereas SmD1 and SmD2 interact with the last two nucleotides of the U4

snRNA Sm site . A study in yeast demonstrated that mutagenesis of conserved Sm motif 1 amino acids in individual Sm

proteins did not compromise cell viability, but simultaneous mutation in two Sm proteins was lethal . Thus, at least 6

intact RNA binding sites in the heptameric Sm ring seem sufficient for Sm-snRNA complex formation. During the assembly

of the Sm ring around the snRNA by the SMN complex, the snRNA cap is hypermethylated by trimethylguanosine

synthase 1 (TGS1) into 2,2,7-trimethylguanosine (m3G) .
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The m3G-cap is recognized by snurportin-1, which together with importin-β  transports the fully assembled Sm-snRNA

core complexes back into the nucleus where they are loaded into membrane-less nuclear Cajal bodies. Here, the

additional snRNP-specific proteins are loaded onto Sm-snRNA core complexes and snRNP maturation takes place .

snRNAs are 2′-O-methylated by small Cajal body-specific RNAs (scaRNAs) and pseudouridylated . Additionally,

snRNAs can be methylated at the N6-position of 2′-O-methylated adenosine residues, which affect spliceosomal function.

For instance, the U6 snRNA is methylated at its 2′-O-methyl adenosine at position 43 by RNA N6-adenosine-

methyltransferase METTL16 and this affects 5′ss recognition . In the U2 snRNA, the adenosine at position 30 is 2′-O-

methylated and subsequently N6-methylated by N(6)-adenine-specific methyltransferase METTL4, which affected 3′ss

usage . Both N6-methylated and 2′-O-methylated forms can coexist, as the N6-methylation can be removed by the

RNA demethylase alpha-ketoglutarate-dependent dioxygenase FTO . As the adenosines are 2-O′-methylated before

they are N6-methylated, it is assumed that the latter also occurs in Cajal bodies upon re-uptake of the Sm-snRNA

complex into the nucleus.

2.1.2. Biogenesis of the Spliceosome: Structure and Assembly of the U1 snRNP

The different snRNAs incorporated in the Sm-snRNA complexes direct the formation of the different U snRNPs of the

spliceosome in the Cajal bodies (Figure 1b and Figure 2). The U1 snRNA forms four stem-loop (SL) structures, which are

oriented in a latin cross-like shape, with SL4 representing the stem. The Sm site is located between the stem and the four-

helix junction . The U1 snRNA four-helix junction is situated over a flat surface consisting of the N-termini of each Sm

protein. The N-terminus of SmD2 is particularly long and extends into the minor groove of the U1 snRNA. SmB interacts

with the SL2 backbone . SL1 and SL2 are also bound by the SNRNP70 and U1 snRNP A (SNRPA) proteins, and

SNRNP70 helps to guide the snRNA through the cavity of the Sm ring, together with SmD1 and SmD2 . The U1 Sm

core has an additional and unique assembly pathway, in which SNRNP70 plays the key role. As mentioned above, it

recruits Gemin2-Sm complexes directly to U1 snRNA, independent of Gemin5. Moreover, SNRNP70 inhibits the formation

of other snRNP Sm cores, thereby acting as a regulator of the cell’s snRNP repository. This extra U1 Sm core assembly

pathway could be an explanation as to why the U1 snRNP is the most abundant snRNP in vertebrates . Another protein

involved in U1 Sm core assembly is the RBP FUS, which associates with U1-related proteins and SMN complexes.

Mutations in FUS that are associated with amyotrophic lateral sclerosis (ALS) were found to dysregulate SMN function,

leading to loss of snRNA levels and affected splicing patterns .

The U1 snRNP is the first snRNP to be recruited to pre-mRNA to start the splicing reaction. The composition of U1 snRNP

is shown in Figure 1b. A cryo-EM study of the yeast U1 snRNP revealed a shape similar to that of a footprint . The U1

snRNP core (or the foot’s ball) is composed of the Sm-snRNA complex and the SNRNP70, SNRPA and SNRPC proteins,

with SNRNP70 and the stem-loop 1 (SL1) and SL3 of the U1 snRNA sticking out like toes. The auxiliary area (or the foot’s

heel) consists of Prp42, Luc7/LUC7L2, Snu56, Nam8/TIA-1 and Prp39/PRPF39. There is no human homologue reported

of the yeast Prp42. Instead, in humans, PRPF39 forms a homodimer which interacts with SNRPC, connecting the ball

with the heel of the foot, and mimicking the Prp39/Prp42 heterodimer observed in yeast. In immunoprecipitation  and X-

ray crystallography  studies of the human U1 snRNP, it was revealed that the N-terminal domain of SNRNP70 plays

a crucial role in holding the core domain of the U1 snRNP together, specifically through interacting with SmD2 

and SmB/B’ . Moreover, A feedback regulatory mechanism has been described between SNRNP70 and SNRPC,

effectuating efficient U1 snRNP homeostasis. Specifically, SNRPC promotes alternative splicing of the SNRNP70

transcript through usage of an alternative 3′ss. This introduces a premature termination codon (PTC), resulting in a

truncated splice variant of SNRNP70 that is targeted for nonsense-mediated decay (NMD), and therefore in decreased

protein expression of SNRNP70. This in turn leads to decreased incorporation of SNRPC in the U1 snRNP, restoring

proper splicing of SNRNP70 to produce the functional protein .

2.1.3. Biogenesis of the Spliceosome: Structure and Assembly of the Other snRNPs

The U2 snRNP, which is the next spliceosome unit to be recruited, consists of the U2 Sm-snRNA complex, the SF3a and

SF3b complexes and additional U2-specific and -related proteins. The U2 snRNA, like U1 snRNA, forms four stem-loops

in the Sm-snRNA complex, of which SL3 and SL4 are bound by U2 snRNP A′ (U2-A′) and B″ (U2-B″) proteins. SL2a is

contacted by the SF3b complex. The branchpoint-interacting stem-loop (BSL) is located between SL2a and SL1, and is

clamped between SF3B1’s HEAT domains. SF3A3 contacts the base of the BSL. The Sm site is located between SL2b

and SL3 . The SF3a complex consists of splicing factor 3A subunits 1, 2 and 3 (SF3A1, SF3A2 and SF3A3). SF3A1

facilitates the interaction between the U1 and U2 snRNPs by interacting with the U1 snRNA through its ubiquitin-like

(UBL) domain . SF3A1, but also U2-related Calcium Homeostasis Endoplasmic Reticulum Protein plays an additional

role in the recruitment of U2 snRNP towards the pre-mRNA through their interactions with branchpoint-bridging protein

(BBP)/Splicing Factor 1 (SF1) . The SF3a complex bridges the Sm-snRNA complex with the SF3b complex . The

SF3b complex consists of RNA splicing factor 3B subunits 1, 2, 3, 4, 5 and 6 (SF3B1-6) and PHD finger-like domain-
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containing protein 5A (PHF5A). In this complex, SF3B6 is positioned in such a way that it can bind to the branchpoint

sequence (BPS), facilitating BPS recognition by the U2 snRNP. SF3B1 adopts a closed conformation surrounding SF3B6,

and serves as a platform for BPS binding together with PHF5A . SF3B1 also appears to play a role in guiding the U2

snRNP towards the pre-mRNA, as this mRNA splicing factor was shown to interact with chromatin at nucleosomes

located at exons to be spliced .

