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DNA methylation is known to regulate transcription and was recently found to be involved in exon recognition via

cotranscriptional splicing. We recently observed that exon–intron architectures can be grouped into two classes:

one with higher GC content in exons compared to the flanking introns, and the other with similar GC content in

exons and introns. The first group has higher nucleosome occupancy on exons than introns, whereas the second

group exhibits weak nucleosome marking of exons, suggesting another type of epigenetic marker distinguishes

exons from introns when GC content is similar. We find different and specific patterns of DNA methylation in each

of the GC architectures; yet in both groups, DNA methylation clearly marks the exons. Exons of the leveled GC

architecture exhibit a significantly stronger DNA methylation signal in relation to their flanking introns compared

to exons of the differential GC architecture. This is accentuated by a reduction of the DNA methylation level in the

intronic sequences in proximity to the splice sites and shows that different epigenetic modifications mark the

location of exons already at the DNA level. Also, lower levels of methylated CpGs on alternative exons can suc-

cessfully distinguish alternative exons from constitutive ones. Three positions at the splice sites show high CpG

abundance and accompany elevated nucleosome occupancy in a leveled GC architecture. Overall, these results

suggest that DNA methylation affects exon recognition and is influenced by the GC architecture of the exon and

flanking introns.

[Supplemental material is available for this article.]

A mature mRNA is formed by the removal of introns from the

mRNA precursor (pre-mRNA) and the ligation of exons through

the process of splicing (Black 2003). Splicing occurs cotranscrip-

tionally, which means that a large fraction of the introns are re-

moved from the mRNA precursor while the transcript is still at-

tached to the DNA by RNA polymerase II (Pol II) (Neugebauer

2002; Proudfoot et al. 2002; Luco et al. 2011). This fact sets the

foundation for a cross-talk between the DNA and RNA levels,

thereby providing new possibilities for splicing regulation by fac-

tors that are known to affect transcription. Pol II can affect splicing

through kinetic coupling since the elongation rate of Pol II can

control exon recognition by the splicing machinery (de la Mata

et al. 2003; Schor et al. 2009; Ip et al. 2011).

One factor that is known to regulate transcription and could

also regulate splicing is DNA methylation. DNA methylation

is regarded as the ‘‘fifth base’’ and is defined as the addition of

a methyl group to a cytosine base, predominantly when it is

directly followed by guanine but can be found in other contexts

as well (CG, CHG, CHH; where H = A, C, or T) (Bernstein et al.

2007). DNA methylation serves a role in many biological pro-

cesses, including embryogenesis and development, genomic

imprinting, and regulation of gene transcription (Li et al. 1992;

Okano et al. 1999; Bestor 2000; Reik 2007). Due to dramatic

advances in high-throughput DNA sequencing methods, sev-

eral groups have recently mapped DNA methylation across the

whole genome at single-base resolution (Meissner et al. 2008;

Laurent et al. 2009; Lister et al. 2009; Gu et al. 2010; Li et al. 2010;

Stadler et al. 2011; Smith et al. 2012; Ward et al. 2012; Xie et al.

2012). This new source of high-quality data represents a major

step toward our understanding of the biological role of cytosine

methylation and has already been used to establish a primary

connection between DNA methylation and splicing. In their

genome-wide methylation analysis, Lister et al. (2009) revealed

that there is a higher level of CpG-methylation on exons than

on flanking introns. However, this difference was dissolved when

values were divided by cytosine composition since exons have

a higher GC content, on average, than their flanking introns

(Schwartz et al. 2009). A later genome-wide methylation analysis

suggested that DNA methylation is a strong marker of exons and

stronger yet for exon-boundaries, thus being a possible regulator of

splicing (Laurent et al. 2009). In support of this suggestion, DNA

methylation was found to be enriched in alternative splice sites

and in splicing regulatory motifs (Anastasiadou et al. 2011), both

of which are important regulatory regions for splicing. Further-

more, depletion of DNA methylation in Hox genes was found to

remove Pol II stalling and facilitate transcriptional elongation and

efficient splicing (Tao et al. 2010). Finally, mutually exclusive DNA

methylation and transcriptional repressor CTCF protein binding

were found to regulate exon inclusion by influencing Pol II elon-

gation rate (Shukla et al. 2011).

