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Intragenic epigenetic changes modulate NCAM
alternative splicing in neuronal differentiation
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Alternative splicing contributes to cell type-specific
transcriptomes. Here, we show that changes in intragenic
chromatin marks affect NCAM (neural cell adhesion
molecule) exon 18 (E18) alternative splicing during
neuronal differentiation. An increase in the repressive
marks H3K9me2 and H3K27me3 along the gene body
correlated with inhibition of polymerase II elongation
in the E18 region, but without significantly affecting total
mRNA levels. Treatment with the general DNA methylation
inhibitor 5-azacytidine and BIX 01294, a specific inhibitor of
H3K9 dimethylation, inhibited the differentiation-induced
E18 inclusion, pointing to a role for repressive marks in
sustaining NCAM splicing patterns typical of mature neu-
rons. We demonstrate that intragenic deployment of repres-
sive chromatin marks, induced by intronic small interfering
RNAs targeting NCAM intron 18, promotes E18 inclusion in
undifferentiated N2a cells, confirming the chromatin
changes observed upon differentiation to be sufficient to
induce alternative splicing. Combined with previous evi-
dence that neuronal depolarization causes H3K9 acetylation
and subsequent E18 skipping, our results show how two
alternative epigenetic marks regulate NCAM alternative
splicing and E18 levels in different cellular contexts.

The EMBO Journal (2013) 32, 2264-2274. doi:10.1038/
embo0j.2013.167; Published online 26 July 2013

Subject Categories: RNA; chromatin & transcription;
neuroscience

Keywords: alternative splicing; chromatin; differentiation;
pol II elongation

Introduction

Recent estimates using RNA-seq technologies suggest that
more of 90% of the human genes undergo alternative splicing
and that nearly 20 000 tissue-specific splicing isoforms can be
detected even from a limited set of tissues (Pan et al, 2008;
Wang et al, 2008). Alternative splicing is not only the most
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important source of proteome expansion but also greatly
contributes to tissue- and species-specific protein patterns
in metazoans (Barbosa-Morais et al, 2012; Ellis et al, 2012).
As other RNA processing steps, pre-mRNA splicing is mostly
co-transcriptional (Tilgner et al, 2012), allowing for a
mechanistical interaction between the transcription and
splicing machineries (Neugebauer, 2002; Bentley, 2005;
Perales and Bentley, 2009; Kornblihtt et al, 2013). This
functional coupling has important consequences for alter-
native splicing events, since changes in the quality of the
RNA polymerase II (pol II) complex can impact alternative
splicing regulation, either by differential recruitment of
splicing factors through the pol II protein complex
(recruitment model) or by modulation of pol II elongation
properties that affect the timing in which important RNA
sequences are presented to the splicing machinery (kinetic
model) (de la Mata et al, 2003; de la Mata and Kornblihtt,
2006; Kornblihtt, 2007).

Since chromatin is the actual template of transcription and
is implicated in its regulation, it was expected that functional
links would exist between chromatin structure and pre-
mRNA processing (Luco et al, 2011). Early reports with
viral and plasmidic systems (Adami and Babiss, 1991;
Kadener et al, 2001) and more recent ones on endogenous
genes (All6 et al, 2009; Batsché et al, 2006; Schor et al, 2009)
show that indeed closed intragenic chromatin conformations
favour inclusion of weak alternative exons, probably by
aiding pol II in pausing for more efficient co-transcriptional
exon recognition by the splicing machinery (Kornblihtt, 2006;
All6 et al, 2010). This is also supported by genome-wide
nucleosome positioning studies that uncovered a preferential
positioning in exons that was even more pronounced for
weak exons or exons flanked by long introns (Andersson
et al, 2009; Schwartz et al, 2009; Spies et al, 2009; Tilgner
et al, 2009). These observations support a functional role of
intragenic nucleosomes as ‘speed bumps’ for pol II (Spies
et al, 2009). Pausing of pol II at exons was confirmed by a
recent genome-wide nuclear run-on experiment with single-
nucleotide resolution, which also shows that inefficiently
included exons are associated with less pausing (Kwak
et al, 2013). Evidence from budding yeast strongly argues
that pausing of pol II contributes to co-transcriptional splicing
(Carrillo Oesterreich et al, 2010) and, at the same time, the
splicing process favours pausing (Alexander et al, 2010). In
addition to changes in the elongation properties, chromatin
marks can assist both constitutive and alternative splicing by
recruitment of splicing factors to transcription sites through
adaptor proteins (Sims et al, 2007; Luco et al, 2010).