While U1 and U2 snRNPs assemble individually before being recruited in the spliceosome to participate in the RNA

splicing reaction, U4, U5 and U6 preform a tri-snRNP complex in two steps, where U4/U6 first assemble as di-snRNP

before the U5 snRNP attaches. U5 snRNA contains one large stem-loop (SL1) and a smaller SL2. The Sm site is located

between these loops  at the 3′ end . In the mRNA splicing process, SL1 is important for basepairing with the 5′ exon

in the pre-mRNA . In yeast, the U5 Sm core serves as a protein-binding platform for U5 specific proteins Prp8/PRPF8

and Snu114/EFTUD2 that associate either through direct interaction with U5 snRNA or with the Sm ring, respectively .

The U4 and U6 snRNAs are different from U1, U2 and U5, as these are duplexed within the U4/U6 di-snRNP and

U4/U6.U5 tri-snRNP. The U4 snRNA comprises three SLs. The Sm site is located at the 3′ end  and is flanked by SL2

above the flat face of the Sm ring, and by SL3 below the tapered side of the Sm ring. The α-helix that makes up the long

N-terminus of SmD2 interacts with SL2 and its lysine-rich L4 loop between β3 and β4 interacts with the backbone of SL3

of the U4 snRNA. Moreover, SL2 interacts with SmB and SmG, and SL3 interacts with all Sm proteins except SmG and

SmD3 . On either side of SL2, stem 1 and 2 are basepaired with the U6 snRNA . The U4/U6.U5 tri-snRNP is cone-

shaped, with the U5 snRNP core located at the tip and the U4/U6 di-snRNP in the broader top part, with the (L)Sm

heptamers located at the outer corners of the cone. The following proteins are involved in the U4/U6.U5 snRNP assembly.

Small Nuclear Ribonucleoprotein 13 (SNU13) binds to a stem-loop in the U4 snRNA duplexed with the U6 snRNA. Next,

pre-mRNA Processing Factors (PRPF) 31, 3 and 4 are recruited, giving rise to the complete U4/U6 di-snRNP . Prior to

U5 snRNP assembly, PRPF8, EFTUD2 and SNRNP200 form an assembly intermediate with protein AAR2 homolog. The

actual assembly of the U5 snRNP is supported by heat shock protein 90 and R2TP complex (consisting of RuvB-like 1,

RuvB-like 2, PIH1 domain-containing protein 1 and Homeobox-containing protein 1) and zinc finger HIT domain-

containing protein 2 .

The U6 snRNA is the exception from all other snRNAs in the sense that it is not bound by Sm, but by LSm proteins. It

does so at its 3′ end, where it is uridylated by Terminal Uridylyl Transferase 1 . The LSm ring can only recognize U6

snRNA (and not the other snRNAs) because this is the only snRNA that contains the 3′-terminal U tract . In yeast,

U6 snRNA’s 3′ end reaches into the ring structure, but does not stick through it as observed for the other snRNAs, thereby

only interacting with one side of the ring . The authors speculate that this leaves RNA-binding domains on the other

side of the ring accessible to facilitate interactions between the U4 and U6 snRNAs . Indeed, the LSm proteins were

shown to facilitate the formation of the U4/U6 duplex . LSm proteins share homology with Sm proteins , also form

the Sm fold consisting of a short N-terminal α helix and five anti-parallel β strands  and similar to the Sm ring also

assemble in a stepwise manner. LSm6-LSm5-LSm7 resembles SmF-SmE-SmG but at least in yeast forms a hexameric

LSm657-657 intermediate, which subsequently incorporates LSm2-LSm3 (resembling SmD1-SmD2) and finally LSm4-

LSm8 (resembling SmD3-SmB/B’), to form the nuclear LSm2–8 complex that is incorporated in the U6 snRNP . Similar

to SmD3 in the Sm ring, LSm4 is symmetrically dimethylated which enables interaction with the SMN complex .

Comparable to the Sm ring, for each LSm protein, its β4 strand interacts with the β5 strand of the neighboring LSm

protein, and the LSm ring is stabilized by hydrophobic interactions through N-terminal α helices .

2.1.4. Dynamic Composition of the Spliceosome: Assembly on the pre-mRNA Substrate

Throughout the RNA splicing cycle, different spliceosome intermediates are formed, termed the E (early), A (pre-

spliceosome), B (pre-catalytic), B  (activated), B* (catalytically activated; for the first transesterification reaction), C

(catalytic), C* (catalytically activated; for the second transesterification reaction) and P (post-splicing) complexes (Figure

3). These intermediates correspond to specific phases of the splicing process, and consist of varying compositions of

snRNPs and splicing factors that are described in more detail below. Hence, during the splicing reaction, snRNPs and

splicing factors are recruited, rearranged and released in a sequential manner, making the spliceosome a highly dynamic

and fluid structure. Many papers have been published over the past decade regarding the yeast and human spliceosome

intermediates, describing their structural properties and protein and RNA components (reviewed by ), the major

findings of which are summarized here. Notably, the genomic architecture in lower eukaryotes such as yeast is different

from that in higher eukaryotes such as mammals. The former usually have relatively long exons and short introns; the

latter often short exons and sometimes very long introns. Most fundamental studies into the biology of the spliceosome

were done in yeast, or using recombinant transcripts with short introns. Therefore, the general description of spliceosome

assembly below primarily applies to pre-mRNAs with short introns, known as the intron definition model. The steps in the
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process that are probably different for transcripts with long introns, according to the postulated exon definition model ,

are mentioned separately.

Figure 3. Pre-mRNA splicing reaction performed by the spliceosome. The dynamic composition of the spliceosome, with it

different intermediate complexes, is illustrated. Details are given in the main text. Light and dark blue boxes, exons; line,

intron; GU, 5′ splice site; AG, 3′ splice site; YUNAY, branchpoint sequence; Y(n), polypyrimidine tract; M1 and M2, Mg

metal ions at the catalytic site.

