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CTCF: from insulators to alternative splicing regulation
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The zinc-finger DNA-binding pro-
tein CTCF has been known for being
a constituent of insulators. A recent
paper in Nature reports an unfore-
seen intragenic role for CTCF that
links DNA methylation with alterna-
tive splicing. By binding to its target
DNA site placed within an alternative
exon, CTCF creates a roadblock to
transcriptional elongation that favors
inclusion of the exon into mature
mRNA. DNA methylation prevents
CTCF binding, which releases pol
II transient blockage and promotes
exon exclusion.

One of the most exciting aspects
of scientific research is not discovery
per se but the fall of preconceptions.
In the history of the knowledge of the
flow of gene expression in eukaryotic
cells, many preconceptions have fallen.
Perhaps the most striking one is that eu-
karyotic genes are not contiguous with
their corresponding mRNAs, as thought
in the 60’s and early 70’s of the last
century, but split in exons and introns,
which calls for the splicing mechanism
that gets rid of the introns from a precur-
sor mRNA and joins the exons to give
rise to the mature, translatable mRNA
molecule. Soon after the discovery of
splicing in 1976, alternative splicing
was reported, but only recently we
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learnt that this mechanism, responsible
for the generation of a vast proteomic
diversity from a limited number of
genes, seems to be present in 90% of
the approximately 23 000 human genes,
which also represents an unexpected
surprise compared to previous estima-
tions of 20%. A third preconception
that has been violated more recently
is that splicing is a post-transcriptional
event, and therefore independent from
transcription. On the contrary, not only
splicing is mostly co-transcriptional but
both splicing and alternative splicing
are coupled to transcription and in con-
sequence, splicing is not only affected
by the splicing machinery but also by
the chromatin structure and factors
regulating the transcription process,
such as promoters, transcription factors
and co-activators, which may affect
either the speed of RNA polymerase 11
(pol 1) elongation or the recruitment
of splicing factors to the transcription
apparatus (for reviews see [1, 2]). Dif-
ferential transcriptional elongation rates
inside genes create different windows
of time for the splicing machinery
to be recruited to and act on relevant
sequences as they are present in the
nascent pre-mRNA [3].

A role for chromatin in the control
of intragenic elongation rates and in
consequence, in alternative splicing has
been demonstrated by several groups
who used drugs or signal cascades
that promote either more compact or

more relaxed chromatin configurations
that impede or facilitate elongation,
respectively. For example, trichostatin
A [4, 5], recruitment to promoters of
histone acetyltransferases [6] and neuron
depolarization [7] regulate alternative
splicing because of chromatin relaxation
promoted by histone acetylation. Con-
sistently, the transcription-associated
H3K36me3 modification is less promi-
nently enriched in alternatively spliced
exons than in constitutive exons [8]. In
an opposite way, chromatin remodelers
such as SWI/SNF [9] or siRNAs that
trigger silencing histone marks such as
H3K9me2 and H3K27me3 through a
argonaute-1-mediated transcriptional
gene silencing mechanism [10] were
shown to create local chromatin com-
pactions that act as roadblocks to pol I
elongation, in turn affecting alternative
splicing decisions. Furthermore, several
genome-wide studies showed that nu-
cleosomes are preferentially positioned
inexons [11, 12, 13] and this positioning
may act as a transient barrier to elonga-
tion that helps exon recognition at the
RNA level [14, 15]. All together this
evidence deeply weakens the precon-
ception that what matters in the study
of trancriptional regulation are only
promoters and related regulatory ele-
ments, by displacing the focus towards
the interior of genes where changes in
elongation may not affect the total levels
of mRNA but deeply change the quality
of the message by affecting the propor-



tions of its splicing isoforms.