Another epigenetic factor suspected to be involved in both

transcription and splicing regulation is chromatin structure. The

primary structure of chromatin involves DNA wrapped around

nucleosomes. Approximately 147 base pairs of DNA are wrapped

around a single nucleosome made up of an octamer of histone

3Corresponding author
E-mail gilast@post.tau.ac.il
Article published online before print. Article, supplemental material, and pub-
lication date are at http://www.genome.org/cgi/doi/10.1101/gr.143503.112.

23:789–799 � 2013, Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/13; www.genome.org Genome Research 789
www.genome.org

 Cold Spring Harbor Laboratory Press on August 4, 2022 - Published by genome.cshlp.orgDownloaded from 

mailto:gilast@post.tau.ac.il
http://genome.cshlp.org/
http://www.cshlpress.com


proteins and one linker histone (Kouzarides 2007). Positioning of

nucleosomes along the genome is partially determined by the

DNA sequence andGC content (Segal et al. 2006; Tillo andHughes

2009; Tillo et al. 2009; Nikolaou et al. 2010) and is subject to

modulation by chromatin remodelers (Vignali et al. 2000). DNA

methylation, in itself, can act as a chromatin remodeler through

two different pathways: either by inducing a rigid nucleosomal

conformation that results in a more tightly wrapped nucleosome

structure (Choy et al. 2010) or through the binding of methyl-

binding proteins (MBPs) that silence transcription and modify

surrounding chromatin (Sarraf and Stancheva 2004; Klose and Bird

2006). A reverse mechanism, in which nucleosome positioning or

histone modifications can affect DNA methylation levels through

the recruitment of DNA methyltransferase enzymes was also sug-

gested (Robertson 2002). Several recent publications have shown

a higher level of nucleosome occupancy on exons compared to the

flanking introns, suggesting a link between nucleosome position-

ing and splicing regulation (Andersson et al. 2009; Schwartz et al.

2009; Spies et al. 2009; Tilgner et al. 2009; Chen et al. 2010). The

nucleosome is thought to act as a roadblock for Pol II elongation

(Batsché et al. 2006; Hodges et al. 2009) as Pol II needs to pause and

unwind the DNA double strand to release it from the nucleosome

before continuing transcription elongation. This transcriptional

pausing may allow cotranscriptional recognition of splicing sig-

nals in the pre-mRNA (de la Mata et al. 2003).

As nucleosome occupancy is strongly biased toward high GC

content (Segal et al. 2006; Tillo andHughes 2009; Tillo et al. 2009),

which is in high abundance in exons (Schwartz et al. 2009). DNA

methylation is also positively correlated with GC content (Bernardi

et al. 1985; Jabbari et al. 1997; Varriale and Bernardi 2010). That

being said, the level of methylated CpGs over the available CpGs

decreases with increasing GC levels ( Jabbari and Bernardi 1998;

Oakes et al. 2007), thus painting amore complicated picture. If this

is the case, could the roles of these epigenetic modifications in

splicing be a side effect of the GC content of the exons? How could

one isolate the measured levels of DNA methylation and nucleo-

some occupancy on exons and conclude a biological role unbiased

by GC content?

To evaluate this, we use two populations of exons that are

distinguished by their exon–intron GC-content pattern: differen-

tial GC, where the exon has higher GC content than do the

flanking introns; and leveled GC, where there is no significant GC

difference between the exon and introns. These groupings enabled

us to examineDNAmethylation on exon–intron architecture in an

unbiased fashion and in a manner similar to our examination of

nucleosome occupancy (Amit et al. 2012). We found DNA methyl-

ation to be a strong marker of exons regardless of GC content.