The early complex E is the first intermediate that can be discerned in the pre-mRNA splicing process. As mentioned

above, the intronic sequence that is to be spliced out contains the highly conserved dinucleotides GT and AG at the 5′ss

and 3′ss, respectively, that are recognized by the spliceosome. Moreover, the BPS and polypyrimidine tract (PPT) in the

intron play crucial roles in the recruitment of splicing factors. The complex E intermediate is formed when U1 snRNP binds

to the 5′ss through basepairing with the 5′ end of its U1 snRNA. SNRNP70, together with SmD3, coordinates SNRPC to

support the base-pairing interaction between the 5′-end of the U1 snRNA and 5′ss on the pre-mRNA substrate through its

zinc-finger domain . The recruitment appears to be mediated by RNA polymerase II while it is synthesizing the

pre-mRNA; and dependent on the presence of members of the SR family of RNA splicing enhancer proteins . In yeast,

recognition of the 5′ss was shown to be supported by U1C/SNRPC, Luc7/LUC7L2, Nam8/TIA-1  and Prp39/PRPF39

. SF1 binds to the BPS  and U2 snRNP auxiliary factor 65 kDa subunit (U2AF65) and 35 kDa subunit (U2AF35) are

recruited to the PPT and intronic 3′ ss, respectively, of the target pre-mRNA . Subsequently, on short introns U2

snRNP is recruited through interacting with U1 snRNP and SF1, replacing SF1 at the BPS. The association of U2 snRNP

is further stabilized by U2AF65 . On long introns, U2 snRNP is also recruited to SF1 and U2AF65 near the 3′ss and

associates with U1 snRNP, snRNP but positions the U1 snRNP to the downstream 5′ss of the next intron . ATP-

dependent RNA helicase DDX46 is required for the transition from complex E to the pre-spliceosome A, and facilitates

conformational changes within the U2 and the interaction between the U2 and U1 snRNPs . DDX46 remodels the U2

snRNA, allowing its BSL to bind to the BPS in the intron in an ATP-dependent manner, where the adenosine in the YUNAY

consensus sequence is excluded, which is important for later catalysis in the splicing reaction. In yeast, Prp39 anchors U2

snRNP to U1 snRNP by acting as a bridge between the U1C protein and U2 small nuclear ribonucleoprotein A′ (U2A′). In

humans, an interaction between PRPF39 and SNRPC is also observed, but is not crucial for complex A formation . This

is in line with the exon definition model, where the recruited U1 snRNP and U2 snRNP are to participate in splicing of

different introns on either side of the exon. For splicing of transcripts with long introns, neighboring exons must be

juxtaposed, existing U1 snRNP-U2 snRNP interactions across exons need to be broken; and new contacts spanning

introns need to be established. This transition is still poorly understood, but the process is inhibited by hnRNPI. In the

presence of hnRNPI, spliceosome assembly with U1 and U2 snRNPs recruited around exons stalls in an A-like complex

, showing that the transition occurs prior to U4/U6.U5 tri-snRNP recruitment. Recently, a model for early spliceosome

assembly was proposed that unifies the intron definition and exon definition models . Based on cryo-EM analysis of in

vitro assembled complexes E and A it was concluded that the same structure can be formed across either an intron or an

exon. Structural constraints of complexes formed across short exons make it difficult for the U4/U6.U5 tri-snRNP to

subsequently join the spliceosome. This is postulated to be a main trigger for remodeling U1 snRNP-U2 snRNP

interactions into an intron-spanning complex, allowing further spliceosome assembly .
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The pre-activated spliceosome or complex B is formed when the U4/U6.U5 tri-snRNP is recruited. The U5-specific PRPF8

with its N-terminus is able to interact with EFTUD2, DDX23 and the U5 snRNA, which interacts with the pre-mRNA

substrate . As was shown in yeast, Prp8/PRPF8′s C-terminus interacts in U5 with the N-terminal helicase domain of

SNRNP200. SNRNP200′s C-terminus interacts with EFTUD2 and Ubiquitin Specific Peptidase 39 (USP39). Positioned at

the interface of U4/U6 and U5 snRNPs, USP39 is crucial for the stability of the tri-snRNP . Moreover, USP39 is

postulated to keep the SNRNP200 RNA helicase positioned away from the U4/U6 duplex, preventing premature

unwinding of the U4/U6 snRNAs and thereby of spliceosome catalytic activity in the pre-catalytic stage .

During the association of the tri-snRNP with the U2 snRNP, the U1 snRNP places its snRNA between the U4 snRNA and

PRPF8, while the U1 SmE and SmG interact with U5-specific ATP-dependent RNA helicase DDX23 . DDX23 unwinds

the U1 snRNA:5′ss duplex, and is therefore required for B complex formation, as U6 snRNP replaces U1 snRNP at the

5′ss. Mutations in the DDX23 domain involved in ATP hydrolysis stall the spliceosome before complex B formation, in

which U1 snRNP remains associated with the pre-mRNA and the tri-snRNP is not stably integrated yet . The U4 and

U6 snRNAs partly form a duplex within the tri-snRNP, rendering U6 snRNA in its inactive configuration. EFTUD2 is also

involved in the recruitment of the NTC and NineTeen/Prp19 complex related (NTR) complexes. Recruitment of the NTC

and NTR induce conformational changes within the snRNPs necessary for the formation of the active site for the splicing

reaction, such as basepairing of the ACAGAGA box of the U6 snRNA with the 5′ss . As was demonstrated in

yeast, pairing of U6 snRNA with the 5′ss occurs prior to U4:U6 duplex unwinding within the embrace of PRPF8 and

represents a checkpoint for proper complex B assembly .

2.1.5. Dynamic Composition of the Spliceosome: Activation and Catalytic Steps

The unwinding of the U4/U6 snRNAs represents a checkpoint for complex B activation, creating complex Bact. To achieve

this, USP39 dissociates, which repositions SNRNP200 and induces conformational changes in SNRNP200 that prompt its

helicase activity. During activation of catalytic activity, additional conformational changes occur in the tri-snRNP complex.