How can intragenic chromatin be a player in alternative
splicing regulation? A first scenario involves fast and rever-
sible modification of chromatin structures of certain genes in
response to a given stimulus. This is exemplified by the
regulation of exon 18 (E18) of the NCAM (neural cell
adhesion molecule) gene in response to depolarization of
membrane potential in neuronal cells, where an increase in
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histone H3 acetylation and chromatin relaxation in the
distal region of the NCAM gene favours a decrease in the
inclusion of E18 in the mature mRNA (Schor et al, 2009). In a
different example, activation of the PKC pathways leads to
increased binding of the heterochromatin protein HP1y to the
chromatin regions corresponding to a tandem of alternative
exons in the CD44 gene, which helps pol II pausing, leading
to higher inclusion levels (Saint-André et al, 2011). Further
investigation of this phenomenon revealed a role of Agol
and Ago2 proteins, recruited in an HP1y-dependent manner
(Ameyar-Zazoua et al, 2012). Another important example is
the participation of the H3K36me3 histone mark in the
PTB-dependent modulation of FGFR2 alternative splicing
between epithelial and mesenchymal cells (Luco et al,
2010). These dynamic and cell type-specific relationships
between chromatin and alternative splicing prompted us to
investigate the problem in a differentiation model.

Neuronal cells make a widespread use of alternative spli-
cing to increase and regulate their proteomic diversity, with
many alternative events specific to neural cell types (Fagnani
et al, 2007). Also, many neurological diseases are associated
with defective splicing (Licatalosi and Darnell, 2006). NCAM
is a membrane-bound protein that mediates cell-to-cell
interactions in neurons and other cell types, and has
three major isoforms, namely NCAM 120, 140 and 180
(Cunningham et al, 1987). NCAM 140 and 180 are integral
membrane proteins differing in a cytosolic domain encoded
by the alternatively spliced E18 of 801 bp. While NCAM 140
is more abundant in neuronal precursors and favours
neurite growth, NCAM 180 is specific of mature neurons
and is enriched in cell-to-cell contacts, where it contributes
to organize stable and mature synapses (Persohn and
Schachner, 1990; Doherty et al, 1992; Sytnyk et al, 2002;
Buttner et al, 2004; Polo-Parada et al, 2004; Sytnyk et al,
2006). Our recent results showing that NCAM E18 is sensitive
to chromatin structure and pol II elongation rate (Schor et al,
2009) make the study of this splicing event in neuronal
differentiation a suitable system to assess the influence of
chromatin in alternative splicing regulation.

Here we show that the upregulation of NCAM E18 inclusion
into mature mRNA observed after differentiation of mouse N2a
neural cells in culture is regulated by the acquisition of the
histone heterochromatin marks H3K9me2 and H3K27me3
along the NCAM gene body, but not at the NCAM promoter,
with a concomitant reduction in RNA pol II elongation at
different regions of the NCAM gene, including E18. We de-
monstrate that the change in E18 splicing is reverted by
treatments with drugs that promote chromatin relaxation,
with a specific inhibitor of H3K9 methylation and by knock-
down of HPla. Most importantly, we show that intragenic
deployment of repressive marks induced by an intronic small
interfering RNA (siRNA) targeting NCAM intron 18 is sufficient
to observe upregulation of E18 inclusion in undifferentiated
N2a cells, confirming that the chromatin changes observed
upon differentiation are causative of the splicing effect.

Results

NCAM E18 is sensitive to chromatin modulation

in differentiated N2a cells

Since neuronal differentiation is associated with higher in-
clusion levels of NCAM E18 and this inclusion correlates
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negatively with permissive chromatin and high transcriptional
elongation rates (Schor et al, 2009), we hypothesized that
upon differentiation repressive chromatin marks could be
deployed to promote higher NCAM E18 inclusion levels,
characteristic of mature neurons. As previously described
(Tacke and Goridis, 1991), incubation of N2a neuroblastoma
cells in a medium with low serum and high dimethyl-
sulphoxide (DMSO) concentration induces differentiation to
neuron-like cells with a concomitant upregulation of E18
inclusion (Figure 1A). As previously reported (Schor et al,
2009), treatment with the histone deacetylase inhibitor
trichostatin A (TSA) induces a decrease in E18 inclusion in
undifferentiated N2a cells (Figure 1B, lanes 1 and 2). A similar
effect is observed here in differentiated N2a cells (lanes 3 and
4). In order to investigate if similar effects are seen in a
different neuronal differentiation system, we used the em-
bryonic carcinoma P19 cell line. The differentiation pathway
of mouse P19 cells occurs in two steps. First cells are grouped
in embryoid bodies (EBs) whose disaggregation and replating
leads to differentiated neurons in culture. Figure 1C shows
that E18 inclusion increases from undifferentiated cells (lane
1) to EBs (lane 3) and from EBs to differentiated neurons
(lanes 5 and 7), proportionally to the time after differentiation.
Similarly to the behaviour of N2a cells, this effect is partially
reverted by the chromatin relaxation agent TSA starting from
EBs (lanes 4, 6 and 8), but, differently from the neuroblasto-
ma cells, in the fully undifferentiated state E18 inclusion is not
responsive to TSA treatment (lane 2).

