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Abstract

Large portions of the genome undergo alternative pre-mRNA splicing in often intricate patterns. 

Alternative splicing regulation requires extensive control mechanisms since errors can have 

deleterious consequences and may lead to developmental defects and disease. Recent work has 

identified a complex network of regulatory RNA elements which guide splicing decisions. In 

addition, the discovery that transcription and splicing are intimately coupled has opened up new 

directions into alternative splicing regulation. Work at the interface of chromatin and RNA biology 

has revealed unexpected molecular links between histone modifications, the transcription 

machinery, and non-coding RNAs (ncRNAs) in the determination of alternative splicing patterns.

More than 90% of human transcripts are alternatively spliced in a highly tissue-specific and 

developmental manner [1●●]. Even relatively modest changes in alternative splicing can 

have dramatic consequences, including altered cellular responses, cell death, and 

uncontrolled proliferation that can lead to disease [2,3]. Alternative splicing specificity is 

commonly thought to be achieved by the combinatorial recruitment of basal splicing factors 

to regulatory RNA motifs on the pre-mRNA [4,6●●]. The availability of splicing factors 

depends primarily on their expression levels, their nuclear localization, and post-

translational modifications modulating their activity [4]. However, expression profiles of 

splicing factors often do not correspond to their expected abundance [5] and it remains 

unclear how cell type-specific, lineage-specific, and tissue-specific alternative splicing 

patterns are established, maintained, and altered in physiological settings such as 

differentiation and development.

A new dimension in the regulation of alternative splicing emerged about a decade ago with 

the demonstration that alternative pre-mRNA splicing is intimately linked to transcription 

[7,8]. Many splicing events occur co-transcriptionally and the splicing machinery is 

physically linked to the transcriptional apparatus via association of splicing factors with the 

elongating RNA polymerase II (RNAP II) [7–9]. These findings have recently been extended 

by numerous studies demonstrating that alternative splicing is sensitive to RNAP II 

elongation rate, chromatin structure, and histone modifications [10●●,11●●,12●●,13●●,

14●●,15●●,16●●]. These observations make it clear that a full understanding of alternative 
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splicing regulation requires integration of the RNA-based regulatory components with those 

of transcription and chromatin. Such an integrated view of alternative splicing regulation is 

now beginning to emerge.

An RNA splicing code

Alternatively spliced exons are defined by subsets of regulatory sequence elements which 

recruit trans-acting splicing factors to the pre-mRNA and act as enhancers or silencers. 

Computational comparison of RNA elements present in alternatively spliced, but not 

constitutive exons, followed by mutational analysis, together with screening of random 

libraries of short sequences inserted into splicing reporters has led to the characterization of 

a myriad of splicing motifs over the years [17,18]. However, the inability to survey large 

numbers of alternative splicing events comprehensively and systematically made it difficult 

to test the universality and predictive power of those RNA motifs.

The recent advent of genome-wide expression analysis using deep RNA sequencing methods 

has now allowed systematic bioinformatic analyses to probe the general validity of known 

regulatory sequences and to identify new ones [1●●,19]. The culmination of this approach is 

the analysis of the splicing patterns of over 3500 cassette-type alternative exons across 27 

mouse tissues ranging from embryonic stages to adult [6●●]. This analysis compiled more 

than 1000 features, based on well-known RNA motifs, newly discovered motifs, and RNA 

secondary structures, and correlated the patterns of tissue-specific alternative splicing with 

the presence of those RNA features around the alternatively spliced exon. Using these motifs 

alone, splicing patterns could be correctly predicted with 65–90% accuracy depending on 

the splicing factor [6●●].

These computational studies now provide the basis for more extensive and specific analysis 

of the role of RNA motifs in tissue-specific regulation of alternative splicing. A key advance 

has been the development of methods to systematically map at the genome-wide level the 

binding sites of RNA-binding proteins using crosslinking immunoprecipitation coupled to 

high-throughput sequencing (CLIP-Seq) [20,21]. These studies reveal a much greater 

complexity of splicing regulation characterized by bind-ing sites far away from exons in the 

intronic regions and splicing factors acting as activators or repressors depending on the 

relative position of the binding site around the exon [20–22].