Remarkably, nucleosomes are very selective in their GC-content

requirements, marking exons with a differential GC content be-

tween exon and flanking introns but not exons with leveled

GC content between exon and introns. In our analyses, we used

mapped DNA-methylation data to calculate average DNA-meth-

ylation values: mCpG/CpG. Surprisingly, we found that when

there is no GC differential between exon and introns, the mCpG/

CpG level drops significantly in the intronic regions close to the

splice sites. We then extended our analysis to look at the full hu-

man exome through ‘‘GC-content goggles’’ in the form of isochore

maps (Costantini et al. 2006) and found the same patterns of

epigenetic preferences to be a global genomic property. Moreover,

we found that methylated CpGs in a leveled GC architecture ac-

companied higher inclusion of exons. Overall, our findings pro-

vide further support for the role of DNA methylation as a splicing

regulator and reveal dynamic patterns of DNA methylation and

chromatin organization upon exon–intron structure that are de-

pendent upon the regional GC content and the GC differential

between exon and introns.

Results

The level of methylated CpGs as a marker of exons

When attempting to understand the structure ofDNAmethylation

around exons, one encounters a problem: GC content is usually

higher in exons than in introns (Schwartz et al. 2009). This creates

a difficulty when trying to assess relative values of DNA methyla-

tion in exons compared with flanking introns since DNA meth-

ylation requires CG dinucleotides, and those are more abundant

when GC content is high. As a result, previous attempts that nor-

malized DNA-methylation levels to cytosine abundance showed

that the higher methylation marking of the exon dissolves and is

similar to that in the flanking introns (Lister et al. 2009).

To assess whether higher DNA methylation in exons is due

only to higher GC content in exons compared to the flanking se-

quences, we needed candidates that would enable us to simulta-

neously calculate DNA-methylation levels and control for GC

content. We have recently identified two different approaches by

which the splicing machinery is directed to exons and introns

based on nucleotide composition of the genomic environment. In

the first group, a differential GC content between exons and in-

trons allows for better recognition of the exons by the splicing

machinery. The second group is characterized by the same level of

GC content in the exon and the flanking introns, and recognition

by the splicing machinery is intron based (Amit et al. 2012). The

latter group, with a leveled GC architecture, provided us with the

candidates with GC content that enabled unbiased observation of

DNA-methylation patterns.

The analyses of both GC groups enabled a deeper under-

standing as to their splicing regulation differences. Specifically,

a total of 15,874 exons with higher GC in exons compared with

flanking introns (differential GC group) and 16,269 exons with

leveled GC between exon and flanking introns (leveled GC group)

were retrieved based on the RefSeq tracks from the UCSC Genome

Browser (http://genome.ucsc.edu/) as were published previously

by Amit et al. (2012). We calculated per base DNA-methylation

levels for each group based on genome-wide DNA-methylation

data from human H1 embryonic stem (H1 ES) cells retrieved from

Lister et al. (2009).

When controlling for DNA-methylation biases, the CpG

abundance also needs to be taken into account since higher

methylation levels can be a direct result of a higher abundance of

the CG dinucleotide. For example, the sequence ATTGGGGCAC

has 60% GC content but 0% CG dinucleotides, whereas the se-

quence ACGCCAATCG also has a GC content of 60% GC content

but has 40% CG dinucleutides. To control for this potential bias,

we calculated the averageDNA-methylation level only at CpG sites

(mCpG/CpG). This calculation is based on the raw DNA-methyl-

ation level, which is the methylation base calls at a reference co-

ordinate divided by total base calls at that coordinate as reported

by Lister et al. (2009). Next, we calculate the mCpG/CpG value as

the sum of DNA-methylation level for each position relative to the

39 or 59 splice site of each exon divided by the number of exons

with a CpG occurrence in that position (see Methods). This cal-

culation was necessary to avoid the bias of higher CpG density on

the exons as we show further on. Both groups of exon–intron
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structures show a significantly higher level of mCpG/CpG on