DDX23 migrates from the outer side of the tri-snRNP towards the RNase H domain of PRPF8 in the center of the complex

where the 5′ss basepairing is switched from U1 to U6 snRNA . This results in the release of the U1 snRNP, thereby

preventing steric clash of this snRNP with SNRNP200 . This transition from U1 to U6 5′ss basepairing is further

supported by the U4/U6.U5 tri-snRNP specific SNRNP27, as was demonstrated in C. elegans . Upon the 5′ss

transition to the U6 snRNA, SNRNP200 unwinds the U4:U6 snRNA duplex resulting in the dissociation of U4 snRNP from

the spliceosome. This allows the 3′ end of the U6 snRNA to basepair with the 5′ end of the U2 snRNA (forming helix I);

and also to form a highly conserved internal stem loop (ISL) within the U6 snRNA . Meanwhile, PRPF8 undergoes

rearrangements from an open to a closed conformation, as a pocket must be formed to harbor the newly formed U2:U6

duplex and the U5 snRNA SL1, which is necessary to form the active catalytic site . Both the helix I and ISL are

involved in the coordination of catalytic metal ions. Overall, SNRNP200, EFTUD2 and PRPF8 are essential for the

transition from the pre-catalytic B complex to the activated B  complex. In this intermediate, the active site is cradled by

PRPF8, consisting of helix I of the U2:U6 duplex, ISL of U6 snRNA, five Mg  ions and SL1 of the U5 snRNA . The SL1

of U5 snRNA is basepaired with the 5′ exon . Moreover, within the active site, a triplex structure is formed by several

nucleotides of the U6 snRNA .

ATP-dependent RNA helicase-like protein Prp2/DHX16 promotes the transition from the activated B  complex to the

catalytically active B* complex , through rearrangement of the U2 snRNP around the U2 snRNA:BPS duplex .

Moreover, several nucleotides of the U6 snRNA are involved in the coordination of Mg  metal ions via binding to their

phosphate groups . Of these, two are directly involved in catalysis of the splicing reaction, and the other three fulfill

more structural roles . The rearrangements around the U2 snRNA:BPS are supported by step I factors YJU2 

 and CWC25  and the presence of one of the two catalytic metal ions (M2) activates the 2′-OH BPS

adenosine to perform step I of the splicing reaction; a nucleophilic attack on the phosphorous atom of the 5′ss G

nucleotide in which the covalent bond between the 5′ exon and 5′ss is broken. A phosphodiester bond is formed between

the BPS adenosine and the guanine of the 5′ss, resulting in an intron-3′exon lariat structure and a free 5′ exon, which

remains anchored to loop I of U5 snRNA  and is stabilized by Prp8 . This represents the complex C spliceosome

intermediate .

Transition from step I complex C into the step II catalytically activated C* complex is facilitated by ATP-dependent RNA

helicase DHX38, which triggers the release of step I factors  and a conformational change in the Prp8 -encapsulated

active site, leading to the replacement of the lariat by the 3′ss at the active site . The introduction of the 3′ss in the

active site is stabilized by SLU7 . During the second transesterification reaction, supported by Prp8/PRPF8, Prp17

and Prp18, the 3′-OH of the 5′ exon performs a nucleophilic attack on the phosphate of the 3′ exon . This results in a

covalent bond between the two exons and an intron lariat still bound by spliceosomal components: the post-splicing

complex P.
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The exon junction complex (EJC) is formed over the ligated exons and connects splicing to other downstream mRNA

processes, such as export, translation and NMD . The ligated exons are bound by U5 snRNA loop I and the 3′ end

of the ligated exon pulled from the intron lariat and the spliceosome by the ATP-dependent RNA helicase Prp22/DHX8

while the intron lariat is released by the ATP-dependent RNA helicase Prp43/DHX15, giving rise to the intron lariat

spliceosome intermediate and the spliced mRNA . In a final step, Prp43/DHX15 releases the U2, U5 and U6 snRNPs

and the NTC and NRC from the intron lariat, facilitating the recycling of these spliceosome components into the next

splicing reaction.

2.2. Regulation of (Alternative) mRNA Splicing

Although for most human genes that undergo alternative splicing one mature transcript variant is usually dominant,

representing at least 30% of the total transcripts, they express many splice variants simultaneously . Exons that are

included in all transcript variants are called constitutive exons; those that are present in only a subset of the transcripts

cassette exons or alternative exons. The exclusion of these cassette exons represents one example of the most common

form of AS—namely exon skipping. Other forms of AS are intron retention, selective incorporation of mutually exclusive

exons and the usage of alternative 3′ or 5′ splice sites, resulting in exclusion of part of an exon or inclusion of part of an

intron. The different types of AS events are illustrated in Figure 4a.

Figure 4. Pre-mRNA splicing events and regulation of alternative splicing. (a) Schematic representation of constitutive

and common types of alternative splicing events. (b) Pre-mRNA splicing regulation. Upper figure: Alternative splicing is

mainly regulated by trans-acting splicing factors (such as hnRNPs and SR proteins, which usually inhibit and promote

splice site usage, respectively) binding to cis-acting splicing regulatory elements (ESE, ISE, ESS and ISS) on the pre-

mRNA substrate. Lower figure: alternative splicing also depends on the elongation rate of RNA polymerase II (Pol II). A

low elongation rate of RNA Pol II might provide more opportunities to weak 3′ss usage; while a high elongation rate of

RNA Pol II might give priority to strong 3′ss usage. Open triangle: splicing silencer element; filled triangle: splicing

enhancer element; arrow: promoting; –I: inhibiting.

AS is regulated through many different factors and intrinsic properties of the pre-mRNA sequence, reviewed extensively

elsewhere  and illustrated in Figure 4b. Foremost, the splice sites themselves are involved in mRNA splicing

regulation. They have limited sequence constraints. According to their compliance to the consensus splice site sequence,

a subdivision can be made in “strong” and “weak” splice sites. However, the strength of a splice site is not only dependent

on its sequence, but is also influenced by the gene context. This is illustrated in a study in which libraries of BRCA2,

SMN1 and ELP1 minigenes harboring sets of randomized 5′ss were transfected into cells and their splicing products were

analyzed by RT-PCR. The authors found that the randomized 5′ss brought about very similar splicing patterns (as

demonstrated by the percent spliced-in values) within the same gene, but very different splicing patterns in the three

genes .
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The strength of the splice site determines the efficiency of recognition by the snRNPs and other splice factors and

competition between splice sites leads to AS. Strong splice sites usually delineate constitutive exons. Splice site usage is

influenced by cis-acting RNA sequence elements, including intronic splicing enhancers (ISEs), intronic splicing silencers

(ISSs), exonic splicing enhancers (ESEs) and exonic splicing silencers (ESSs). These cis-acting regions can be bound by

trans-acting regulatory proteins. The most important trans-acting factors in mRNA splicing are heterogeneous nuclear

ribonucleoproteins (hnRNPs) and serine and arginine-rich (SR) proteins. SR proteins are generally regarded as splicing

enhancers and predominantly bind to ESEs, whereas hnRNPs appear to inhibit splicing, through preventing assembly of

the spliceosome at splice sites. Moreover, SR proteins indirectly promote splicing by impeding hnRNP-mediated

repressive effects. The main cis-acting elements and trans-acting proteins are depicted in Figure 4b. However, opposing

roles for these proteins have also been described and seem to depend on the sequence of the cis-acting element, on the

position with regards to the target site in the pre-mRNA , and whether the surrounding exons are constitutive or not

.