Despite the high accuracy of splicing outcome predictions using this RNA motif ‘code’, 

RNA sequences alone are not sufficient to account for tissue-specific and develop-mental 

splicing regulation. Other regulatory mechanisms must provide specificity. The discovery 

that the majority of splicing events occur co-transcriptionally allows for the possibility that 

transcription and chromatin play a key role in alternative splicing regulation in vivo.

Regulation of alternative splicing by transcription

Pre-mRNA splicing and its regulation in vivo cannot be considered an isolated process since 

much of splicing occurs co-transcriptionally. While RNAP II still synthesizes the pre-

mRNA, the splicing machinery is already recruited to the nascent transcript and splices out 

the emerging introns before transcription is terminated, suggesting regulatory crosstalk 
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between the two processes [7,8]. Classic experiments demonstrated a strong link between 

RNAP II elongation rate and alternative splicing outcome [23,24]. Using RNAP II mutants 

or inserting pausing elements in reporter minigenes, it was shown that pausing or slowing 

down of the polymer-ase favors exon inclusion in the fibronectin and fibroblast growth 

factor receptor 2 (FGFR2) genes [25,26]. These results led to a ‘kinetic model’ of splicing 

proposing that slowing or pausing of RNAP II increases the window of time an upstream 

weak exon can recruit the splicing machinery before the splicing sites of a stronger down-

stream exon emerge from the polymerase complex (Figure 1a).

Physiological support for a role of RNAP II kinetics in alternative splicing regulation comes 

from the observation that ultraviolet irradiation affects co-transcriptional alternative splicing 

of DNA damage-responsive genes through hyperphosphorylation of the RNAP II C-terminal 

domain (CTD) [12]. Furthermore, inhibition of RNAP II elongation in human T-cells with 

DRB or camptothecin changes the pattern of alternative splicing of a subset of genes, mostly 

involved in RNA processing, by favoring inclusion of an exon that creates RNA instability 

and transcript degradation [13]. In agreement with a kinetic model, the average strength of 

the 5’ and 3’ splice sites of the RNAP II sensitive alternative exons is weaker than of the 

downstream constitutive exons [13].

Further evidence for a role for RNAP II kinetics in the coordinated regulation of gene 

expression is the transient accumulation of RNAP II phosphorylated on serine 5’ which is 

typically enriched at promoters, around the 3’ end of introns in yeast [27●●]. This RNAP II 

pausing is cyclic and splicing-dependent, suggesting that there are synchronized rounds of 

splicing that require pausing of the RNAP II right before the first exon [27●●]. The end of 

the pause correlates with phosphorylation of serine 2, the elongating form of RNAP II, and 

recruitment of several splicing factors possibly constituting a splicing-dependent 

transcriptional checkpoint that abrogates any further transcription until a spliceosome is 

assembled [27●●]. RNAP II accumulation has also been observed toward the end of yeast 

genes with shorter terminal exons, whereas intronless and inefficiently spliced genes lack 

RNAP II pausing, suggesting that another checkpoint at the end of the gene may also exist to 

guarantee that splicing is finished before the termination and release of the transcript from 

the RNAP II complex [9].

Chromatin as a regulator of alternative splicing

If the elongation rate of RNAP II contributes to alternative splicing, how is elongation rate 

controlled? One obvious way is by chromatin structure. It is generally assumed that 

transcription through nucleosome-dense genome regions, such as compacted chromatin, is 

slower than through nucleosome-poor regions. Although direct in vivo evidence of changes 

in elongation rate within a given gene are lacking [28●●], nucleosomes have been shown to 

behave in vitro as fluctuating barriers that locally increase pause density, slow pause 

recovery, and reduce the apparent pause-free velocity of RNAP II [29]. Moreover sequence-

dependent nucleosome positioning in the body of a transcription unit impairs RNAP II 

progression, provokes RNAP II accumulation upstream of the positioned nucleosome, and 

reduces transcription of a reporter minigene [30], suggesting that nucleosome density and 

chromatin structure may regulate RNAP II kinetics.
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In agreement with a role for nucleosome positioning in alternative splicing regulation, 

genome-wide mapping of microccocal nuclease-digested chromatin in plants, 

Caenorhabditis elegans and human T-cells and gametes has revealed enrichment of 

nucleosomes at exons [31●●,32●●,33●●,34●●,35●●,36●●,37●●]. This accumulation is 

independent of gene expression levels [32●●,35●●] and seems to be determined by the 

