










hybridize with nascent RNAs at the region where chromatin
modification will take place. Indeed, we showed that siRNA
transfection augments H3K9me2 and H3K27me3 marks at
the endogenous targeted intragenic region, with no changes
observed at the promoter. The siRNA effect on splicing
needs AGO1, the argonaute protein necessary to guide
small RNAs to their genomic targets leading to chromatin
modifications characteristic of TGS. Consistent with a
model in which local heterochromatinization affects alter-
native splicing by partially blocking elongation, the siRNA
effect on E33 splicing is abolished by treatments that pro-
mote chromatin relaxation, such as inhibition of histone
deacetylases by TSA or inhibition of H3K9 methylation
with the drug BIX-01294 [2-(hexahydro-4-methyl-1H-1,4-
diazepin-1-yl)-6,7-dimethoxy-N-[1-(phenylmethyl)-4-
piperidinyl]4-quinazolinamine]]. Furthermore, the siRNA
effect is abrogated by depletion of the heterochromatin pro-
tein HP1α. In view of the multiple and various evidence for
the involvement of chromatin in siRNA effects on splicing,

we decided to name this mechanism TGS-AS for transcrip-
tional gene silencing–regulated alternative splicing. It is
worth noting that because mutations which affect alternative
splicing patterns are frequent causes of hereditary disease
and cancer, siRNAs may represent a new therapeutic tool
to correct gene and exon-specific alternative splicing de-
fects via TGS-AS.

The next question, still unanswered, is whether there ex-
ists a physiological TGS-AS mechanism, i.e., endogenous
double-strand RNAs that regulate alternative splicing
through histone modifications in mammalian cells. Poten-
tial candidates are Piwi RNAs (Kuramochi-Miyagawa et
al. 2008) and endogenous siRNAs (Zhang et al. 2008)
shown to regulate gene expression in mammalian cells
through histone modifications and DNA methylation. mi-
croRNAs (miRNAs), recently shown to trigger TGS in the
moss Physcomitrella patens (Khraiwesh et al. 2010) and
in mammalian cells (Kim et al. 2008), and sense–antisense
transcription couples, resulting from regions with bidirec-
tional and overlapping transcription that triggers epige-
netic silencing, are also good candidates (Yu et al. 2008). 

As a first step aimed at identifying an endogenous TGS-
AS pathway, we performed ChIP-seq using antibodies
against AGO1 (a key player in TGS) and histone H3 cova-
lent modifications (H3K9me2, H3K27me3, H3K36me3,
and H3). Preliminary data allowed for the identification of
24,000 target regions for AGO1, 23,000 for H3K9me2, and
51,000 for H3K27me3 in the genome of the human mam-
mary cell line MCF7. Approximately 50% of the targets
for each mark map within genes and, among these, AGO1
targets are enriched in exons, preferentially in genes with
low expression levels. Approximately 17% of the
H3K9me2 targets overlap with H3K27me3 targets when
analyzed genome wide. However, the overlapping in-
creases to 55% when only AGO1 target regions are con-
sidered. These results indicate that AGO1 is found in the
nucleus, located at specific regions of the genome, and
preferentially associated with histone silencing marks.
Whether this association is mediated by RNA or is
causative of TGS remains to be determined.

CHROMATIN MODIFICATIONS AND
RECRUITMENT OF SPLICING FACTORS

Revealing an elongation-independent role for chromatin
on splicing, recent reports suggest that histone modifica-
tions can affect both constitutive and alternative splicing,
by either directly or indirectly recruiting splicing factors.
H3K4 trimethylation, a mark observed in the 5′-end prox-
imal regions of active genes, can recruit components of
early spliceosomal complexes through the chromodomain-
containing protein CHD1, enhancing splicing efficiency
(Sims et al. 2007). A more straightforward indication of
the role of particular histone modifications on alternative
splicing has been reported by the Misteli laboratory (Luco
et al. 2010). These investigators found that high levels of
H3K36 trimethylation in the intragenic region of active
genes were able to recruit the splicing factor polypyrimi-
dine tract-binding (PTB) protein through the chromatin-
binding adapter protein MRG15, resulting in inhibition of
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Figure 5. Model for TGS-AS. Transfection with siRNAs target-
ing the intron mapping downstream from the alternative exon
(dark yellow) promotes dimethylation and trimethylation of
H3K9 and H3K27 (red, nucleosomes), respectively, triggered by
siRNA guide strand entering a silencing complex containing
AGO1. HP1α is recruited and the resulting condensed chromatin
structure generates roadblocks to Pol II elongation, causing
higher inclusion of the alternative exon according to the kinetic
coupling model. (Based on Alló et al. 2009.)
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inclusion of alternative exons. Moreover, this chromatin-
assisted regulation of alternative splicing seems to affect
preferentially alternative exons with relatively weak PTB-
binding sites, suggesting that it can enhance classical
RNA-mediated splicing regulation by concentrating splic-
ing factors in the sites of pre-mRNA synthesis. A role for
H3K36 trimethylation had been suggested before in a
ChIP-Chip high-throughput analysis primarily performed
in Caenorhabditis elegans and extended to mouse (Ko-
lasinska-Zwierz et al. 2009). This histone mark, character-
istic of intragenic regions with productive transcription,
appeared significantly enriched in exons with respect to
introns, and most interestingly, the mark is lower in alter-
native exons compared with constitutive exons. This ob-
servation was already suggestive of a relationship between
the presence of the H3K36me3 mark and the mechanism
of the alternative splicing process, which was confirmed
later by Luco et al. (2010).