E18 inclusion in N2a cells is also downregulated by the
transcription-promoting drug 5-azacytidine (5aC) (Ferraro
and Lavia, 1983; Ginder et al, 1984; Chiu and Blau, 1985)
in differentiated cells (Figure 1D, lanes 3 and 4), but the
drug has no effect in undifferentiated cells (lanes 1 and 2).
Although unlikely, since the drug treatment is applied after
4-5 days of differentiation, we show that 5aC does not revert
the differentiation process itself, by analysing markers asso-
ciated with differentiated neurons, such as Tau or neurofila-
ment proteins, which are not downregulated in 5aC-treated
cells (Supplementary Figure S1). We also did not find
evidence for an indirect effect of 5aC on E18 inclusion
through changes in the mRNA abundance of the splicing
factors controlling E18 splicing. Experiments with a NCAM
E18 minigene show that E18 inclusion is mainly upregulated
by the splicing factor SRSF3 and downregulated by SRSF5 or
hnRNPA1, (Supplementary Figure S2A). Treatments with 5aC
and TSA, the two drugs that revert the E18 upregulation that
takes place upon differentiation, failed to change the expres-
sion levels of the above-mentioned splicing factors, which
could account for the observed changes in E18 splicing
patterns (Supplementary Figure S2B). Altogether these ex-
periments suggest that a chromatin change upon differentia-
tion may contribute to the increase in E18 inclusion. The
NCAM gene has three additional alternative splicing regions
placed upstream of E18, two of which, known as VASE and
MSD1, are not coupled to alternative polyadenylation (Reyes
et al, 1991). While the VASE event is not affected by
differentiation (Supplementary Figure S3A), the MSDI1
event displays a significant change upon differentiation that
is reverted by treatments with TSA and 5aC (Supplementary
Figure S3B). These results suggest that both the MSD1 and
E18 alternative splicing events are modulated by chromatin
structure during differentiation, while chromatin may be
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Figure 1 Differential response of NCAM exon 18 alternative splicing to chromatin-relaxing agents in undifferentiated and differentiated N2a
cells. (A) Increase in NCAM E18 inclusion after differentiation of N2a cells assessed by radioactive semi-quantitative RT-PCR or real-time
quantitative RT-PCR. Responsiveness of N2a cells (B) and P19 cells (C) to trichostatin A (TSA) in different differentiation stages. For P19 cells,
after formation of EBs, the cells are resuspended, and plated in neuronal differentiation medium for the indicated times. Cells were treated with
Sng/ul TSA for 16 h. (D) Responsiveness of N2a cells to 5-azacytidine (5aC). The indicated cells were treated with 5 uM 5aC for three days. All
values are expressed as mean + s.d., relativized to values of control undifferentiated cells. P values correspond to two-tailed Student’s t test

(n=3 in all cases).

unable to modulate splicing patterns when complete inclu-
sion or exclusion is seen, as in the case of the VASE
alternative splicing observed here.

These results prompted us to investigate whether, upon
differentiation, repressive chromatin marks are deployed on
the NCAM gene, reinforcing the prevalence of deacetylated
histones at distal intragenic regions in undifferentiated N2a
cells (Schor et al, 2009).

Repressive chromatin marks along the NCAM gene
body upon differentiation

5aC can induce a more permissive chromatin structure
through different mechanisms, among which inhibition of
DNA methylation was the first characterized and is the best
understood (Creusot et al, 1982). However, 5aC is not
expected to cause DNA de-methylation in non-dividing
cells. Consistently, bisulphite sequencing confirmed that the
CpGs at the NCAM gene region involved in E18 alternative
splicing remain fully methylated in both non-differentiated
and differentiated N2a cells (Figure 2A). This rules out a role
for DNA methylation in the regulation of E18 splicing upon
differentiation. A number of reports have documented cases
where genes that are not methylated become activated in
response to inhibitors of DNA methylation such as 5aC or
5-aza-2-deoxymethylcytosine (Soengas et al, 2001; Zhu et al,
2001; Scott et al, 2006). In fact, 5-aza-2-deoxymethylcytosine
is known to inhibit H3K9 methylation by decreasing
the levels of the histone methyltransferase G9a (Wozniak
et al, 2007). We investigated the hypothesis that the
chromatin changes triggered by differentiation involve
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repressing histone methylation. Undifferentiated N2a cells
show low basal levels of repressive H3K9 and H3K27
methylation throughout the NCAM gene (Schor et al, 2009).
Using native chromatin immunoprecipitation (nChIP) we
measured H3K9 dimethylation (H3K9me2) at different
regions of the NCAM gene (Figure 2B, amplicons A-I) in
undifferentiated and differentiated cells, finding a general
increase of this repressive mark along most of the intragenic
regions tested (Figure 2C, left). As controls, increases in
H3K9me2 levels were observed neither in an intergenic
region located 10.6 kbp upstream of the NCAM gene
(Figure 2C, centre), nor in the housekeeping gene HPRT
(Figure 2C, right).