It was speculated that DNA methyla-
tion may also, indirectly or directly via
histone modifications, affect alterna-
tive splicing. In fact, DNA methylation
patterns correlate well with histone
methylation patterns [16] and it was
reported that methylation of a DNA
sequence in the middle of a gene causes
local decreases in histone acetylation
and chromatin accessibility, resulting in
a decline in pol II elongation, without
quantitatively affecting the transcription
levels [17]. A recent article in Nature
[18] provides compelling evidence for a
key role of intragenic DNA methylation
in the control of alternative splicing. The
authors use the CD45 gene as a model.
CD45 is a lymphocyte transmembrane
tyrosine phosphatase where inclusion
levels of a block of exons 4-6 correlate
with lymphocyte development. Hetero-
geneous ribonucleoprotein hRNPLL is
responsible for inhibiting inclusion of
exons 4 and 6 but not of exon 5, whose
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mechanism of regulation was unknown
until Shukla et al. [18] revealed that
exon 5 possesses a strong binding site
for the zinc-finger DNA-binding pro-
tein CTCF (CCCTC-binding factor)
and that different lymphocyte cell lines
showed a strong positive correlation
between exon 5 inclusion and CTCF
binding to exon 5. More importantly,
RNAi-mediated CTCF depletion leads
to reduced exon 5 inclusion. CTCF was
conspicuously known for more than 20
years for its sequence-specific bind-
ing to insulators, the genetic elements
that insulate inactive regions of the
genome from active ones and provide
boundaries for the action of enhancers.
So, what is this “intergenic” protein
doing intragenically? Using chromatin
immunoprecipitation, Shukla et a/. dem-
onstrated that the elongating form of pol
11, characterized by phosphorylation of
Ser-2 on the YSPTSPS heptad repeats
of its carboxy terminal domain (CTD),
shows a significant enrichment at CD45
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exon 5 DNA but not at exons 4 and
6. Since CTCF depletion not only re-
duces CTCF binding but also abolishes
exon 5 pol II peak, it is concluded that
CTCF binding to exon 5 DNA creates
a roadblock to pol II elongation. The
authors validate their findings both
with in vitro transcription of synthetic
templates carrying or lacking the CTCF
binding site and with transfection of
cells in culture with alternative splicing
reporter minigenes, demonstrating that
CTCF promotes pol II pausing but not
complete arrest.

The story turns even more interesting
when the link with DNA methylation
is investigated. Analysis of several
lymphoid cell lines revealed an inverse
correlation between CTCF binding and
CpG methylation (5-methyl cytosine) at
CD45 exon 5. Consistently, inhibition
of the maintenance methyltransferase
DNMTI that effectively reduced
5-methyl cytosine levels, also restored
CTCF binding, local pol II pausing
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Figure 1 Model for the regulation of CD45 alternative splicing according to Shukla et al. [18]. (A) Methylation of exon 5 DNA
prevents binding of CTCF. In the absence of internal pauses, fast elongation promotes exclusion of exon 5 from mature
mRNA. Exclusion of exons 4 and 6 is promoted by binding of hnRNPLL to these exons in the pre-mRNA. (B) In the absence
of methylation, CTCF binds to exon 5 DNA and creates a transient roadblock to pol Il elongation that favors exon 5 recognition
at the pre-mRNA level and its inclusion into mature mRNA. Inclusion of exons 4 and 6 remains inhibited by hnRNPL binding.
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and higher exon 5 inclusion. Finally
the authors extend their observations
with the CD45 gene globally using
ChIP-seq and RNA-seq to conclude that
intragenic CTCF plays a general role in
alternative splicing through its kinetic
coupling with transcription.

The paper by Shukla et al. illus-
trates the roles of DNA methylation
and elongation in alternative splicing
decisions (Figure 1) that are relevant in
the physiology of the immune system.
Furthermore, two dogmas are broken by
this paper. The first one is the assump-
tion that CTCF only acted between
genes and not inside genes. The second
one, perhaps more subtle, is that in the
mechanism found by Shukla et al.,
intragenic DNA methylation removes
a pause to elongation by preventing
the binding of CTCF. As demonstrated
by Lorincz et al. [17], intragenic DNA
methylation may play the opposite role
of blocking elongation. I foresee that
these dual opposite roles will greatly
depend on the gene context, chroma-
tin structure, and the particular DNA
binding proteins that create the pause
and the relative proximity or overlap-
ping of the methylation target and the
binding site for these proteins. On the
other hand, the possibility that certain
methylated DNA-biniding proteins
regulate splicing via recruitment of
splicing factors rather than through the
control of elongation as shown recently
[19] remains open.
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