Another histone mark that might be involved in the con-
trol of alternative splicing is H3S10p, which was shown
to interact with the serine/arginine-rich (SR) proteins
SRSF1 and SRSF3 (formerly known as SF2/ASF and
SRp20) (Loomis et al. 2009).

NUCLEOSOMES ARE PREFERENTIALLY
POSITIONED IN EXONS

In 2009, an avalanche of articles based on genome-wide
analyses, demonstrated that nucleosomes are preferen-
tially positioned in exons (Andersson et al. 2009; Hon et
al. 2009; Nahkuri et al. 2009; Schwartz et al. 2009; Spies
et al. 2009; Tilgner et al. 2009). These reports made use
of computationally based predictions and experimental
data on nucleosome positioning within the human genome
derived from deep sequencing of DNA fragments attached
to mononucleosomes, obtained from chromatin digestion
with micrococcal nuclease. The studies found distinct
peaks of nucleosome occupancy within exons that are par-
alleled by nucleosome depletion from introns. Although
this subject was extensively covered in recent review arti-
cles and commentaries (Kaplan 2009; Kornblihtt et al.
2009; Schor et al. 2010; Schwartz and Ast 2010; Tilgner

and Guigó 2010), we just speculate here on putative im-
plications of these findings. Because mammalian exons
are much shorter than introns (on average, 140–150 bp
versus 8 kbp), one of the most striking puzzles in the field
of splicing is how splicing machinery recognizes short
exons “floating” in a “sea” of introns. The exon definition
concept, originally postulated by Berget (1995), states that
spliceosome and auxiliary factors binding the 3′ and 5′
consensus splice sites that flank an exon at the pre-mRNA
level physically interact with one another, favoring exon
recognition and acting as a selective force for short exon
size. Without this mechanism becoming dispensable, nu-
cleosome positioning on exons at the DNA level may help
in exon definition by creating roadblocks or “speed
bumps” for Pol II elongation that provide longer time for
cotranscriptional recognition of splice signals by splicing
factors in the nascent pre-mRNA (Fig. 6). To demonstrate
this hypothesis, global ChIP or run-on analyses should
yield higher Pol II densities at exons or at intron/exon
junctions. In the transient absence of such evidence, the
hypothesis is fully consistent with a recent study that uses
optical tweezers to follow individual Pol II complexes as
they transcribe nucleosomal DNA that reveal a bumpy na-
ture of Pol II elongation, where the nucleosome behaves
as a fluctuating barrier that locally increases pause density,
slows pause recovery, and reduces the apparent pause-free
velocity of Pol II (Hodges et al. 2009).

CONCLUSIONS

Different and various experimental approaches point out
a major role for chromatin structure in the control of splic-
ing and alternative splicing. The original findings of more
than a decade ago, that promoters affect alternative splic-
ing, might have acted as the “tip of the iceberg” by driving
our attention to the importance of transcriptional regulation
on alternative splicing. However, the overwhelming
amount of evidence published since last year, concerning
both genome wide and individual genes, strongly suggests
that the “bulk of the iceberg” in the transcriptional regula-
tion of splicing is concerns changes in chromatin structure.
Most interestingly, these changes seem to occur inside
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Figure 6. A second possible mechanism for exon
definition. (A) Exon definition is achieved at the
pre-mRNA level. Spliceosomal and auxiliary fac-
tors are recruited to the splice sites flanking an
exon on the mRNA precursor. Direct and indirect
interactions between the 3′ and 5′ complexes favor
exon recognition and splicing and exert selective
pressure for a conserved exon length of 140–150
nucletotides. (B) Nucleosomes (red) are preferen-
tially bound to exons. Exons are therefore marked
at the DNA level by nucleosome positioning,
which may act as “speed bumps” for RNA Pol II,
helping in the cotranscriptional recruitment of
splicing factors to the nascent pre-mRNA and im-
proving exon definition. Because nucleosomes ac-
commodate DNA stretches of ~147 nucleotides,
their preferential location on exons may act as the
selective pressure factor for the conservation in
exon length. (Based on Kornblihtt et al. 2009.)
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genes, far from promoters and around alternative splicing
exons, i.e., in regions usually neglected by most classical
chromatin studies, usually focused on promoter and regu-
latory regions. The ways by which histone modifications
and changes in chromatin compaction might affect alter-
native splicing are not restricted to the creation or elimi-
nation of roadblocks to Pol II elongation but also involve
nonexclusive mechanisms of recruitment of splicing fac-
tors to covalently modified histones. Furthermore, the pref-
erential positioning of nucleosomes in exons appears to be
a dogma-breaking and provocative finding that might re-
veal a dialog between the chromatin and splicing codes
whose words we are just starting to decipher.
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