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Human transcriptomes are more divergent than genes and contribute to the sophistication of life. This divergence is

derived from various isoforms arising from alternative splicing. In addition, alternative splicing regulated by spliceosomal

factors and RNA structures, such as the RNA G-quadruplex, is important not only for isoform diversity but also for

regulating gene expression. Therefore, abnormal splicing leads to serious diseases such as cancer and

neurodegenerative disorders.We describe the regulation of divergent transcriptomes using alternative mRNA splicing.
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1. Introduction

In eukaryotic cells, protein-coding genes are transcribed as pre-messenger RNA (mRNA) in the nucleus and pre-mRNA

undergoes several RNA processing steps, such as 5′-capping, splicing, and 3′-end processing. These gene expression

processes are tightly coordinated with each other to achieve efficient and accurate gene expression . After the mRNA

processing steps, the mature mRNA is exported from the nucleus to the cytoplasm for translation. Human transcriptomes

are more divergent than genes. This divergence is derived from various isoforms arising from alternative splicing, which is

an essential biological process for considerable proteomic diversity and complexity despite the relatively limited number of

human genes . Furthermore, alternative splicing has important roles not only for expressing proteins through transcript

diversity but also for regulating gene expression. Transcripts from most human protein-coding genes undergo one or more

forms of alternative splicing. Alternatively spliced isoforms vary greatly from tissue to tissue . Recent comprehensive

analysis suggested that more than 40% of genes express multiple isoforms in a single tissue . In particular, many

isoforms containing alternative exons are expressed in neurons; thus, the brain displays the most complex pattern of

alternative splicing . Alternative splicing contributes to cell differentiation and lineage determination, tissue identity

acquisition and maintenance, and organ development . Thus, alternative splicing is considered to be a key

mechanism for regulating gene expression networks, as well as for human diversity or sophistication.

2. Data

The spliceosome, a multimegadalton ribonucleoprotein (RNP) complex comprising five snRNPs and numerous proteins,

carries out splicing of pre-mRNA molecules to remove introns, then conjoins exons in different arrangements that

potentially encode alternative protein isoforms . Spliceosome complexes are assembled at the splice sites in a pre-

mRNA transcript, involving a stepwise assembly pathway of the U1, U2, and U4/5/6 snRNP spliceosome subunits. The U1

snRNP binds the 5′ splice site (5′ ss), and splicing factor 1 (SF1) and U2 snRNP auxiliary factor (U2AF) 1/2 bind the

branch point (BP), polypyrimidine tract, and the 3′ ss, respectively (Figure 1). After binding, the U2 snRNP containing the

splicing factor 3A (SF3A) and splicing factor 3B (SF3B) subcomplex stably associates with BP, following the engagement

of U4/U6 and U5 snRNPs in the form of a tri-snRNP particle. This leads to the destabilization of the U1 and U4 snRNPs.

These conformational and compositional rearrangements of spliceosomal components result in the activated

spliceosome; this emergence triggers two sequential transesterification reactions to produce the spliced-mRNA. Additional

interactions that contribute to the recognition of intron–exon boundaries and/or the spliceosome assembly are mediated

by elements of the cis-acting exonic-splicing enhancer (ESE) and intronic-splicing enhancer, and exonic-splicing silencer

(ESS) and intronic-splicing silencer, which are recognized by auxiliary splicing factors, including the Ser/Arg-rich (SR)

proteins (hereafter described as SRSFs) and heterogeneous nuclear ribonucleoproteins (hnRNPs) . Strict recognition

of the splicing site by these factors enables individual alternative splicing.
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Figure 1. Regulation of gene expression through alternative splicing. (A) Five types of alternative splicing events.

"Cassette exons" means inclusion or skipping of an exon. (B) Outline of the alternative splicing control by various factors.

The U1 ribonucleoprotein (snRNP) function to recognize the 5′ splice site (ss) and the cryptic polyadenylation signals

(PASs) with cleavage and polyadenylation factors (CPAFs). Splicing factor 1 (SF1), U2 snRNP auxiliary factor 1 (U2AF1),

and U2AF2 bind the branch point (BP; shown as a blue “A”), polypyrimidine tract (shown as “Py-tract”), and 3′ ss (shown

as a blue “AG”), respectively. U2 snRNP containing splicing factor 3B1 (SF3B1), SURP and G-patch domain containing 1

(SUGP1) displaces SF1 and binds to the BP. SR protein families and hnRNPs recognize the exonic-splicing enhancer

(ESE) and exonic-splicing silencer(ESS) elements, respectively, and contribute to the recognition of the splice site and the

spliceosome assembly by splicing factors. The cryptic 3′ ss (shown as a red “AG”) recognition is repressed by hnRNP.

RNA G-quadruplex (rG4) structures affect splicing by acting as RNA-binding protein motifs. (C) Association of alternative

splicing and gene regulation. Without U1 snRNP, the CPAF recognizes intronic PASs and generates short transcripts due

to premature cleavage and polyadenylation. Some intron-containing transcripts are associated with U1 snRNP, U2AF2,

and SR proteins, and they are tethered in the nucleus. Intron-containing transcripts, which are exported to the cytoplasm,

often contain a premature termination codon (PTC) and are eliminated by nonsense-mediated messenger RNA (mRNA)

decay (NMD). Similarly, other alternative and cryptic-spliced transcripts with PTC are also degraded by NMD.

 

Splicing contributes to precise gene regulation in connection with other forms of processing in the nucleus. For example,

splicing of first introns feeds back to transcription elongation and the efficiency of last intron removal affects cleavage and

polyadenylation of mRNAs . Coupling mRNA splicing to mRNA export ensures efficient nuclear export of mature

mRNPs for translation in the cytoplasm mediated by the evolutionarily conserved transcription and export (TREX)

complex . The TREX complex is recruited to mRNA in a splicing-dependent manner via splicing factor and UAP56,

and it triggers the association of nuclear RNA export factor 1 (NXF1), which is a final mRNA export factor, onto the export

competent mRNA. Recently, a molecular mechanism that suppresses the recruitment of NXF1 to incompletely spliced

mRNAs was partly demonstrated . In addition, gene regulation through nonsense-mediated mRNA decay (NMD)

was shown .The aberrant transcript with the pre-mature termination codon, derived from abnormal

splicing, is removed by NMD.

Mis-regulation of complicated alternative splicing is associated with cancers, and abnormal expression or mutations in

splicing factors contribute to tumorigenesis and neurodegenerative disorders . Recently, various compounds with

splicing inhibitor activity were established. These chemical compounds are expected to act not only as a biological tool to

investigate complicated splicing processes but also for anti-cancer drugs targeted to the splicing machinery. Food-derived

compounds having similar functions were also identified and are receiving attention.
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