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RNA plays a central role in the deter-
mination of the phenotype of the 

cell. The molecular mechanisms involved 
in primary RNA synthesis and subse-
quent post-processing are not completely 
understood, but there is increasing evi-
dence that they are more tightly coupled 
than previously expected. The analyses 
by a number of groups of recently pub-
lished genome wide maps of chromatin 
structure have further uncovered a role 
for primary chromatin structure in RNA 
processing. Indeed, these analyses have 
revealed that nucleosomes show a char-
acteristic occupancy pattern in exonic 
regions of metazoan genomes. The pat-
tern is strongly indicative of an implica-
tion of nucleosome positioning in exon 
recognition during pre-mRNA splicing. 
Characteristic exonic patterns have also 
been observed for a number of histone 
modifications, suggesting the possibility 
that chromatin state plays a direct role in 
the regulation of splicing.

Genome function is initiated by the tran-
scription of DNA to RNA. Primary RNA 
transcripts are, in turn, processed to mes-
senger RNAs, or to other functional non 
protein coding RNAs. These processed 
RNAs are the first determinants of the 
biology of the cell. Central in the path-
way leading from primary transcripts to 
mature functional RNAs is splicing, the 
process by which intervening sequences 
in the primary transcript (the introns) are 
excised, and the remaining sequences (the 
exons) concatenated together to form the 
sequence of the mature RNA. Conserved 
sequence motifs, the splice sites, mark 
exon-intron boundaries and are recognized 

by elements of the splicing machinery. 
Splice site sequences, however, do not 
carry enough information to unequivo-
cally specify exon-intron boundaries, 
and a plethora of other sequence motifs, 
recognized by a variety of RNA binding 
proteins, contribute to define and regu-
late splice site selection.1-3 Still, the algebra 
relating particular combinations of regu-
latory motifs to the selection of specific 
splice sites remains largely unknown, and 
despite considerable advances,4 attempts to 
model splicing from the sequence of splice 
sites and of regulatory motifs alone have 
only met with moderate success.4

A prevalent assumption when investi-
gating splicing is that most information 
recognized by the splicing machinery 
and splicing factors is encapsulated in the 
sequence of the primary transcript, and 
that DNA related features, such as chro-
matin structure and epigenetic marks that 
are not carried forward to the sequence 
of the primary transcript, play no rel-
evant role in splicing. Substantial evi-
dence has been accumulated during the 
past years, however, supporting a func-
tional coupling between transcription 
and splicing. Thus, splicing can occur co- 
transcriptionally, the introns being 
removed while the nascent transcript is 
synthesized on the DNA template by the 
RNA polymerase II (RNAPII), as ini-
tially shown by Beyer and co-workers5 
(reviewed in refs. 6–10). RNAPII itself 
directly interacts with RNA processing 
factors,10-14 and the rate of transcription 
is known to affect the inclusion of exons 
in the mature RNA.15-19 The coupling of 
splicing with transcription opens thus the 
possibility that DNA related features, that 
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(blastulae)27 and retained nucleosomes 
in human sperm28 have been produced.  
A flurry of papers29-34 appeared late in 2009, 
describing complementary computational 
analysis of these maps. All these analy-
ses provide strong evidence that internal 
exons are enriched in nucleosomes both in 
human and worm, and uncover a number 
of features characterizing the relationship 
between the exonic structure of genes and 
nucleosome occupancy:

Nucleosome occupancy in exons is 
independent of transcription. Indeed, 
while highly expressed genes have lower 
nucleosome level in and around exons, 
consistent with nucleosome depletion dur-
ing RNA-Pol2 passage,35 the nucleosome 
peak is observed in exons both from 
expressed and silent genes.29-32 This is in 
contrast to the largely expression depen-
dent exonic H3K36me3 peak.24

Nucleosome enrichment is as strong 
on exons as at TSSs. While nucleosome 
enrichment on exons was discovered 
after that at the +1 nucleosome of TSSs 
in CD4+ T-cells,25 it is at least equal in 
strength.31,33 

Exons with weak splice sites have stron-
ger nucleosome occupancy. Moreover, in 
exons with strong splice sites an extended 
region of nucleosome occupancy occurs 
upstream from the acceptor site—a region 
which is absent in exons with weak splice 
sites.30 The patterns are more obvious with 
acceptor sites30,33 but are also apparent 
with donor sites.33