the exons compared with the flanking introns (t-test, P-value <

2.2 3 10�16), and the overall level of methylated CpGs in the

differential GC group is much higher than that of the leveled GC

group (Fig. 1, P-value < 2.23 10�16). More specifically, in the group

with differential GC content (Fig. 1, gray line), there is an increase

from ;80% methylated CpGs in the intronic sequences to ;85%

in the exon. Strikingly, in the leveled GC group (black line), there is

a drop in CpG methylation in the intronic regions proximal to the

exon (;100 nt). If only the 100 intronic nucleotides flanking the

exons are considered, there are;55% intronicmethylatedCpGs and

>70% exonic methylated CpGs (>30% increase). This indicates that

there is significantly more DNA methylation in exons than in in-

trons, and this difference is most apparent when exons and introns

with similar GC content are compared. It was previously reported

that a lesser fraction of CpGs are methylated in regions of high CG

content (such as that of the leveled GC group) than in lower GC

regions (differential GC group) ( Jabbari and Bernardi 1998; Oakes

et al. 2007). Our results are in agreement with these findings.

In parallel with the analysis ofmCpG/CpG,we also calculated

the basic DNA methylation level (by base calls) and observed the

expected stronger signal within exons relative to introns (Supple-

mental Fig. S1A). Another necessary analysis is that of the CpG

abundance on the exon–intron structure since the human genome

has a very low abundance of CG dinucleotides in general, but a

much higher CG dinucleotides abundance in the coding sequence

compared to intronic or intergenic regions (Karlin and Burge 1995;

Gentles and Karlin 2001). In agreement with this, the results ex-

hibit a strong signal of CpG abundance on the exons of both lev-

eled and differential GC groups (Supplemental Fig. S1B). These

results are a direct consequence of the CpG abundance bias in the

coding sequence and prove the necessity in normalizing methyl-

ation levels to CpG abundance using the mCpG/CpG values.

We extended our analysis further to evaluate DNA-methyla-

tion levels in mouse ES cells and various human tissues based on

data fromGu et al. (2010), who constructed genome-wide single-base

DNA-methylation maps of the human and mouse samples using

the reduced representation bisulfite sequencing (RRBS) protocol,

which applies the DNA methylation-insensitive restriction en-

zymeMspI tomap;5% of the CpG sites in the genome.We found

that DNA-methylation levels in the different human and mouse

tissues exhibit the same general pattern of higher exonic values in

both GC groups (Supplemental Fig. S2). The noise level is much

higher in these data, however, since the methylation data set is

much smaller.

In previous work (Amit et al. 2012), we found that when ex-

amining the differential GC group, there is a 50% increase in nu-

cleosome occupancy on exons compared to flanking introns.

However, there is a very small increase of the nucleosome occu-

pancy signal (;10% increase) on the exons belonging to the lev-

eled GC group. Although the two GC-content groups differ in the

occupancy of nucleosomes between exons and flanking introns,

both have a strongmethylation signal on the exons.Moreover, the

group that is weakly marked by nucleosomes is more significantly

marked bymethylated CpGs than the groupmarkedmore strongly

by nucleosomes. This suggests that DNAmethylation in exons has

biological relevance. The difference in epigenetic patterns may

indicate differences in how the splicing machinery recognizes

these two types of exons.

DNA methylation and exon recognition

To evaluate the role of DNA methylation in exon recognition, we

examinedwhether the level of mCpG/CpG in alternatively spliced

cassette exons differs from that of constitutively spliced exons. We

performed an extensive analysis to identify alternative and con-

stitutive exons using RNA-seq data obtained from Lister et al.