The increase in H3K9me2 along the NCAM gene was
reverted by treatment of differentiated N2a cells with 5aC
(Figure 2D) and with TSA (Supplementary Figure S4), two
reagents that induce a more permissive chromatin structure
through different mechanisms. Although the pattern of
H3K9me2 modification, in which the whole extension of the
NCAM gene is affected, differs from the reported increase in
H3K9 acetylation after membrane depolarization (Schor et al,
2009), which affects only the distal part of the NCAM gene
around E18, both patterns include E18. Most interestingly, the
effect of TSA on H3K9 methylation (Supplementary Figure S4)
shows a preferentially distal pattern, similar to that of H3K9Ac
increase upon membrane depolarization. No increase in
H3K9me2 is observed at the NCAM promoter (Figure 2C,
amplicon A), which is consistent with the fact that no
significant change in the total NCAM mRNA levels is observed
after differentiation (Figure 2E).

©2013 European Molecular Biology Organization
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Figure 2 Differentiated N2a cells show increased repressive histone marks along the NCAM gene. (A) Results of DNA methylation analysis.
Following sodium bisulphite modification, genomic DNA was PCR-amplified and 10 clones per sample were sequenced (five are shown). Black
and white circles indicate methylated and unmethylated CpG sites, respectively. (B) A scheme of the NCAM gene indicating the amplicons used
for nChIP (black thick lines A-J) and for elongation analysis of Figure 3 and Figure 5D (boxes a-n). (C) H3K9me2 analysis along the NCAM
gene and the intergenic zone placed 10.6 kbp upstream of the promoter, using native chromatin immunoprecipitation (nChIP). As a control, the
housekeeping gene HPRT is shown. Values of two independent immunoprecipitations, relativized to the mean value for HPRT exon 2, are
shown for each region. (D) nChIP against H3K9me2 for undifferentiated, differentiated and 5aC-treated differentiated cells. 5aC treatment was
as in Figure 1. Values of two independent immunoprecipitations, relativized to the mean value for HPRT exon 2, are shown for each region for
Diff. and Diff. + 5aC experiments. All values are relativized to those of HPRT exon 4. (E) Quantification of total NCAM mRNA levels. Values
(means +s.d.) are expressed in relation to the housekeeping gene HSPCB, and relativized to the mean for undifferentiated cells. P value

corresponds to two-tailed Student’s ¢ test (n=3).

An increase in H3K27 tri-methylation (H3K27me3) is also
evidenced after differentiation at most amplicons where the
increase in H3K9me2 occurs (Supplementary Figure SSA,
left), pointing to a more general repressive chromatin con-
formation being deployed during differentiation inside the
NCAM gene, which includes the alternatively spliced regions.
In this case, unlike H3K9me2, H3K27me3 increases in the
intergenic region in a similar fashion (Supplementary Figure
S5A, right), suggesting that the NCAM gene is located within
a larger block where H3K27me3 augments during differentia-
tion. When chromatin modifications and splicing patterns
were analysed in the same cells along the course of differ-
entiation (Supplementary Figure S5B) the H3K27me3 mark
increased with similar kinetics in all regions. The maximum
level of H3K27me3 (4 h) preceded the maximum level of E18
inclusion (6 h) into NCAM mRNA, in agreement with the idea
that the deposition of the repressive histone marks might be
the cause of the neuro-specific alternative splicing pattern of
this exon.

Repressive chromatin in differentiated cells is
associated with slower transcriptional elongation at the
NCAM E18 region

The positive correlation between repressive marks and higher
E18 inclusion in differentiated cells is consistent with an
effect of chromatin structure in inhibiting pol II elongation,

©2013 European Molecular Biology Organization

which in turn modulates splicing choices in the E18 AS. Not
only are intragenic repressive chromatin marks known to
inhibit transcriptional elongation in several genes (Lorincz
et al, 2004; All6 et al, 2009; Saint-André et al, 2011) but also,
in the NCAM gene in particular, E18 inclusion is stimulated
when transcription is driven by a slow RNA pol II mutant
(Schor et al, 2009), implying that its splicing is regulated
by the transcriptional elongation rate. We explored this
hypothesis using a validated elongation assay based on
analysing the Kkinetics of pre-mRNA levels after releasing
undifferentiated or differentiated N2a cells from a trans-
criptional blockage by DRB (5,6-dichloro-1-beta-p-ribofurano-
sylbenzimidazole) (Singh and Padgett, 2009). Analysis of both
E18 intron/exon junctions (amplicons { and n, Figure 3A and
B) reveals significant delays in the recovery of NCAM pre-
mRNA levels after the DRB wash in the differentiated N2a
cells, compared to the undifferentiated cells. It should be
noted that since we are analysing amplicons spanning splice
junctions, the pre-mRNA levels measured are the consequence
of both their recovery due to transcription and their dis-
appearance due to splicing and/or RNA degradation.