DNA sequences defining introns [38]. Moreover, while isolated exons flanked by long 

introns are highly enriched in nucleosomes [34●●], alternatively spliced exons present 

slightly less enrichment than constitutive exons [31●●], suggesting a link between 

nucleosome positioning and alternative splicing regulation. It can be envisioned that the 

specific nucleosome enrichment at exons, particularly at weak exons, acts as an RNAP II 

pausing barrier to assure the coordinated recruitment and assembly of the spliceosome 

(Figure 1b). In support, genome-wide mapping of RNAP II also reveals a non-random 

enrichment at exons [31●●,36●●,39●●].

In addition to nucleosomes, histone modifications and DNA methylation are also non-

randomly distributed over exons and may therefore contribute to splicing regulation [31●●,

32●●,34●●,36●●,37●●]. High-throughput mapping of 42 histone marks in human T-cells 

showed preferential distribution of several histone marks at exons [31●●,32,34●●]. Most 

notably, H3K36me3 marks highly transcribed exons and H3K27me2 marks lowly 

transcribed exons [34●●]. Interestingly, H3K36me3 is more enriched in constitutive exons 

than in alternatively spliced ones, possibly defining them as such [37●●]. In support, 

distinctive subsets of histone modifications have been correlated with particular splicing 

patterns in several genes. In the neuron-specific gene NCAM, membrane depolarization 

locally increases H3K9 acetylation and H3K36 methylation around the alternatively spliced 

exon reducing its inclusion [11]. In the case of the fibronectin gene, RNAi-mediated 

heterochromatinization of exon EDI increases H3K9 and H3K27 methylation favoring 

inclusion [10●●]. Similarly, CD44, PKN2, and TAF4B are marked by higher levels of 

H3K9me3 and the chromatin-binding protein HP1g along the alternatively spliced exons 

favoring its inclusion [16]. Finally, in several poly-pyrimidine-tract binding protein (PTB)-

dependent genes, exclusion of the PTB-dependent exon correlates with H3K36me3 levels, 

whereas inclusion correlates with high H3K27me3 and H3K4me3 [14●●]. Importantly, 

modulation of these and other splicing-specific chromatin signatures by inhibitors, 

overexpression of histone modifiers, or knockdown experiments induces changes in 

alternative splicing outcome in a predictable way, suggesting that some histone 

modifications play a direct role in regulating alternative splicing [10●●,11,14●●,16].

One function of histone marks over alternatively spliced genome regions may be to establish 

and maintain nucleosome density in the region which in turn might regulate RNAP II 

elongation rate [24] (Figure 1b). However, it remains to be seen whether changes in 

chromatin structure are capable to elicit alterations in RNAP II elongation rate of the 

magnitude required to cause alternative splicing patterns to change. In addition, it is unclear 

whether kinetic regulation alone can account for competition between splice sites of equal 

strength and situations where more than two splice sites are involved.
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Regulation of alternative splicing by chromatin-splicing adaptor complexes

Apart from modulating RNAP II kinetics, histone modifications have recently been shown to 

also act by a more direct mechanism. Observations on splicing events which are dependent 

on PTB suggest that histone modifications can direct the recruitment of splicing factors to 

the nascent RNA via formation of a chromatin-splicing adaptor complex (Figure 1c) 

[14●●]. This model is based on the analysis of several PTB-dependent genes, including the 

well characterized alternative splicing model FGFR2 [14●●,26]. In these experiments, 

exclusion of the PTB-dependent exon correlated with increased H3K36me3 levels and a 

reduction in H3K36me3 levels favored inclusion of the regulated exon [14●●]. Modulation 

of these and other key histone modifications resulted in the alteration of splicing patterns, 

indicating that these modifications can drive splicing outcome. The molecular link between 

chromatin and the splicing machinery is the chromatin-binding adaptor protein MRG15, 

which reads the histone mark and recruits the splicing factor PTB to the pre-mRNA [14●●] 

(Figure 1c).