(2009). ThemRNA reads were extracted from the same cells used to

obtain DNAmethylation (H1 ES cells), allowing the integration of

alternative splicing effects with DNA-methylation patterns. Next,

we used the SpliceTrap tool (Wu et al. 2012) to quantify exon in-

clusion ratios based on the RNA-seq data (see Methods).

We identified 37,473 exonswith canonical splice sites that we

could statistically ensure their inclusion levels. We then divided

these exons into two groups based on GC

content: (1) leveled GC, which had no

significant difference in GC content be-

tween exon and flanking introns; and (2)

differential GC, in which exons are signif-

icantly higher in GC than flanking introns

(P-value < 0.05). There were 7413 exons in

the differential GC group (5734 consti-

tutive exons and 1679 alternative exons)

and 6037 exons in the leveled GC group

(4936 constitutive exons and 1101 al-

ternative exons). GC-content maps of

both groups confirmed that the expected

exon–intron GC structure was present in

each group (Fig. 2A). The general pattern

of mCpG/CpG signal around the exons

remains the same for the differential

GC constitutive exons and the leveled

GC constitutive exons (multiple t-tests,

P-values < 2.2 3 10�16) (Fig. 2B,C). Im-

portantly, the levels of mCpG/CpG are

significantly lower in alternative exons

than in constitutive ones (multiple

t-tests, P-value < 2.23 10�16) in bothGC

groups (Fig. 2B,C). These results further

Figure 1. DNA-methylation levels in exons and flanking introns that differ by their GC content.
Average of methylated CpGs along exon–intron structure with a differential GC content between the
intron and the exon (gray) and along exon–intron structure in which the GC content is identical be-
tween the exon and the flanking introns (black). The average value was calculated per base for exons
(75 nt from each splice site) and flanking intronic regions (200 nt). A running average of 20 was applied
after omitting the following positions for having no CpG occurrences: 39ss positions �4 to �1 and 59ss
positions +1 and +2.

DNA-methylation effect on alternative splicing

Genome Research 791
www.genome.org

 Cold Spring Harbor Laboratory Press on August 4, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


imply the conditions required for DNA methylation to play a part

in the regulation of alternatively spliced exons.

DNA-methylation levels by base calls, as well as CpG abun-

dance were also calculated for these alternative and constitutive

exons (Supplemental Fig. S3). Both present stronger signals on the

exons than on the introns, yet the patterns are similar between

alternative and constitutive exons of each group. These results

emphasize, again, the need to observe the unbiased pattern of DNA

methylation through the use of mCpG/

CpG.When this value is used, differential

DNA methylation still clearly defines the

exons compared to their flanking intronic

regions and also better marks constitutive

exons compared to alternative ones.

Analysis of nucleosome occupancy

was also done for these alternative and

constitutive exons using the data used

for the original GC-content groups (Amit

et al. 2012). We found a strong signal of

nucleosome occupancy for differential

GC exons and a very weak signal for lev-

eled GC exons (Supplemental Fig. S4).

CpG abundance and chromatin

organization

When examining methylation levels in

regions immediately adjacent to exons,

we observed extremely high methylation

values near both the 39 and the 59 splice

sites. This may be due to the presence of

the CG dinucleotide as part of the con-

sensus splice signal. To determine the

relevance of this methylation, we first

focused on deciphering the specific pat-

terns of CpG abundance at positions�20

to +20 nt relative to each splice site. As a

control, we used a data set of approxi-

mately 130,000 pseudo exons constructed

by Ke et al. (2011). The GC content of

these pseudo exons is not biased to any

GCdifferential between exon and introns

(Supplemental Fig. S5). In Figure 3A, the

CpG abundance at the splice sites with-

out application of a running average is

shown. First, as previously observed, we

found that CpG abundance is higher in

the exons than in flanking introns in

both GC groups but not in the group of

pseudo exons. Second, we identified

three positions with a significantly higher

CpG percentage than the rest of the eval-

uated positions. All three are part of the

splice site signal: position �5 of the 39

splice site, position +4 of the 59 splice site,

and position�2 of the 59 splice site.When

followed by G, the cytosines in all three

positions are methylated in at least 70%

of the cases. These same positions show

very minor increase (if at all) in the group

of pseudo exons. Interestingly, a CG di-

nucleotide is not part of the consensus

splice site signal in these positions. How-

ever, the nucleotide adjacent to two of the

positions (59 splice site �2 and +4) in the

consensus sequence is a G, which partiallyFigure 2. (Legend on next page)
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accounts for the highCpG percentage in those two positions. These