Obviously, mutations in the splice site sequences, which are associated with disease but rare in lung cancer (see Section

3), affect their recognition by the mRNA splicing machinery and thus AS. In addition, mutations elsewhere on the pre-

mRNA transcript may introduce cryptic splice sites that compete with the canonical sites. Here, in particular the role of Alu

retrotransposons is worth mentioning. These most abundant transposable elements in the human genome are present in

most primary transcripts . Alu elements contain cryptic splice sites and when they are inserted in an intron in the

antisense orientation, their poly(A) tract can be recognized as PPT sequence, promoting recruitment of the spliceosome

to the cryptic splice site . If multiple Alu elements are integrated in a long intron they can together delineate a cryptic

exon. When these cryptic sites are used by the mRNA splicing machinery, this creates a new exon. This event known as

exonization contributes to evolutionary complexity. In addition, a systematic analysis of Alu elements integrated in introns

near exons with rather weak splice sites showed that they can alter exon incorporation efficiencies .

2.2.1. Trans-Acting mRNA Splicing Factors

hnRNPs inhibit mRNA splicing through interfering with the core spliceosome. These factors accomplish this by binding to

ISSs or ESSs and are thought to sterically hinder the interaction of the pre-mRNA with core splice factors. Inhibition of the

spliceosomal machinery typically leads to exon exclusion. There are 32 hnRNP proteins known to date (according to

KEGG, amiGO and Reactome database) that can bind distinct sequences in the pre-mRNA and were shown to play a role

in the splicing of different genes. For example, hnRNPL recognizes CA-rich RNA sequences. For the CD44 gene, splicing

of the variant exon 15 (or V10) was enhanced or abolished by the removal or addition of these repeats, respectively.

Inhibition of splicing was explained through inhibition by hnRNPL of U2AF65 binding to the PPT . Another example is

hnRNPC, which was found to compete with U2AF35 for binding to uridine-rich 3′ss. This prevents aberrant inclusion of

cryptic exons, amongst others for the apoptotic regulator BAX mRNA . Interestingly, hnRNPC was also shown to

protect the transcriptome against exonization by competing with U2AF65 for binding at cryptic splice sites created by

integrated Alu elements . Another RBP, hnRNPI, was speculated to act in a similar manner as hnRNPC . The

hnRNP-related Poly(C)-Binding Proteins (PCBPs) promote inclusion of cassette exons by binding to cytosine-rich PPTs

upstream of exons . Interestingly, while hnRNPs are primarily mRNA splicing inhibitors, hnRNPH can either promote

or repress mRNA splicing when binding to different elements on pre-mRNAs. hnRNPH binds to poly-guanine sequences

containing GGG triplets (so-called G-runs). Intronic G-runs nearby 5′ splice sites function as ISE motif, whereas G-runs in

exons are commonly ESS motifs. Hence, recruitment of hnRNPH to a G-run ISE motif increases the strength of the

neighboring 5′splice site thus promoting splicing , whereas hnRNPH inhibits splicing when it binds to a G-run ESS

.

The SR protein family consists of 19 members (according to KEGG, amiGO and Reactome databases) and these proteins

contain one or two N-terminal RNA recognition motifs (RRMs) and one arginine-serine (RS) domain consisting of at least

50 amino acids with successive RS or SR dipeptides at the C-terminus. The RRM binds certain 4–8 nucleotide consensus

sequences in the target pre-mRNA while the RS domain is responsible for protein–protein interactions. With other proteins

in the spliceosome. For instance, SRSF1 recognizes 5′ss through its RRM domain  and directly interacts with

SNRNP70, recruiting the U1 snRNP to the 5′ splice site , where the U1 snRNP further stabilizes the interaction

between SRSF1 and the pre-mRNA . SR proteins bind to pre-mRNA with low affinity and specificity, which contributes

to the highly dynamic nature of the spliceosome . SR proteins are subject to post-translational modifications, such as

phosphorylation by SR protein kinases (SRPKs) and CDC-like kinases (CLKs); and dephosphorylation by

serine/threonine-protein phosphatases. Hypophosphorylation of SRSF1 results in intramolecular interactions within

SRSF1 that prevent its binding to SNRNP70, decreasing the recruitment of U1 snRNP to the pre-mRNA and thereby

reducing mRNA splicing. Conversely, hyperphosphorylation of SRSF1 results in the formation of a splicing-promoting

complex consisting of the ESE, SRSF1 and U1 snRNP . Interestingly, upon phosphorylation by CLK1, SRSF1 was
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found to remain bound to CLK1. SRSF1 was released from CLK1 upon SRPK1 interacting with CLK1, thereby becoming

active and able to recruit U1 snRNP to the pre-mRNA. Thus, SRPK1 and CLK1 activities were both needed to allow

mRNA splicing .

Apart from SR and hnRNP proteins, several other proteins in the spliceosome were also shown to affect AS. For example,

the complex B-specific proteins SMU1 and protein RED are involved in the splicing of short introns (i.e., introns in which

the distance between the 5′ss and the BPS is relatively short). Silencing of these proteins resulted in an increased

retention of this type of introns, but also in skipping of cassette exons and alternative 5′ and 3′ ss selection . In another

study, it was found that knockdown of SMU1 and protein RED show overlapping effects on AS . For another complex

B-specific protein, microfibrillar-associated protein 1, knockdown led to similar effects on intron splicing as knocking down

SMU1 and protein RED, but to a different subset of introns ; and the KHDRBS1 protein was found to interact with U1-

A protein, thereby promoting the recruitment of the U1 snRNP at 5′ss . Nuclear cyclophilins are additional examples of

proteins other than SR or hnRNP proteins that can regulate RNA splicing, specifically through interfering with spliceosome

assembly . In addition to these mRNA splicing enhancers and inhibitors that are widely expressed in many tissues,

there are also highly tissue-specific trans-acting factors that are expressed almost exclusively in e.g., neurons or muscle

cells. For the purpose of this review, these mRNA splicing factors are disregarded.