The function of such chromatin-splicing adaptor complexes is likely to facilitate the 

recruitment of splicing regulators to weak splice sites. Co-transcriptionally spliced mRNA, 

but not splicing factors, can be isolated from chromatin fractions, suggesting that the affinity 

of splicing factors for nascent RNA is intrinsically weak [9]. Histone marks may increase the 

affinity and stabilize the binding of splicing factors to their RNA motifs. In sup-port, 

genome-wide analysis indicates that the PTB-de-pendent exons which utilize this 

mechanism are characterized by relatively weak PTB-recognition sites, suggesting that 

chromatin-splicing adaptor complexes may facilitate recruitment of PTB to them, whereas 

exons with strong PTB sites do not require such aid [14●●].

In addition to the H3K36me3/MRG15/PTB complex, other adaptor complexes have been 

described, although their function in splicing control has not been established yet [24]. The 

H3K4me3-binding protein CHD1 is important for the recruitment of U2snRNP to the first 

exon of active genes [40] and the H3K9me3-binding protein HP1 co-immunoprecipitates 

with ASF/SF2 and several hnRNPs splicing repressors [41,42], suggesting that the 

combinatorial enrichment of histone marks may act cooperatively to modulate alternative 

splicing out-come.

Histone modifications may affect the recruitment of splicing factors linearly, with relative 

levels of the different histone marks determining the abundance of the chromatin-binding 

proteins that would compete for the recruitment of the corresponding splicing factor to the 

target RNA (Figure 2a). Alternatively, histone modifications may act in a combinatorial 

manner with histone marks cross-talking to each other and either favoring or repressing the 

recruitment of a key chromatin-binding adaptor protein and the interacting splicing factor 

(Figure 2b and c).

These emerging data on the role of histone modifications in alternative splicing regulation 

draw strong parallels between the role of epigenetic modifications in transcription and in 

splicing. In the same way characteristic subsets of histone marks define promoter subtypes 

and gene activity, subsets of histone marks may also define and represent different splicing 
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signatures [24]. Such a model would explain the long-standing conundrum of how cells 

establish and maintain their alternative splicing patterns and how they change them during 

differentiation and development. Just as epigenetic modifications are known to define cell 

type-specific transcription programs that are maintained over cell divisions, epigenetic 

modifications may also establish and maintain cell type-specific alternative splicing 

programs during cell differentiation by using them as a molecular memory to bookmark 

splicing patterns.

The emerging role of ncRNAs in alternative splicing

ncRNAs have recently emerged as novel regulators of alternative splicing. One mode of 

control by ncRNAs is the regulation of the expression of key splicing factors by short 

microRNAs during development and differentiation (Figure 3a). An example is the neuron-

specific microRNA miR-124 that directly regulates expression of the splicing repressor PTB 

[43]. A reduction in PTB levels triggers a neuronal-specific splicing program essential for 

the correct differentiation of progenitor cells into mature neurons during development [43]. 

During mouse myoblast differentiation, there is upregulation of the muscle-restricted 

miR-133 which downregulates the splicing factor nPTB triggering a new muscle-specific 

splicing program [44]. Finally, the miRNA miR-23a/b inhibits the protein levels of the 

splicing regulator CUGBP and ETR-3like factor (CELF) that regulates nearly half of 

developmentally regulated splicing transitions in the heart [45] (Figure 3a).

Another type of short ncRNA, the siRNAs, have also been shown to impact alternative 

splicing. Experimental targeting of a siRNA complementary to the downstream intronic 

region of the alternatively spliced exon EDI of the fibronectin gene induces a localized 

hetero chromatinization and increases inclusion [10●●]. This observation raises the 

intriguing, albeit untested, possibility that RNAi-mediated transcriptional gene silencing 

may also be involved in alternative splicing regulation by modulating chromatin 

conformation near alternatively sliced gene regions (Figure 3b).

A different mode of action for a ncRNA in splicing regulation is exemplified by the long 

ncRNA MALAT-1. This ncRNA has been suggested to act as a buffer to control the pool of 

available splicing-competent serine-arginine rich (SR) proteins in the nucleoplasm [46]. In 

this scenario, inactive SR-proteins are sequestered in nuclear splicing speckles by binding to 

MALAT-1 until needed. Down-regulation of MALAT-1 increases the levels of active SR 

proteins in the nucleoplasm and leads to enhanced exon inclusion in a number of genes [46] 

(Figure 3c).