peaks in CpG abundance that are mostly methylated demonstrate

very high methylation levels within both splice site regions and

might point to a regulatory role for those positions when methyl-

ated. The fact that these peaks are diminished in the groupof pseudo

exons further implies on a possible role for these positions in the

splicing process.

We next constructed several analyses to examine the role of

these peakmethylated positions as possible chromatin remodelers.

It has been shown that certain DNA sequences with high affinity

binding to the histone can direct nucleosome positioning (Lowary

and Widom 1998), and that this in turn acts as a barrier to tran-

scription (Bondarenko et al. 2006; Bintu et al. 2012). Furthermore,

DNA methylation may have an intrinsic effect on nucleosome

positioning on the DNA (Chodavarapu et al. 2010; Cedar and

Bergman 2012). Thus, a change in nucleosome occupancy that

accompanies DNA methylation might have an indirect influence

on Pol II elongation rate and cotranscriptional splicing. We are

not aware of any method that enables a quantification of the

effect of a single base change in CpG-methylation upon chro-

matin organization. Thus, we decided to perform an analysis that

was independent of the previous methylation analyses that relied

on data fromH1 ES cells and examined nucleosome occupancy as

a result of CpG dinucleotide compositions at several positions

relative to the splice sites using the data compiled by Schones

et al. (2008). In H1 ES cells, a mean of 82.3% of the CpG sites

are methylated (Lister et al. 2009), and 70%–88% of the CpG

dinucleotides in both GC groups are methylated (see Fig. 1);

therefore, we assumed that a CpG dinucleotide could act as a rep-

resentative of a methylated position. Our next step was to divide

the exons into subgroups based on dinucleotide composition

at the three methylation peak positions: (1) CG dinucleotide at

the peak position (CG composition subgroup); (2) all other di-

nucleotide with C and G that is not CG (GC composition sub-

group); (3) all other dinucleotide compositions (i.e., AA, AT, AC,

not-C composition subgroup); and (4) AG dinucleotide (AG sub-

group). The GC composition subgroup was used as a control for

the CG composition since the GC content is identical but CpG-

methylation is not possible. For the analysis of the �2 position of

the 59 splice site, we used the AG subgroup, which represents the

consensus dinucleotide at position �2 of the 59ss (this subgroup is

contained in the larger not-C subgroup). We constructed nucleo-

some occupancy data sets for the four exon subgroups based on

their composition at the three peak positions for both leveled and

differential GC exons.

There was a substantial increase in nucleosome occupancy

when any of the three peak positions is a CG in the group of leveled

GC exons (Fig. 3E–G). More specifically, we observe significantly

higher levels of occupancy in the vicinity of all three positions

when the composition is CG compared with any other composi-

tion examined (multiple t-tests, P-value < 1.763 10�13). This effect

is diminished in the group of differential GC exons (Fig. 3B–D),

where we observe a depleted signal on the exons when position

�5 of the 39 splice site is a CG (Fig. 3B, blue line) rather than GC

composition (P-value < 0.006) (Fig. 3B, green line) and a small

increase in signal for positions �2 and +4 of the 59 splice site

(P-value < 7.83 10�7 and P-value < 0.043, respectively) (Fig. 3C–D).