We decided to compare the differences in pre-mRNA
recovery in other regions of the NCAM gene to determine if
the inhibition of elongation upon differentiation was a loca-
lized or general phenomenon. For that, we used the increase
in transcription in the first 30 min after DRB release as a
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Figure 3 Differentiated N2a cells show slower pol II elongation than undifferentiatied cells. Analysis of transcriptional elongation in the
indicated regions o (A) and B (B) of the NCAM gene using the method described in Singh and Padgett (2009)). After DRB was washed out to re-
initiate transcription, samples were collected at the indicated times for quantification of the pre-mRNA levels using the amplicons depicted in
Figure 2B. The values are relativized to the pre-mRNA levels of untreated cells for each experiment. Individual values are shown for each time
point. The curves correspond to the mean values at each time point. (C) Analysis of the pre-mRNA level of the regions of NCAM gene depicted
in Figure 2B and exon 6 of HPRT is presented as the difference between values at time points of 30 and 0 min after DRB wash-out. Values of

individual independent determinations for each time point are shown.

reference, since this time point shows the clearest difference
between the cell types. Figure 3C shows that inhibition
of elongation in differentiated cells is conspicuous around
E18 (amplicons 9§, €, { and n) but not further upstream at
E2-12 (amplicon B) and I4-E5 (amplicon y) boundaries.
Surprisingly, transcriptional recovery is significantly inhib-
ited at a region closer to the promoter spanning the E1-I1
boundary (amplicon o), which may be explained by a lag in
initiation or promoter release in differentiated cells, a differ-
ence that would have no further influence on the average
elongation rates in the gene body, as it is no longer significant
at amplicons B and y.

Overall, together with the increase in deposition of the
repressive marks H3K9me2 and H3K27me3, these results
suggest that a barrier to elongation affecting the E18 region
is actually created upon differentiation. The effect is observed
in the more downstream regions, while the chromatin
changes affect most of the gene body. This implies either
that pol II elongation at the most downstream region of the
NCAM gene is more sensitive to a chromatin blockade or that
other factors might act in concert with the repressive histone
marks to further restrict the modulation of pol II elongation.

Chromatin modifications determine NCAM E 18 splicing
patterns

One of the main problems in the analysis of chromatin
regulation of splicing is determining whether the multiple
histone modifications found to be associated with specific
alternative splicing patterns are just correlations or play a
causative role. The change in NCAM E18 alternative splicing
upon neuron differentiation studied here offers a good model
to investigate this problem. We have shown so far that the

VOL 32 | NO 16 | 2013

differentiation protocol applied to N2a cells causes a mor-
phological change (Supplementary Figure S1), an upregula-
tion of E18 inclusion (Figure 1A) reversible by the chromatin
relaxing agent TSA (Figure 1B) and by 5aC (Figure 1C), the
intragenic deposition of the H3K9me2 (Figure2C) silencing
mark and a reduction in pol II elongation (Figure 3). The fact
that both 5aC (Figure 2D) and TSA (Supplementary Figure
S4), which decrease H3K9me?2, revert the effect of differentia-
tion in upregulating E18 inclusion (Figure 1C) is an indication
of a causal relationship between chromatin modification and
alternative splicing outcome. However, these drugs may
have other effects that are difficult to rule out. To determine
whether the deployment of the H3K9me2 mark is necessary
for the splicing change associated with differentiated
cells, we used the drug BIX 01294 (BIX) (Kubicek et al,
2007), which is a specific inhibitor of G9a, the methyltrans-
ferase responsible for euchromatic H3K9me2. Figure 4A
shows that while BIX has no effect on E18 alternative splicing
in non-differentiated N2a cells, it partially reverts the upre-
gulation of E18 inclusion in differentiated cells. The effect
of BIX is even stronger for the differentiated P19 cells
(Figure 4B). The partial reversion of E18 splicing pattern by
BIX supports a role of H3K9 methylation in this regulation,
while it also suggests that other factors (that is, different
chromatin features or neuron-specific trans regulation) are
also acting. H3K9 methylation can recruit repressive proteins
such as the heterochromatin protein HPla. In good agree-
ment with the effect of BIX, knockdown of HP1a also reverts
the effects of differentiation on E18 inclusion (Figure 4C).
Previous results indicate that histone methylation and
heterochromatin formation are necessary for the full change
in splicing upon differentiation. To prove that a chromatin