Exons surrounded by longer introns 
have stronger nucleosome occupancy. 
Mammalian introns are frequently, but not 
always, order(s) of magnitude longer than 
exons and this feature of gene architecture 
is also related to nucleosome occupancy on 
exons: exons surrounded by long introns 
show higher nucleosome occupancy than 
exons surrounded by short introns.33

Nucleosome occupancy is stronger in 
longer exons. For exons shorter than 50 bps 
the nucleosome peak is almost absent31 and 
it tends to grow and “move” downstream 
from the acceptor site towards the center of 
the exon as exon length increases.29,30 This 
behavior is more evident in exons with 
weak acceptor sites.30

Pseudoexons are depleted of nucleo-
somes.30 Pseudoexons are intronic regions 
of length similar to that of bona fide exons 

and massively parallel sequencing, has 
the delineation of such maps become 
feasible. Thus, Kolasinska-Zwierz and 
co-workers24 have produced genome wide 
maps of three histone H3 tail modifi-
cations in Caenorhabditis elegans using 
chromatin immunoprecipitation (ChIP) 
followed by microarray hybridization. 
They have found that Trimethylation of 
Lys36 (H3K36me3) is enriched within 
exons relative to introns, providing the 
first experimental indication that chro-
matin structure could indeed be related 
to the exonic structure of genes. Global 
genome wide occupancy maps for all 
nucleosomes, irrespectively of modifica-
tion status, have recently also become 
available for human (CD4+ T-cells)25 
and worm26 (whole worm tissue mix). 
These have been obtained by high-
throughput sequencing of DNA from 
micrococcal nuclease (MNase) digested 
chromatin preparations. More recently 
nucleosome maps for two medaka strains 

influence transcription, also play a role in 
splicing. Actually, a relationship between 
chromatin structure and splicing had 
already been speculated on as early as 
1991,20 after the observation that the dis-
tance between consecutive splice splice 
junctions follows a periodic pattern, 
compatible with nucleosome phasing. 
Moreover, examples of direct chromatin-
splicing interactions have been found 
recently: A subunit of the chromatin 
remodeling complex SWI/SNF regulates 
splicing21 and histone modifications have 
been shown to be involved in splicing 
regulation.17,19,22,23 (For a more detailed 
description of these findings see Schor, et 
al., in this issue.) The investigation of the 
relationship between chromatin struc-
ture (i.e., at single nucleosome level) and 
splicing has been compounded, however, 
by the lack of high resolution nucleosome 
and chromatin status maps of higher 
eukaryotic genomes. Only recently, with 
the advent of genome wide tiling arrays 

Figure 1. Chromatin involvement in co-transcriptional splicing. View of co-transcriptional splicing 
as proposed and drawn by Kornblihtt et al.7 Splicing is co-transcriptional, allowing transcription 
kinetics and thereby broad chromatin structure (e.g., open/closed chromatin state) to influence 
splicing (top). Extension of the top-panel-model, in which stable positioning of possibly single 
nucleosomes and histone modifications can also influence splicing. in particular nucleosome  
occupancy within exons will contribute to their inclusion in the mature transcript.

D
ow

nl
oa

de
d 

by
 [

B
ib

lio
te

ca
, U

ni
ve

rs
ita

t P
om

pe
u 

Fa
br

a]
 a

t 0
5:

05
 1

2 
Ja

nu
ar

y 
20

16
 



182 Epignetics Volume 5 issue 3

nucleosome length influences exon length 
than the other way around if only because 
exons constitute only a small fraction of 
the sequence of the genomes, and genomes 
without exons or with very few exons nev-
ertheless have nucleosomes. Interestingly, 
the length of human exons with weak 
splice sites, in which nucleosomes are 
positioned more stably, is even closer 
to the nucleosome length and less vari-
able.30 A mechanistic connection between 
nucleosome positioning and splicing would 
also provide a complementary explanation 
for the elevated GC content in exons—
usually attributed to protein coding bias. 
Indeed, we speculate that such elevated 
GC content may partially result from the 
need of exons to accommodate GC rich 
nucleosome sequences contributing to 
the proper recognition of the exons’ splice 
sites.30 In support of this hypothesis non-
coding exons are also relatively enriched 
in nucleosomes.29,30 Interestingly, they 
also exhibit elevated relative GC content, 
which in this case cannot be explained by 
protein coding bias.