2.2.2. Effect of Secondary mRNA Structure

The secondary structure of the pre-mRNA substrate can also affect (alternative) splicing (reviewed in ). For example,

stem-loop hairpin structures caused by intramolecular basepairing alter the local accessibility for trans-acting proteins. If a

cis-acting enhancer or silencer motif is present in the stem of a hairpin structure, it is generally inaccessible for protein

binding and thus dysfunctional for mRNA splicing regulation. Conversely, ESEs that are located immediately downstream

of a hairpin structure usually exhibit strong enhancer activity. Hence, mutations in the pre-mRNA sequence that change its

secondary structure by increasing or decreasing the stability of hairpins may affect splice factor binding and thus AS. In

addition, mutations near splice sites may create hairpins that sequester the splice site sequence, thereby inhibiting

recruitment of the spliceosome. In contrast, certain RBPs bind specifically to hairpins. For example, MBNL1 was shown to

bind a hairpin sequence that contains a binding site for U2AF65 in its loop portion. MBNL1 and U2AF65 compete for

binding, where MBNL1 inhibits U2AF65 binding and thus U2 snRNP recruitment when the intron adopts a hairpin

structure, whereas U2AF65 binds to allow splicing when the sequence is in its single-strand fashion . Another

secondary RNA structure that affects splicing efficiency is the so-called G-quadruplex structure. This can be formed by a

conserved sequence motif comprising at least four tracts of GG dinucleotides, folding into a helix consisting of stacked

planar structures that are held together through Hoogsteen hydrogen bonding. In pull-down assays with G-quadruplex-

forming RNA oligonucleotides the spliceosome proteins U2AF65, SRSF1, SRSF9, hnRNPF, hnRNPH and hnRNPU were

identified . The effects of G-quadruplex sequences on AS probably depend on their position within the RNA sequence

and on which trans-acting protein they bind. At least for hnRNPF and hnRNPH there is suggestive evidence that their

binding to G-quadruplex structures changes mRNA splicing . Finally, RNA duplex structures formed by

intramolecular interaction between sequence motifs located at sometimes very large distance in introns were found to

determine AS. An example of this is the alternative exon incorporation in the FGFR2 gene causing different isoforms

expressed in different cell types. The formation of the duplex structure was concluded to function solely to juxtaposition

otherwise distant cis-acting elements .

2.2.3. Effect of mRNA Elongation Rate

As mRNA splicing occurs co-transcriptionally, the rate by which RNA polymerase II elongates the pre-mRNA also

influences the mRNA splicing process (Figure 4b). Intuitively, one could argue that if transcription rate is high, producing a

high concentration of pre-mRNA substrate for the splicing reaction, components of the mRNA splicing machinery could

become limiting, resulting in less efficient splicing. Indeed, studies in yeast revealed that pre-mRNAs compete for the

limited supply of splicing machinery components . However, Ding and Elowitz observed the opposite in mammalian

cells . By measuring constitutive mRNA splicing efficiencies at transcription active sites in individual cells, they found

that splicing efficiency increased with increasing levels of transcription. Since the efficiency of splicing regulates the

nuclear export of mature mRNAs, they hypothesized that this effect amplifies the expression of more strongly transcribed

genes and reduces expression of low-level transcribed genes, thus contributing to gene expression modulation.

Conversely, mRNA splicing also influences RNA elongation. Alexander et al. observed in yeast that RNA polymerase II

paused periodically around the 3′ end of introns . This coincided with—and was dependent on—the recruitment of U2

and U5 snRNPs. RNA polymerase II that stalled near the 3′splice site was hyperphosphorylated in its carboxy-terminal

domain known to recruit RNA processing factors. The authors propose that the mRNA splicing machinery controls a

transcription checkpoint that is activated during formation of the step II catalytically activated spliceosome and released

upon completion of the second step of the RNA splicing reaction. Although there are many candidates, the RNA splicing
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factor responsible for activating the proposed transcription checkpoint and its possible association with RNA polymerase II

has not yet been ascertained.

The RNA elongation rate might also affect the fidelity of the splicing reaction and splice site preference. Regulation of

transcription initiation and elongation is reviewed elsewhere . Critical factors controlling productive elongation by RNA

polymerase II include nucleosome positioning and histone modification. These epigenetic processes influence the speed

at which RNA polymerase II can move forward along the DNA template. How this may affect mRNA splicing is already

extensively discussed by others . During transcription, for any set of alternative splice sites, the upstream located

splice site is created sooner and thus available for recognition by the RNA splicing machinery earlier, giving it a selection

advantage over more downstream splice sites. Thus, in theory, the slower the elongation rate, the longer the time

difference in creation of the competing splice sites; and thus the larger the preference for upstream splice site selection.

However, the kinetic coupling of pre-mRNA elongation and splicing processes appears more complicated. A genome-wide

analysis of AS at different elongation rates revealed that, while the elongation rate clearly affected both constitutive and

alternative mRNA splicing, elongation-rate dependent AS events were not always consistent with this reasoning .

Exons that were included more frequently at slow elongation rates usually had weaker splice sites than those that were

included more often at high elongation rates. However, when the elongation rate was experimentally increased or

reduced, AS of many genes was affected in the same way, rather than having opposing effects, suggesting that a proper

balance of RNA splice variants requires an optimal RNA transcription rate . It also suggests that mRNA splicing

patterns could change if the transcription rate is changed in response to physiological stimuli or disease processes. This,

obviously, is relevant in cancer, where transcription elongation rates of many genes are altered by oncogene expression

.

2.2.4. Effect of Chromatin Structure

Apart from epigenetic processes affecting mRNA splicing through the kinetic coupling of transcription and splicing

discussed above, there is also evidence that chromatin organization and histone modifications have more direct effects on

mRNA splicing, by contributing to exon definition and splice site choice (reviewed in ). Nucleosomes are found

enriched at exon-intron junctions suggesting that they play a role in exon definition . Moreover, in alternatively

spliced genes they are more highly enriched around included exons than around excluded ones. Together, this strongly

argues for a function of nucleosome positioning in regulating splicing . Also, certain histone modification marks are

found enriched at exons, more than would be expected as a consequence of nucleosome distribution . For some

histone modifications a mechanism by which they modulate mRNA splicing was revealed. For example, H3K4me3 was

shown to bind the U2 snRNA via the chromatin remodeling protein CHD1; and this promoted recruitment of the U2 snRNP

to the pre-mRNA branch site . Another example is the recruitment of hnRNPI via MRG15 binding to H3K36me3 .

Thus, histone modifications appear to influence AS by recruiting mRNA splicing factors to the pre-mRNA substrate via

chromatin-binding adapter proteins.

2.3. Other RNA Processing Activities in the Supraspliceosome

In addition to the mRNA splicing machinery, the supraspliceosome harbors associated enzymes with 5′-RNA end capping,

3′-RNA end cleavage, RNA polyadenylation and RNA base editing activities (Figure 5). The co-transcriptional conjunction

of these processes in close proximity in the supraspliceosome makes many of these processes interdependent. In this

section, we discuss these processes and their effects on mRNA splicing.