©2013 European Molecular Biology Organization
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Figure 5 Effects of intronic siRNAs on NCAM alternative splicing. (A) Schematic explanation of the TGS-AS mechanism. (B) A scheme of the
part of the NCAM gene around exon 18 and the target sites for the intronic double-stranded siRNAs (sil17as and sil18as). (C) Lanes 1 and 2:
levels of NCAM E18 inclusion in the presence or absence of sil18as transfection of undifferentiated N2a cells (in the absence of sil18as, a
control siRNA against luciferase was transfected). Lanes 3 — 8: same as lines 1 —2, but with the co-transfection of a siRNA against AGO1
(siAGO1), a siRNA against HP1la (si HP1a) or in the presence of BIX. Lane 9: levels of NCAM E18 inclusion in the presence of sill7as
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(D) H3K9me2 analysis along the NCAM gene in the absence or presence of sil18as transfection using nChIP. The amplicons used are indicated
in Figure 2B. Values of two independent immunoprecipitations, relativized to the mean value for HPRT exon 2, are shown for each region.
(E) Analysis of transcriptional elongation in the regions o (A) and B (B) of the NCAM gene in the presence or absence of sil18as transfection of
undifferentiated N2a cells (in the absence of sil18as, a control siRNA against luciferase was transfected) using the method described in Singh
and Padgett (2009). After DRB was washed out to re-initiate transcription, samples were collected at the indicated times for quantification of
the pre-mRNA levels using the amplicons depicted in Figure 2B. Values of individual independent determinations for each time point are
shown. The inset shows the analysis of pre-mRNA level of the regions of NCAM gene depicted in Figure 2B, presented as A(30' — 0') after DRB
wash-out relativized to values of cells transfected with siLUC. All values are means + s.d. of duplicates from a representative experiment.
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(Kim et al, 2006). We have shown that siRNAs targeting
intronic sequences downstream of an alternative exon
regulate the splicing of that exon by creating the same
silencing marks observed upon N2a differentiation
(H3K9me2 and H3K27me3) at the target site, which in turn
act as roadblocks to pol II elongation. The effect depends on
Argonaute-1 (AGO1) and HPla and is counterbalanced by
factors favouring chromatin opening or transcriptional
elongation (All6 et al, 2009). Using the Stealth technology
(Invitrogen) we designed a double-stranded siRNA (siI18as)
targeting a region of NCAM intron 18 (Figure 5B) in such a
way that the antisense strand enters the silencing complex to
pair with the nascent NCAM pre-mRNA. Transfection of
undifferentiated N2a cells with sil18as causes a twofold
increase in E18 inclusion (Figure 5B, lanes 1 and 2) that is
abolished by RNAi knockdown of AGO1 (lanes 3 and 4) and
HPla (lanes 5 and 6) and by treatment of cells with BIX
(Ianes 7 and 8). As an important control, sil18as has no effect
on E18 splicing in differentiated N2a cells (lanes 10 and 11),
where the repressive intragenic chromatin conformation is
already deployed. Furthermore, targeting the intron upstream
of E18 does not affect its splicing (sil17as, lane 9). Two
additional experiments confirm the mechanism depicted in
Figure 5A, originally based on results obtained in a study
involving the fibronectin E33 alternative exon (All6 et al,
2009). Transfection of N2a cells with sil18as causes H3K9
dimethylation (Figure SD) at the NCAM E18 region and
downstream (amplicons H and J), but not at the promoter
region (amplicon A) or at another upstream region (amplicon
C). This is consistent with the inhibition of Pol II elongation
measured by the Singh and Padgett (2009) method around
E18. Figure 5E shows the kinetics of pre-mRNA recovery after
DRB wash for two regions, one mapping close to the promo-
ter (amplicon o) and the other at the E18-I118 boundary
(amplicon (). sil18as transfection inhibits elongation at the
E18-118 region but not close to the promoter. This localized
effect is confirmed when several regions are analysed, follow-
ing the same representation as used in Figure 3C (Figure SE,
inset).

These results indicate that a local deployment of repressive
chromatin elicited by specific intronic siRNAs duplicates the
effects of differentiation on E18 splicing. This result confirms
that the increase in H3K9me2 is sufficient to cause a change
in the splicing pattern, and at the same time is necessary for
reaching the inclusion levels observed after differentiation.

