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DNA methylome analysis in a vari-
ety of species has revealed elevated 

5-methyl-cytosine at exons relative to 
introns. These associations raised the 
possibility that intragenic DNA meth-
ylation aids the spliceosome in the pro-
cess of exon definition. Here, I highlight 
recent genome-wide associations and 
direct evidence linking DNA methyla-
tion to pre-mRNA splicing.

The role of chromatin structure in pre-
mRNA processing decisions has attracted 
significant attention over the last several 
years. At the root of this interest are a 
number of studies indicating that exonic 
DNA presents a distinct chromatin envi-
ronment relative to intronic DNA. A 
variety of genome-wide profiling efforts 
have described elevated nucleosome occu-
pancy, specific histone modifications and 
increased DNA methylation at exons rela-
tive to introns.1-8 These striking observa-
tions revealed a potential role for exonic 
chromatin structure in the process of pre-
mRNA splicing. Spliceosome assembly 
occurs cotranscriptionally and is influ-
enced by the rate of RNA polymerase II 
(RNAPII) elongation, such that a low rate 
favors inclusion of weak exons in spliced 
mRNAs.9 It was thus proposed that chro-
matin could promote exon definition by 
altering elongation kinetics or by acting 
as an adaptor for splicing factor recruit-
ment.10,11 Evidence linking histone modi-
fications to both these levels of regulation 
has accumulated over the last several years 
and is extensively reviewed in references 
10 and 12. In contrast, a potential role 
for nucleosomes and DNA methylation 
in splicing regulation has been relatively 
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unexplored. Here, I present genome-wide 
studies as well as recent data from our 
laboratory that begin to reveal a direct role 
for DNA methylation in alternative splic-
ing regulation.

While the overall extent of DNA meth-
ylation shows a wide-range of distribution 
in eukaryotes, certain trends are con-
served. For example, the majority of DNA 
methylation occurs on cytosines found in a 
CpG context, and methylation is relatively 
enriched within genes.13,14 Comparative 
analysis of several distinct eukaryotic 
genomes suggests that primitive DNA 
methylation was present in the last com-
mon ancestor of plants and animals and 
was preferentially targeted to gene bodies. 
In contrast, intergenic DNA methylation 
appears to have evolved independently in 
eukaryotic genomes as a defense against 
transposons.14 Although studies of DNA 
methylation have largely focused on its 
silencing activity in the human genome, 
the sum of these genome-wide compari-
sons suggest a conserved functional role 
for intragenic DNA methylation, which is 
explored in greater detail below.

In the human genome, with the excep-
tion of CpG islands (CGIs) at promot-
ers, the bulk of CpGs are methylated.6 
Hypermethylation of promoter CGIs 
has been associated with transcriptional 
silencing.15 In contrast, comparison of 
methylome and transcriptome data fails 
to identify a clear effect on gene expres-
sion, bringing the role of widespread 
intragenic DNA methylation into ques-
tion.6 Potential insight may be gleaned 
from the distribution pattern of gene 
body methylation. Various techniques for 
methylome analysis in a variety of species 
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have succeeded in identifying a crucial 
RNA-binding regulator of exon 5 exclu-
sion. Given the mounting evidence point-
ing to a role for epigenetics in splicing 
regulation, we examined the CD45 DNA. 
In so doing, we discovered that exon 5 
of CD45 DNA is bound by CTCF and 
that binding is maintained in cells that 
express abundant CD45.22 CTCF has 
previously been shown to pose a barrier to 
RNAPII transcription,25 thereby position-
ing CTCF as a potential kinetic regulator 
of pre-mRNA splicing. Through utilizing 
lymphocytes with variable CTCF bind-
ing at CD45 exon 5 and RNAi-mediated 
depletion, we confirmed that CTCF pro-
motes exon 5 inclusion in spliced mRNA 
through enforcing local RNAPII paus-
ing.22 Importantly, CTCF interaction 
with DNA is inhibited by the presence 
of 5-mC.26 We showed that exclusion of 
exon 5 from CD45 transcripts was invari-
ably associated with elevated methylation 
of exon 5 DNA with a reciprocal loss in 
CTCF and RNAPII pausing. Reversion 
of exon 5 DNA methylation through 
DNMT1 depletion, reestablished CTCF 
binding and RNAPII pausing, as well as 
exon 5 inclusion.22 Notably, earlier dele-
tional minigene studies from the Lynch 
laboratory identified the region of CD45 
exon 5 corresponding to the CTCF bind-
ing site to be important for exon 5 inclu-
sion.27 Combined CTCF ChIP-seq and 
RNA-seq in CTCF-depleted cells vs. their 
relevant controls indicated that intrageni-
cally bound CTCF is a global regulator 
of alternative splicing. Specifically, intra-
genic binding of CTCF promotes inclu-
sion of weak upstream exons, but not 
downstream exons, thereby supporting its 
role in the kinetic regulation of splicing.22 
Overall, these data suggest that reciprocal 
variations in intragenic CTCF and DNA 
methylation during development or in 
pathological conditions, such as tumori-
genesis, could have broad consequences on 
alternative pre-mRNA splicing (Fig. 1).