Although these mechanisms are indirect, there is the intriguing possibility of a more direct 

regulation of alternative splicing by complementary ncRNAs which bind directly to target 

pre-mRNAs. In support of such mechanisms, the brain-specific small nucleolar RNA 

(snoRNA) HB-52II is processed into smaller variants, the psnoRNAs, which are exported 

from the nucleolus to the nucleoplasm for binding by sequence complementarity to a 

silencing element in exon Vb of the serotonin receptor 5-HT2C pre-mRNA [47,48]. The 

binding of the psoRNAs to the exonic splice silencer probably interferes with the binding of 

a splicing repressor, favoring inclusion of the alternatively spliced exon [47,48] (Figure 3d). 
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It will be interesting to see how many other alternative splicing events rely on such direct 

ncRNA regulation.

Conclusion

Regulation of alternative splicing is a multifactorial process. Although contributions from 

RNA motifs and the splicing machinery have long been appreciated, a significant role for 

chromatin, epigenetic modifications, and the transcription machinery are rapidly emerging. 

How precisely these factors contribute to regulation and how they interface with the splicing 

machinery remain to be deter-mined. Regardless, these findings open up new possibilities 

for the understanding of how a complex organism with thousands of highly tissue-specific 

and developmentally regulated alternative splicing programs can establish and maintain 

patterns of alternative splicing with a limited number of splicing regulators. Although we are 

beginning to uncover the effect of chromatin on RNA splicing, remarkably little is known 

about the impact of splicing on transcription and chromatin structure. Initial observations 

suggest that active recruitment of splicing factors to co-transcriptionally spliced genes is 

required for proper RNAP II elongation [49,50]; however, the real impact of splicing 

regulation upon chromatin structure, histone modification distribution, and transcription 

factors recruitment is still poorly understood.

It seems likely that what little we know about the link between chromatin and splicing is just 

the tip of the iceberg. A better understanding of the impact of histone modifications in the 

regulation, establishment and maintenance of cell-specific splicing programs will be 

essential for a full appreciation of the complexity of alternative splicing regulation. 

Importantly, these considerations also have practical implications since they may allow the 

development of novel and more efficient therapies against splicing-specific diseases.
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Figure 1. 
The role of chromatin in alternative splicing. (a) RNAP II elongation rate affects recruitment 

of the splicing machinery. Fast elongation favors inclusion of a downstream exon with 

strong splice sites. (b) A change in chromatin conformation, such as localized 

heterochromatinization (blue ovals and higher density of nucleosomes), slows down RNAP 

II which favors recruitment of splicing factors (yellow oval) to the weaker exon (blue 

rectangle), inducing exon inclusion. (c) Histone modifications (small red circles) can 

directly recruit splicing factors via a chromatin-adaptor system (red ovals) which consists of 

a chromatin-binding protein that reads the histone marks and modulates recruitment of the 

splicing factor to the pre-mRNA (red rectangle).
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Figure 2. 
A ‘histone code’ in alternative splicing. Histone modifications may transmit their 

information in several modes. (a) Histone marks may act linearly with increasing levels of a 

single histone mark recruiting increasing levels of a chromatin-adaptor protein complex 

leading to increased usage of a given site. Competing levels of different histone marks 

modulate the recruitment of competing chromatin-adaptor complexes determining the final 

splicing outcome. (b) Histone modifications may act in combination by favoring (left) or 

inhibiting (right) the recruitment of a single chromatin-splicing complex. (c) Multiple 

histone marks may recruit in combination multiple chromatin-adaptor complexes that will 

favor or inhibit exon inclusion. CBP: chromatin-binding protein; SF: splicing factor.
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Figure 3. 
Mechanisms of alternative splicing regulation by ncRNAs. (a) MicroRNAs (red hairpin) 

regulate the protein levels of key developmental splicing factors (SF, blue rectangle). (b) 
siRNA-mediated heterochromatinization (red ovals) of a weak exon favors its inclusion. (c) 
The long intergenic ncRNA MALAT-1 (red line) maintains a pool of inactive SR proteins 

(dark green spheres) stored in splicing factor compartments (speckle). Splicing factors are 

released from speckles when needed. (d) The binding of a psnoRNA (red line) by sequence 

complementarity to an RNA silencer in the exon interferes with the recruitment of a splicing 

factor (blue rectangle) and subsequent exon inclusion.
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