Discussion

Cell differentiation implies transcriptome reprogramming. In
a classical view this is achieved through the differential
regulation of transcription, which results in silencing
or activation of specific genes. Recent results highlight
alternative splicing as a major contributor to cell- and spe-
cies-specific differentiation (Kalsotra and Cooper, 2011;
Barbosa-Morais et al, 2012; Ellis et al, 2012). However, very
little is known about the regulatory networks that result in
cell-specific patterns of alternative splicing and, in particular,
on how the coupling of transcription and splicing in different
chromatin contexts contributes to cell differentiation. In a
previous work we showed that neuronal depolarization
triggers intragenic histone acetylation of the NCAM gene,
allowing for higher pol II elongation rates that cause lower
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inclusion levels of the NCAM E18 into the mature mRNA
(Schor et al, 2009). Considering that NCAM E18 was reported
to have higher inclusion levels in differentiated neurons
(Pollerberg et al, 1985; Tacke and Goridis, 1991) compared
with neuronal precursors, the NCAM model of coupling
between chromatin, elongation and splicing, revealed by
the depolarization study, became highly instrumental to
investigate the molecular bases of the upregulation of E18
inclusion during differentiation. Using murine N2a cells in
culture we confirmed that E18 inclusion is increased between
2 and 3 times upon neuron differentiation and that this effect
is reverted by 5aC and partially by TSA treatment. Results
with these chromatin-relaxing agents were highly suggestive
that a more compact chromatin status was responsible for the
change in splicing in the differentiated cells. This was
confirmed by ChIP analysis showing that two silencing
histone marks (H3K9me2 and H3K27me3) are deployed all
along the NCAM gene after differentiation (Figure 2B and
Supplementary Figure SS5A) and that, in the case of
H3K27me3, the increase in E18 inclusion continues after
the increase in the levels of the chromatin silencing mark
have been stabilized (Supplementary Figure S5B), which
suggests that the change in chromatin precedes the change
in splicing. This conclusion is also supported by the demon-
stration that treatment of the cells with 5aC or TSA reverts the
upregulation of the silencing mark H3K9me2 (Figure 2D and
Supplementary Figure S4), which can account for the effect of
both drugs in preventing upregulation of E18 inclusion dur-
ing differentiation (Figure 1B and D). 5aC may also act by
inhibiting DNA methylation, which in turn may prevent the
deposition of methylated histones. We think that DNA methy-
lation is unlikely to play a role here not only because
inhibition of methylation requires cycles of cell division
whose number is limited in our experimental system, but
mainly because we show that differentiation does not change
the NCAM DNA methylation pattern around E18 (Figure 2A).
We favour the possibility that 5aC is acting by directly
inhibiting H3K9 methylation, which is consistent with the
results in Figure 2D showing that H3K9 methylation on
the NCAM gene is abolished by treating the cells with 5aC.
In this context, it became crucial to investigate whether
elongation was affected by differentiation. Measuring pol II
elongation for specific genes in live cells had been a challen-
ging task until a feasible and simple experimental approach
was developed by Singh and Padgett (2009). This approach
was successfully used recently by Zhou et al (2011) to show
that the Hu splicing regulator induces localized histone
acetylation in a target gene after differentiation, leading to
increased local transcriptional elongation. Figure 3 shows
that pol II elongation is inhibited around E18 in N2a differ-
entiated cells without altering total levels of NCAM mRNA
(Figure 2E).

Three lines of evidence indicate that the change in E18
inclusion levels is caused by the intragenic deployment of
histone silencing marks on the NCAM gene: (1) The differ-
entiation-dependent upregulation of E18 inclusion is partially
prevented by the inhibitor of H3K9 methylation, BIX
(Figure 4A and B); (2) upregulation of E18 inclusion is
inhibited by knocking down the heterochromatin protein
HPlo (Figure 4C); (3) transfection of undifferentiated cells
with an siRNA targeting intron 18 upregulates E18 inclusion,
duplicating the effect of differentiation on E18 splicing
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(Figure 5C, lanes 1 and 2). Intronic siRNAs were previously
demonstrated to trigger deposition of the H3K9me2 and
H3K27me3 silencing marks at their target sites, creating
roadblocks to pol II elongation that upregulate inclusion of
the upstream exon through an AGO1-dependent mechanism
known as TGS-AS (All6 et al, 2009). We confirm that the TGA-
AS mechanism operates in the NCAM gene with several
experiments: The intronic siRNA effect is abolished by
knocking down AGO1 and HPla (Figure 5C, lanes 3-6) or
by addition of BIX (lanes 7 and 8). Furthermore, and similarly
to what was shown for the fibronectin gene (All6 et al, 2009),
transfection with the intronic siRNA promotes a localized
increase in H3K9me2 at the target site and downstream
(Figure 5D) and a reduction of pol II elongation around E18
(Figure 5E).

As mentioned before, the changes in the chromatin marks
appear not to be specifically located at the E18 region, but to
be spread across the entire gene body (and further upstream
in the case of H3K27me3), with the exception of the promoter
region. This is not entirely reflected in the spatial pattern of
pol II elongation inhibition (Figure 3), more affected in the
distal region of the gene than in the exon 2 and exon 5 regions
analysed (amplicons B and 7y). The slight change seen in
this region for these amplicons, as for HPRT exon 6, may be a
consequence of global efficiency differences in transcription
or splicing between the undifferentiated and differentiated
cell type. The difference between widespread chromatin
and local elongation rate changes is not inconsistent with
our model, but suggests that other elements (either in cis or
in trans) render transcription in the distal region of the
gene more sensitive to chromatin structure. This could
also be caused by the particular E18 splicing event, since it
is known that splicing can modulate elongation properties
(Lin et al, 2008; Alexander et al, 2010). The use of the
TGS-AS approach allows a more precise and controlled
intervention in intragenic chromatin structure, which is
reflected in much more spatially restricted changes both
in H3K9me2 (Figure 5D) and in pol II elongation rate
(Figure 5E).