It is worth noting that in our model 
system, DNA methylation is associated 
with exon exclusion, which is opposite to 
the genome-wide trends discussed above. 
A similar relationship was seen for the 
GB18602 gene is honeybees, wherein 
decreased DNA methylation of an inter-
nal cassette exon in Queen bees relative to 

to a conserved role for DNA methylation 
in exon definition, yet the mechanism 
remained unclear.

As described above, pre-mRNA pro-
cessing occurs cotranscriptionally, raising 
the possibility that intragenic DNA meth-
ylation could directly promote exon defi-
nition through interaction with auxiliary 
proteins and/or through kinetic regula-
tion of RNAPII elongation. By extension 
of this logic, perturbations to intragenic 
DNA methylation could thereby result in 
alternative pre-mRNA splicing. Several 
lines of indirect evidence support this 
premise. Returning to the honeybee, 
brain methylome analysis in honeybee 
castes demonstrated a correlative link 
between DNA methylation and alterna-
tive splicing.16 Queen bees and worker 
bees are identical at the DNA level, but 
show significant differences at the methy-
lome level. RNAi-mediated depletion of 
the de novo methyltransferase (DNMT3) 
generated adult bees with Queen-like 
characteristics, suggesting a direct role for 
DNA methylation in shaping the down-
stream proteome.21 Indeed, combined 
RNA-seq and bisulfite sequencing in the 
brains of Queen and worker bees revealed 
a genome-wide association between DNA 
methylation and alternative pre-mRNA 
splicing.16 Additional correlative support 
linking DNA methylation and splicing 
in honeybees comes from the observation 
that 5-mC was detected at the exons of 
intron-containing but not intronless his-
tone-encoding genes.16

Recently, we demonstrated a direct 
mechanistic association between DNA 
methylation and alternative pre-mRNA 
splicing. In our studies of activation-
induced alternative splicing of CD45 
transcripts, we uncovered a role for the 
DNA binding protein, CCCTC-binding 
factor (CTCF) in splicing regulation.22 
Alternative splicing of exons 4–6 of CD45 
transcripts is tightly linked to the stages 
of lymphocyte development. In general, 
naïve peripheral lymphocytes include all 
three exons, whereas mature cells uni-
formly exclude the variable exons.23 We 
previously identified induction of het-
erogeneous ribonucleoprotein L-like as a 
critical switch for exons 4 and 6 exclusion 
from CD45 transcripts.24 However, nei-
ther our own efforts, nor those of others 

have consistently come to the same con-
clusion: DNA methylation is enriched at 
exons relative to introns.6,13 This pattern is 
highlighted in the honeybee genome (Apis 
mellifera), wherein DNA methylation is 
notably absent in intergenic regions where 
it is abundantly found in humans, such as 
transposons and telomeres, and is instead 
concentrated at exonic DNA.13,16 While 
greater than 70% of CpGs are targeted for 
methylation in humans as compared with 
approximately 1% in honeybees,6,13 simi-
lar associations were yielded from human 
methylome analysis. In addition to a gen-
eral enrichment of DNA methylation at 
exons,6,8 whole-genome bisulfite sequenc-
ing in several human tissues revealed 
abrupt transitions in 5-methyl-cytosine 
(5-mC) levels at exon-intron junctions.17 
Specifically, DNA methylation showed 
a sharp spike at 5' splice sites and sharp 
dip at 3' splice sites. A downward meth-
ylation gradient was detected across exons, 
whereas an upward gradient was detected 
across introns.17 Further evidence in sup-
port of a role for DNA methylation in 
exon definition came from a comprehen-
sive reanalysis of several human methy-
lome and RNA-sequencing (RNA-seq) 
studies.18 Exons identified as excluded 
through RNA-seq showed a lower level of 
DNA methylation than included or highly 
expressed exons. Similarly, non-coding 
untranslated regions (UTRs) showed a 
lower overall level of DNA methylation 
than all types of coding exons. A notable 
exception was 5' coding exons, which 
showed no enrichment in DNA meth-
ylation relative to introns.18 Importantly, 
inclusion of this class of exons in spliced 
mRNA is not dependent on 5' splice site 
recognition by the spliceosome, thereby 
bolstering the hypothesis that DNA meth-
ylation supports the spliceosome in the 
process of exon definition. While exonic 
DNA is intrinsically CpG-rich relative 
to intronic sequences,19 elevated DNA 
methylation at exons was maintained 
following correction for CpG content.18 
Likewise, whereas DNA methyltransfer-
ases (DNMTs) are preferentially targeted 
to nucleosomes,20 analysis of nucleosome 
positioning and DNA methylation as a 
function of gene expression indicated a 
high-degree of independence of these vari-
ables.18 Altogether, these studies pointed 
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studies. In addition, it will be important 
to determine the cellular signals that 
promote variations in intragenic DNA 
methylation that culminate in regulated 
alternative splicing decisions.
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