Figure 5. Illustration of other (pre-)mRNA processing activities performed in the supraspliceosome simultaneous with pre-

mRNA splicing. (a) 5′ capping, (b) 3′ polyadenylation, (c) m6A methylation, (d) A-to-I and C-to-U RNA base editing. Details
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are given in the main text.

2.3.1. mRNA 5′ Capping

RNA 5′ capping (Figure 5a) involves the attachment of an N7-methylated guanosine (m7G) to the first nucleotide of the

pre-mRNA, which protects it from 5′ to 3′ exonuclease cleavage, supports the initiation of translation and recruits the RNA

splicing machinery as well as the factors required for 3′ polyadenylation and nuclear export. The 5′ capping takes place in

three steps, in humans catalyzed by RNA Guanylyltransferase and 5′-Phosphatase (RNGTT) and RNA guanine N7-

methyltransferase (RNMT) (reviewed by ). Additionally, the +1 nucleotide can be methylated at the 2′O of its ribose by

mRNA Cap 2′-O-methyltransferase. The cap structure is bound by the cap binding complex (CBC) in the nucleus. The

CBC proteins CBP20 and CBP80 were found in the supraspliceosome . The CBC recruits spliceosomes and factors

involved in 3′ end processing, RNA export and NMD to the mRNA. After guiding the transport of the processed mRNA into

the cytoplasm, the CBC is replaced by the eukaryotic translation initiation factor 4E (eIF4E) to start mRNA translation .

2.3.2. mRNA 3′ End Cleavage and Polyadenylation

The mechanism and structural details of the 3′RNA end cleavage and polyadenylation machinery that adds a 3′

polyadenosine (poly(A)) tail to most mRNAs to safeguard mRNA stability and regulate translation are reviewed by Kumar

et al.  and is illustrated in Figure 5b. Co-transcriptionally, the AAUAAA hexanucleotide within the polyadenylation

signal (PAS) on the pre-mRNA is recognized by a protein complex composed of the cleavage and polyadenylation

specificity factor 1 (CPSF1), CPSF4, WD repeat domain 33 (WDR33) and pre-mRNA 3′-end-processing factor FIP1. The

CPSF proteins associate with the carboxy-terminal domain of RNA polymerase II to regulate their activities on the mRNA.

This leads to the cleavage of the pre-mRNA, 10–30 nucleotides downstream of the PAS, by CPSF3. Finally, Poly(A)

polymerase (PAP) interacts with FIP1 and adds the poly(A) tail to the cleaved (pre-)mRNA. 3′-end processing complexes

involved in the cleavage of the pre-mRNA downstream of the PAS, i.e., NUDT21, CPSF6, CPSF7 , CPSF1, 2, 3, 4

and FIP1 , CSTF 1, 2 and 3 and symplekin  and polyadenylate-binding protein 2  were all shown to

be present in the supraspliceosome. Most of the mRNA splicing reactions on the pre-mRNA are completed before 3′RNA

end cleavage and polyadenylation occur, but this may be completed for some introns on the polyadenylated RNA . Co-

transcriptionally, U1 snRNP not only plays a crucial role in the mRNA splicing reaction by defining the 5′ss of introns, but

also protects the pre-mRNA from premature cleavage and polyadenylation at cryptic PASs in introns; a process coined

telescripting . Telescripting requires specific base pairing of the U1 snRNA to the pre-mRNA. Presumably, the

binding of U1 snRNP to the intron physically competes with binding of the cleavage/polyadenylation machinery at nearby

sites. Since 5′ splice sites could be at too large a distance of cryptic PASs in long introns, cryptic 5′ splice sites may

primarily serve to protect the pre-mRNA from premature termination by recruiting U1 snRNP . Modulation of PAS

suppression by U1 snRNP also affected alternative splicing patterns .

2.3.3. mRNA Internal Adenosine Methylation

The most prevalent internal mRNA modification in eukaryotes is methylation of adenosine residues at their N6-position

(depicted as m A) in certain consensus sequence motifs that are enriched near stop codons and in long exons 

(Figure 5c). The m A modification is important for gene expression regulation and is reversible. It is installed co-

transcriptionally on the mRNA by methyltransferases, most notably the nuclear complex consisting of METTL3/METTL14

heterodimers with accessory proteins; and can be removed by the demethylases FTO and ALKBH5. Dysregulated

expression of these m A modification enzymes as well as of proteins that bind to m A sites is associated with cancer .

While many effects of m A modification on gene expression involve nuclear export and cytosolic processes such as

mRNA stability and translation efficiency, which for the purpose of this review are disregarded, m A modification also

affects mRNA splicing. The modification changes the mRNA structure, increasing the accessibility for binding of mRNA

splicing silencers hnRNPC and hnRNPG . Consequently, knockdown of METTL3 or METTL14, which reduces m A

modification, induced AS with similar patterns as knockdown of hnRNPs. Conversely, depletion of demethylases ALKBH5

or FTO increased m A levels and changed mRNA splicing patterns . ALKBH5 expression was shown to promote

nuclear localization of SRPK1 and this was associated with increased levels of phosphorylated SRSF1 , which

activates this SR protein to recruit U1 snRNP . Depletion of FTO promoted recruitment of SRSF2 and increased exon

inclusion, presumably by increasing methylation of adenosines in ESEs . Furthermore, the nuclear m A-binding

protein YTDHC1 was shown to bind several members of the SR family of proteins . When YTDHC1 bound to an m A

motif in an exon, this promoted binding of SRSF3 to the mRNA and exon inclusion. At the same time, YTDHC1 inhibited

binding of SRSF10, which would otherwise promote exon skipping. Hence, m A modification clearly favored inclusion of

the exon. Together, these observations suggest that structural changes in the pre-mRNA imposed by methylation

contribute to creating cis-acting signals for regulating mRNA splicing.

2.3.4. mRNA Base Editing
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RNA editing consists of adenosine-to-inosine (A-to-I) substitution, cytosine-to-uridine (C-to-U) substitution, U

insertion/deletion, C or guanosine (G) insertion, 2′-O-methyl ribose nucleotide modification, and U-to-pseudo U

conversion, all resulting in an altered RNA sequence compared to the genetic code on the DNA template . Of these, A-

to-I and C-to-U editing (Figure 5d) are most thoroughly described. A-to-I editing is the most prevalent form of RNA editing

in mammalian cells. The reaction is catalyzed by C6-adenosine deaminases acting on RNA (ADARs). Three mammalian

ADARs are known to date (ADAR1-3), of which ADAR1 and 2 possess catalytic activity, propagated through their C-

terminal deaminase catalytic domains. Site-specificity for editing in exons is dictated by cis-acting complementary repeats

in the intronic sequence (the editing site complementary sequence; ECS) adjacent to the exon containing the adenosine

that is to be edited. An imperfect duplex structure is formed between the intronic sequence and spanning the exonic

editing site, which is essential for recognition by ADARs through their double-stranded RNA (dsRNA) binding motifs .