Our results complete a picture in which differentiation
promotes intragenic chromatin silencing, localized decrease
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in elongation and higher E18 inclusion. Chromatin compac-
tion and repressive marks seem to be a landmark of various
mammalian differentiation systems (Meshorer and Misteli,
2006; Fisher and Fisher, 2011), which can be interpreted as a
way to silence non-lineage-specific genes and restrict the
transcriptome. Analysis of specific epigenetic modulation
has been historically skewed towards readily detectable
peaks at promoter regions, while intragenic regions have
been mostly neglected. However, clear examples exist
showing intragenic changes in DNA methylation during
differentiation of mouse ES cells to neuronal precursors
(Meissner et al, 2008) or H3K27me3 and H3K9me3 during
differentiation of human ES cells to fibroblasts (Hawkins
et al, 2010). H3K9me2 is also found in large blocks called
LOCKs (large organized chromatin K9 modifications) and are
substantially expanded during in vitro differentiation of
mouse ES cells or in adult tissues such as liver or brain
(Wen et al, 2009). These LOCKs can include many genes and
are negatively correlated with expression. Recently, another
study assessing changes in H3K9me2 during differentiation of
mouse ES cells to terminal neurons has shown that the total
amount and the coverage of the genome with this repressive
mark is not dramatically increased upon differentiation, but
is mostly restricted to local regions (Lienert et al, 2011). Most
interestingly, these local areas are mainly intragenic regions
and are not associated with silencing of the genes (Lienert
et al, 2011). This kind of modulation is consistent with a
role of repressive chromatin marks in gene expression
steps downstream transcriptional initiation, such as mRNA
processing.

Taken together, results in a previous report (Schor et al,
2009) and the present work support a general model of
‘alternative chromatin-alternative splicing’ (Figure 6) in
which cells subjected to two different stimuli (membrane
potential depolarization or differentiation signals) can mod-
ulate the chromatin surrounding a single alternative splicing
event in opposite ways to have opposite effects on localized
pol II elongation. In this way, this mechanism gives rise to
two different alternative splicing patterns in a dynamic way,
each of them characteristic of a functional and differentiation
status of the neuronal cells.
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Figure 6 Alternative chromatin-alternative splicing model.
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Materials and methods

Cell culture

N2a cells were cells were grown in Dulbecco’s modified Eagle’s
medium, with high glucose and piruvate (Invitrogen), supplemented
with 10% fetal bovine serum. For differentiation, 200 000 cells were
plated, washed the next day once with PBS and incubated for 8-9
days (except when indicated otherwise) in the same medium but with
0.2% serum and 2% DMSO. When indicated, 5aC (Sigma), BIX 01294
(Boehringer Ingelheim) or vehicle was added to differentiated cells on
days 5-6 or to undifferentiated cells plated at low confluence and left
for 3 days. For TSA (Sigma) treatments the drug was left overnight
(16 h). Transfection of siRNAs was performed with Lipofectamine
2000 and Optimem (Invitrogen) following the manufacturer’s proto-
col. Cells were grown in the appropriate conditions for 2-3 more days
after transfection. The sequence of the siRNAs used is provided in
Supplementary Material. P19 cells were subjected to treatment with
retinoic acid to induce the cells to form EBs for 4 days and then the
disaggregated cells were plated on poly-lysine and grown in neuro-
basal medium supplemented with B27 for 3-4 days more.

RNA extraction and RT-PCR

Total RNA was extracted using TRI Reagent (Molecular Research
Center, Inc.) according to the manufacturer’s protocol. Reverse
transcription using M-MLV reverse transcriptase (Invitrogen) and
oligo-dT primer was performed according to the provider’s instruc-
tions. Analysis of NCAM E18 splicing using semiquantitative radio-
active PCR or real-time PCR was performed as in Schor et al (2009).
Analysis of total NCAM was performed by real-time PCR using
primers corresponding to exons 2 and 3 of the mRNA. Amplicons
for the housekeeping gene HSPCB were used to relativize NCAM
levels. Primer sequences are provided in Supplementary Material.

nChIP

nCHIP was performed as in Schor et al (2009), except that the
values were calculated relative to the inputs, before subtraction
of the non-specific binding (IgG) control. For each immuno-
precipitation we used 10 ug of H3K9me2 (07-441) and H3K27me3
(07-449) antibodies from Millipore or 10 pug of rabbit control IgG
(ab46540) from Abcam. Pre-blocked protein A agarose beads
(Millipore 16-157) were used to recover the immuno-complexes.
DNA was purified using QIAquick purification kit (QIAGEN) and
quantitative PCR analysis was performed with real-time mixes from
Biodynamics and Roche. Primer sequences are provided as
Supplementary Material.

Elongation analysis
A methodology similar to that described in (Singh and Padgett
(2009)) was used, except that transcription was inhibited with
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