Particularly intriguing is the role of 
histone modifications in this mechanism. 
Indeed, a variety of histone modifications 
have been reported to exhibit specific pat-
terns on exons (see Table 1). Some of these 
patterns could simply reflect increased 
nucleosome occupancy within exons, 
but others could constitute additional 
determinants contributing to proper 
splicing of exons. In this regard, results 
on H3K36me3 are controversial. Thus, 
Kolasinska-Zwierz et al.24 found enrich-
ment of H3K36me3 to be significantly 
stronger than nucleosome occupancy 
in expressed genes in worm. Similarly, 
Spies and co-workers,33 after analysis 
of data by Barski et al.41 found exonic 
H3K36me3 (and H3K27me2) enrich-
ment to be significantly stronger than 
nucleosome enrichment in human CD4+ 
T-cells. In contrast, two other reports ana-
lyzing the same human data, found that 
the nucleosome peak and the H3K36me3 
peak are strikingly similar,29,30 although 
an extra stepwise H3K36me3 increase at 
the acceptor could not be explained by 
nucleosome occupancy alone.30,32 Taken 
together, these observations can be inter-
preted in different and not mutually 
exclusive ways: Nucleosome enrichment 

introns—in which decoy pseudoexons 
are very abundant, confounding proper 
exon recognition. Conversely, nucleosome 
depletion downstream from a poten-
tial acceptor site coupled with upstream 
occupancy would prevent the inclusion of 
pseudoexons with strong splice sites. The 
molecular mechanisms by means of which 
nucleosomes mark exons remain to be elu-
cidated, but different non-mutually exclu-
sive hypothesis have been put forward. 
First, nucleosome positioning could influ-
ence transcription kinetics.29,30,33 Second 
nucleosomes could directly or indirectly 
contribute to specifically recruit splic-
ing factors during transcription,29-31,33,34 
a possibility supported by recent find-
ings that some splicing factors can bind 
to nucleosomes in a histone—tail- 
modification regulated fashion.23,40 Both 
hypotheses are in-line with a model under 
which nucleosomes could co-transcrip-
tionally enhance exon definition30,32,33—
a phenomenon by which splicing factors 
bound at the flanking splice sites stabilize 
each other.

Strictly speaking, however, the obser-
vations above are only indicative of cor-
relation between nucleosome occupancy 
and splicing, but they are not conclusive of 
directionality in the relation or of causa-
tion. It could be argued, for instance, that 
the elevated GC content of exons contrib-
utes to position nucleosomes—which have 
also been postulated to prefer GC-rich 
regions. If so, preferential positioning of 
nucleosomes in exons would simply reflect 
the sequence composition of the latter, but 
it would not imply that nucleosomes are 
part of the mechanism for exon selection. 
While, in absence of further experimental 
evidence, this hypothesis cannot be com-
pletely ruled out, we believe that the char-
acteristic nucleosome occupancy patterns 
in weak vs. strong splice sites, in exons sur-
rounded by long introns, and in pseudoex-
ons are strongly suggestive of a functional 
implication of nucleosome positioning in 
splicing. Also in support of such an impli-
cation is the observation that the median 
length of internal exons is similar to the 
length of the DNA sequence wrapping 
around the nucleosome in at least seven 
investigated metazoans,29 consistent with 
nucleosomes playing a role in exon defini-
tion. It looks, indeed, more plausible that 

and flanked by strong splice sites, but with 
no evidence of inclusion in mature RNA 
sequences. 

Sequence dependent computational 
predictions of nucleosome positioning 
recapitulate the nucleosome peaks on 
exons.29,30 Computational predictions 
are also able to detect the differences in 
nucleosome occupancy observed between 
exons with weak and strong splice sites on 
the one hand, and exons and pseudoexons 
on the other hand.30

Nucleosome occupancy in exons 
appears to be conserved across metazo-
ans.24,26,29-32 Predicted nucleosome peaks 
are observed in exons from seven metazo-
ans29 (human, mouse, chicken, zebrafish, 
ciona, fruitfly and worm) suggesting, 
together with the experimental results 
in worm,26 that the relation between 
nucleosomes and splicing is broadly con-
served through metazoan evolution.