We extended this analysis to several other positions along the exon

and flanking introns. In general, we observe a trend of increased

nucleosome occupancy when a CG is present for the group of

leveled GC exons, but the effect is smaller than at the peak

positions (Supplemental Fig. S6). This effect was not observed in

differential GC exons (Supplemental Fig. S7); in these exons, nu-

cleosome occupancy is not significantly affected by dinucleotide

composition near the splice site. We also validated that a CG at the

three peak positions does not have a fundamental effect on the

overall GC content of the subgroup. The GC content analysis of

exons with the four dinucleotide compositions exhibit very minor

changes, if at all, between the different composition subgroups

(Supplemental Fig. S8) that cannot explain the strong nucleosome

occupancy signal of the CG composition subgroup that is observed

in Figure 3.

Two observations are apparent from these analyses: First,

there is a significant change in the occupancy of nucleosomes in

leveled GC exons when CG dinucleotides are present in the region

of the splice sites; this difference is significant relative to any other

composition at positions �5 of the 39 splice site and positions +4

and �2 of the 59 splice site and relative to the AG consensus se-

quence composition at position �2 of the 59ss. Since most CG

dinucleotides at these positions are methylated, we assume that

this may help to direct nucleosome binding to exons that can, in

turn, be mediated by methyl-binding proteins. Second, these re-

sults again highlight differences between the leveled and differ-

ential GC groups with regards to the effect of DNAmethylation. In

the differential GC group, there is little if any effect of CG di-

nucleotides near the exon–intron junctions. In contrast, in the

leveled GC group the effect is a strong nucleosomal signal. This

difference suggests that the mechanisms of exon recognition may

differ depending on the GC-content environment of a particular

exon, the whole gene, or the genomic location itself, as we show

further on.

Epigenetic patterns on exons based on genomic location

The major differences in epigenetic patterns between the leveled

and differential GC groups led us to consider that perhaps genomic

location impacted epigenetic pattern since some chromosomes are

known to contain higher GC content than others (Costantini et al.

2006). Thus, if the groups belong in different chromosomes, it

could explain the difference in basic GC-content architecture. It is

also possible that the genomic location results in a particular epi-

genetic pattern and is another factor in exon recognition.

Analysis of the distribution of each GC group (leveled or

differential GC) along the chromosomes shows that the groups are

not equally distributed along the ge-

nome. We observed that the exons from

the differential GC group (Fig. 4, light

gray) are more abundant in lower GC-

content chromosomes,whereas the leveled

GC exons (dark gray) aremore abundant in

high GC-content chromosomes. This be-

ing the case, the patterns of epigenetic

modifications that are observed along the

exon–intron structure (Figs. 1, 2) might be

Figure 2. Average of methylated CpGs and GC content of constitutive and alternative exons.
(A) Average of GC content percentage of differential GC content constitutive exons (dark green) and
alternative exons (bright green) and of leveled GC content constitutive exons (dark blue) and alternative
exons (bright blue). (B) Average of methylated CpGs of differential GC content constitutive exons (dark
green) and alternative exons (bright green). (C ) Average of methylated CpGs for leveled GC content
constitutive exons (dark blue) and alternative exons (bright blue). The average value was calculated per
base for exons (75 nt from each splice site) and flanking intronic regions (200 nt). A running average of
20 was applied for mCpG values after omitting the following positions for having no CpG occurrences:
39 splice site positions �4 to �1 and 59 splice site positions +1 and +2.
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Figure 3. (Legend on next page)
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a general property that is dependent on regional GC content. To

evaluate this, we used human isochoremaps that were constructed

by Costantini et al. (2006). These maps divide the entire human

genome into regions no smaller than 300K bases that are largely

homogeneous in GC content. Costantini et al. (2006) divided

those regions into two gene spaces that they called ‘‘core’’ iso-

chores, where GC content is >46%, and ‘‘desert’’ isochores, where

GC content is <46%. We divided all available internal exons into

core and desert groups and obtained 53,102 core exons and 85,979

desert exons.