C-to-U editing is performed by the cytidine deaminase apolipoprotein B mRNA editing enzyme (APOBEC) family.

APOBEC1 binds to single-stranded RNA through its cytidine deaminase domain. Editing activity of APOBEC1 is

dependent on a cis-acting 11 nucleotide sequence adjacent to the editing site and guidance by RNA-binding protein

cofactor A1CF towards the editing site . At least the RNA editing enzymes ADAR1 and ADAR2 were found in the

supraspliceosome, in association with Sm and SR proteins present in the spliceosomes, while retaining their A-to-I editing

activity . RNA base editing can influence simultaneous mRNA splicing and vice versa. While most A-to-I editing sites

are situated in non-coding regions of the mRNA, such as intronic short Alu repeats and 3′-untranslated regions (3′-UTRs)

, editing may change splicing factor recognition sites or cis-acting elements on the template mRNA, thereby changing

the efficiency of splice site recognition and thus causing AS. The mRNA splicing machinery recognizes an inosine as

guanine. Thus, A-to-I editing at an intronic AA dinucleotide can create an AI sequence that effectively mimics the

conserved AG sequence found at 3′ splice sites  creating an alternative splice acceptor site, or, conversely, the

strength of a genuine 3′ss can be dramatically reduced if it is converted from AG to IG . On the other hand, mRNA

splicing may remove the intronic ECS required to form the dsRNA editing template and thus inhibit RNA editing in an

exon. In addition, mRNA splicing factors and base editor enzymes in the supraspliceosome could compete for binding to

the mRNA template through steric hindrance. For example, it has been observed that binding of SRSF9 to a mouse

minigene containing the ECS of the voltage-gated calcium channel CaV1.3 mRNA inhibited A-to-I editing by ADAR2 .

Conversely, binding of ADAR2 to a dsRNA template formed by intron 2 and exon 3 sequences of the RELL2 gene blocked

access of splicing factor U2AF35 to the 3′ splice site, thereby reducing exon 3 inclusion . This exon skipping event led

to degradation of RELL2 transcripts through NMD, possibly contributing to tumorigenesis . RNA splicing can also

influence RNA editing via AS of ADAR transcripts. For instance, ADAR2 pre-mRNA carries a cassette exon in intron 7 that

contains multiple stop codons through which transcripts with this exon are targeted for NMD. In tissues in which inclusion

of the cassette exon is high, ADAR2 expression is decreased and ADAR2-mediated A-to-I editing is low .

2.3.5. Intronic Pri-miRNAs

Intronic pri-miRNAs and key microprocessor proteins Drosha and DGCR8 were found associated with the

supraspliceosome . This suggested that intronic pri-miRNAs are processed in the supraspliceosome. Indeed, for the

miR-106b-25 cluster that is located in intron 13 of the MCM7 pre-mRNA and harbors miRNAs 106b, 93 and 25,

processing from pri-miRNA to pre-miRNA in the supraspliceosome was demonstrated . Interestingly, intronic miRNA

processing and mRNA splicing appeared interdependent. Usage of an alternative 3′ splice acceptor site in MCM7 intron

13 added the miR-25 sequences to an extended exon 14, rather than splicing this section out and subjecting it to the

microprocessor complex. Hence, this AS event resulted in lower miR-25 levels. Specific inhibition of this AS event using

antisense morpholinos, favoring inclusion of the miR-25 pre-miRNA hairpin sequences in the intron, increased miR-25

expression. General inhibition of mRNA splicing using the SF3b1 inhibitor spliceostatin A reduced alternative splice site

usage more than constitutive splice site usage, thereby also increasing miRNA expression. Conversely, inhibition of

miRNA processing through silencing of Drosha increased AS, possibly because the alternative splice site near the hairpin

in the intron is more accessible to the splicing machinery in the absence of Drosha . Together, these observations

support the notion that intronic pri-miRNAs are processed in the supraspliceosome in conjunction with the mRNA splicing

process before being handed over to the nuclear export machinery. A comprehensive analysis of miRNAs in the

supraspliceosome revealed that while most were intronic miRNAs, a substantial fraction was of intergenic origin . In

addition, the majority were mature miRNAs that are apparently shuttled from the cytoplasm to the nucleus; and most of

these were not detected in precursor format . Many miRNAs were found enriched in the supraspliceosome,

suggesting selective association with the supraspliceosome. Hence, their presence in the supraspliceosome is not a

simple reflection of their production in the supraspliceosome during the mRNA splicing process, but suggests an

undiscovered function for miRNAs in this complex. Compelling evidence was obtained to suggest that at least some of

these miRNAs regulate gene expression and perhaps splicing .

2.3.6. mRNA Transport
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Aside from proteins with direct roles in RNA processing and editing, factors involved in mRNA transport (TRanscription-

EXport (TREX) complex) and surveillance and localization (EJC) were found to be associated with the supraspliceosome

. Interestingly, also nuclear matrix and filament proteins were detected, as well as proteins of the nuclear pore

complex. It was speculated that these proteins might play a role in guiding the mRNA from the splicing machinery to the

nuclear pores.

Recently, more striking examples of the interaction between mRNA splicing and other mRNA processing steps were

described. U1 snRNP was found to be involved in the nuclear retention of long noncoding RNAs (lncRNAs), by tethering

these molecules to chromatin. This occurs co-transcriptionally and is dependent on RNA polymerase II. Interestingly,

inhibition of U2 snRNP through treatment with the splicing inhibitor E7107 displayed similar, albeit more subtle effects on

chromatin retention of lncRNAs as compared to interfering with U1 snRNP. In contrast, inhibition of the U4/U6.U5 tri-

snRNP by the drug isoginkgetin did not have any effect . In another study, U1 proteins SNRNP70 and SNRPA, but

also SmD2 were shown to be involved in nuclear retention of spliced lncRNAs . Hence, U1 appears to display multiple

functions to ensure transcriptome integrity distinct from mRNA splicing. For the SF3b complex, a role in mRNA export was

also described. This is, however, independent of U2 snRNP and is achieved through interacting with the TREX complex

. Finally, the U4/U6.U5 tri-snRNP has been implicated in maintaining proper chromatin cohesion and enabling mitotic

progression through its interaction with cohesion .

Together, the supraspliceosome offers a platform for coordinated mRNA processing, splicing, editing, surveillance and

transport. This machine controls all nuclear steps necessary to obtain mature mRNA that can be translated to proteins in

the cytoplasm.
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