Splicing regulatory motifs and chro-
matin structure are related. Intronic 
splicing regulatory motifs36,37 are depleted 
in nucleosomes, while exonic splicing 
enhancers and silencers,4,38,39 appear not 
to be.29

Nucleosome occupancy on exons is 
present independent of sequence con-
servation and GC content. Nucleosome 
occupancy on exons is present indepen-
dent of sequence conservation32 and GC 
content,29,31,32 although the strength of 
nucleosome occupancy and GC-content 
are correlated.29 In fact, sequence com-
position could largely explain differential 
nucleosome occupancy between exons and 
pseudoexons,33 but simple GC content is 
not the only factor.30

Taken all together these observations 
are suggestive for a role of nucleosome 
occupancy in splicing, a possibility raised 
by most authors.(Fig 1) More specifically, 
the interplay between nucleosome occu-
pancy upstream and downstream from 
potential acceptor sites would serve as an 
additional mark for exons: nucleosome 
depletion upstream from the acceptor 
site coupled with nucleosome occupancy 
within the exon would promote the inclu-
sion of exons with weak splice sites, which 
are commonly assumed in need of addi-
tional factors for proper recognition. A 
similar pattern would facilitate the iden-
tification of exons surrounded by long 
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unexpected. The genome wide maps of 
chromatin structure and chromatin modi-
fications that lead to the discovery were not 
produced with the aim of understanding 
splicing. The relationship actually escaped 
the producers of the data, and it took more 
than a year before it was independently 
discovered by a number of groups through 
quite straightforward and, in some cases, 
serendipitous bioinformatic analyses. The 
relevance to our understanding of splicing 
of the findings triggered by these chroma-
tin maps augurs that a very active field of 
research will soon emerge in the intersec-
tion of chromatin and splicing. Indeed, 
in spite of the scarce and premature data, 
preliminary results already indicate that 
chromatin information can be used to 
predict splicing behavior. Thus inclusion 
levels of alternative exons, appear to be 
predictable from their relative nucleosome 
occupancy.29,30 On the other hand using 
nucleosome positioning as an additional 

to multiple histone modifications, could 
have an impact on splicing specificity, 
which is to date not sufficiently explained. 
Chromatin structure and regulated chro-
matin modifications could thus play a 
role in alternative splicing regulation. 
Preliminary data suggests that possibil-
ity. Indeed alternative exons have lower 
peaks of H3K36me3 than surrounding 
constitutive exons in worm and mouse,24 
although Spies et al.33 could not confirm 
this finding in humans. Supporting a 
connection between alternative splicing 
and histone modifications, human exonic 
H3K36me3 levels were found to correlate 
with exon expression and inclusion31,34 as 
measured by exon arrays in very similar 
cells.44 Consistently, constitutive exons 
were found to exhibit stronger nucleosome 
peaks than alternative exons.29

The relationship between chroma-
tin and splicing uncovered by a num-
ber of groups during 2009 was mostly 

on exons and H3K36me3 (-H3K27me2) 
marking of exonic nucleosomes could be 
two separate phenomena, the combination 
of which leads to the exonic peak obtained 
from H3K36me3 (-H3K27me2) data 
sets. However nucleosome positioning on 
exons could also be a means of enhancing 
H3K36me3 (-H3K27me2)-marking of 
exons as compared to introns.

Some modifications, on the other 
hand, appear to mark exons depending 
on their position in the transcript. Thus, 
Hon et al.34 find H3K36me3 enrich-
ment on exons towards the 3'end of the 
gene and enrichment in H2BK5me1 and 
H4K20me1 towards the 5'end of the gene. 
These authors also report two chromatin 
signatures, marking exons with a com-
bination of at least two histone modi-
fications. This is especially exciting, as 
combinatorics on RNA-motif level have 
been proposed to influence splicing.1,2,42,43 
An expansion of this combinatorial logic 

Table 1. Histone modifications and exons

Histone aa Modification Non uniform around exons
Different from nucleosome around 

exons

H3

K4

me1 Nakuri et al.,32 Spies et al.33 Spies et al.33

me2 Spies et al.33 Spies et al.33

me3 Spies et al.33

K9

me1 Nakuri et al.,32 Spies et al.33 Spies et al.33

me2 Spies et al.33 Spies et al.33

me3 Hon et al.34 Spies et al.33

K27

me1 Andersson et al.,31 Nakuri et al.,32 Spies et al.,33 Hon et al.34 Spies et al.33

me2 Andersson et al.,31 Spies et al.33 Spies et al.33

me3 Andersson et al.,31 Spies et al.33 Spies et al.33

K36

me1 Spies et al.33 Spies et al.33

me3
Kolasinska-Zwierz et al.,24 Schwartz et al.,29 Tilgner et al.,30 
Andersson et al.,31 Nakuri et al.,32 Spies et al.,33 Hon et al.34

Kolasinska-Zwierz et al.,24 Tilgner  
et al.,30 Nakuri et al.,32 Spies et al.33

K79

me1 Schwartz et al.,29 Andersson et al.,31 Spies et al.33  Spies et al.33

me2 Spies et al.33 Spies et al.33

me3 Spies et al.,33 Hon et al.34 Spies et al.33

R2
me1 Spies et al.33 Spies et al.33

me2 (as) Spies et al.33 Spies et al.33

H4 K20
me1 Schwartz et al.,29 Spies et al.,33 Hon et al.34 Tilgner et al.,30 Spies et al.33

me3 Spies et al.33 Spies et al.33

H2A/
H4

R3
H2A + 

H4R3me2
Spies et al.33 Spies et al.33

H2B K5 me1
Schwartz et al.,29 Andersson et al.,31 Nakuri et al.,32 Spies et 

al.,33 Hon et al.34

Histone modifications (columns 1–3) that have been reported to be enriched on exons (column 4) and to exhibit a different enrichment on exons 
than nucleosomes (column 5). note that not all reports investigated all modifications or investigated difference between histone modification 
and  nucleosome peaks; Hon and co-workers34 above all investigated modification “signatures” (combinations of histone modifications). Aiming for 
 completeness we mention all modifications that are part of an exon related signature.
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their abilities to control alternative splicing. J Biol 
Chem 2002; 277:43110-4.
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of trimethylated histone H3 lysine 4 facilitates the 
recruitment of transcription postinitiation factors 
and pre-mRNA splicing. Mol Cell 2007; 28:665-76.

24. Kolasinska-Zwierz P, Down T, Latorre I, Liu T, Liu 
XS, Ahringer J. Differential chromatin marking of 
introns and expressed exons by H3K36me3. Nat 
Genet 2009; 41:376-81.

25. Schones DE, Cui K, Cuddapah S, Roh TY, Barski 
A, Wang Z, et al. Dynamic regulation of nucleosome 
positioning in the human genome. Cell 2008; 
132:887-98.
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S, Peckham H, et al. A high-resolution, nucleosome 
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sequence-dictated positioning. Genome Res 2008; 
18:1051-63.

factor in a model for splicing simulation 
provides modest but significant gains, 
when compared with a model using splice 
sites and regulatory sequences only.33

The accumulation of genome wide 
data on nucleosome positioning and chro-
matin modifications across multiple cell 
types and conditions (and species), cou-
pled with data on alternative inclusion of 
exons across the same conditions—which, 
thanks to massively parallel sequencing 
of RNA (RNASeq), can also be easily 
obtained genome wide—will substantially 
contribute to the elucidation of the histone 
modifications and nucleosome remodeling 
events that may play a role in the splic-
ing of exons specific to a particular cell 
type or condition. This could lead to the 
delineation of a combinatorial code of his-
tone modifications for alternative splicing 
regulation. On the other hand, directed 
experiments with artificial multiexonic 
gene constructs, in which the possibil-
ity exists of manipulating positioning of 
nucleosomes and histone modifications, 
and to monitor how these manipulations 
influence splicing of exons, will shed light 
on the molecular events that mediate the 
participation of chromatin in splicing. 
Exciting times lie ahead in the investiga-
tion of splicing; the unexpected discovery 
that chromatin structure may play a role in 
splicing, may provide a definitive impulse 
to the understanding of this phenome-
non—one of the most puzzling, from the 
evolutionary standpoint, in the pathway 
from the DNA to protein sequences.
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