As expected based on our previous results, DNA methylation

is a strong marker of an exon when these;140,000 human exons

are considered (Supplemental Fig. S9A). The methylated CpGs

were constructed for alternative and constitutive exons that are

expressed sequence tag (EST)-based since the RNA-seq data pro-

vided reliable inclusion level for ;37,000 exons, which was in-

sufficient for this analysis. We observe a general marking of the

exons by a higher level ofmethylated CpGs (Supplemental Fig. S9B)

that also exhibits a slightly larger mean increase in core exons

(+24%) than in desert exons (+19%). Also, the level of methylated

CpGs drops in alternative exons and their flanking introns in both

desert and core exons relative to consti-

tutively spliced exons as was observed

using RNA-seq-based groupings. The dif-

ferences in patterns and levels of methyl-

ated CpGs when exons are grouped using

EST-based data rather than RNA-seq data

are a consequence of the more hetero-

geneous GC differential of the isochore

exons as they are grouped based on gen-

eral GC content and not based on exon–

intron GC differential.

Analysis of nucleosome occupancy

revealed that nucleosomes are more often

present on exons rather than intronswhen

regional GC content is low (Supplemental

Fig. S9C, green lines). Thus, when exam-

ining sequences that reside in low GC re-

gions, one can expect a strong occupancy

of nucleosomes on the exons. However,

when GC content is regionally high, nu-

cleosomes are spread more evenly along

introns and exons (Supplemental Fig. S9C,

blue lines).

In these results, we observe two

genome-scale exon populations that vary

based on their GC content. We find them

to differ in their epigenetic patterns upon

exon–intron structure, and this difference could mean a different

mechanismof splicing regulation that is basedon genomic location.

Discussion

In this study, we analyzed DNA methylation at single-base reso-

lution and evaluated nucleosome occupancy patterns along exon–

intron structures. To eliminate biases generated by differential GC

content between exon and introns, we analyzed two groups of

exons with and without a GC-content differential between exon

and flanking introns. This enabled us to examine the pattern of

DNA methylation across the exon–intron structure, taking into

account, for the first time, GC-content differential. We previously

showed that the GC differential between exon and intron allows

better recognition of exons by the splicing machinery; yet it was

unclear how exons are recognized in the leveled GC architecture,

with similar GC content in exon and introns. The use of these

groups for analysis of the effect of DNA methylation on splicing

has two advantages: (1) it makes a control possible for a GC con-

tent bias between exon and introns (that is evident when analyz-

ing DNA methylation); and (2) it reveals epigenetic differences

Figure 4. Distribution of differential and leveled GC exons by chromosomal location. Genomic
distribution by chromosome of differential GC (light gray) and leveled GC (dark gray) exons. The left
y-axis represents the percentage of each group in each chromosome. The right y-axis represents the
general GC content of the chromosomes.

Figure 3. CpG-abundance peaks at splice sites and their effect on nucleosome occupancy. (A) Percentage of methylated CpGs around the 39 and 59
splice sites of the differential GC exon–intron group (green), leveled GC content exon–intron group (blue), and pseudo exons (red). The percentage was
calculated per base for exons (20 nt from each splice site) and flanking intronic regions (20 nt), and the number of exons with a CpG at each position was
divided by total exons. The structure of the exon–intron junctions are shown in the bottomwith pictogram depictions of the splice sites based on Gelfman
et al. (2012). Specific positions with high levels of DNA methylation are marked in black boxes and dashed lines. (B–D) Average per base nucleosome
occupancy levels for differential GC exons. Nucleosome occupancy levels are presented for three positions within the splice sites: (B) position�5 of the 39
splice site; (C ) position �2 of the 59 splice site; and (D) position +4 of the 59 splice site. Nucleosome occupancy levels are given based on dinucleotide
composition: (1) CG dinucleotides (blue); (2) CCH/DGCH/DGG (green); and (3) any other composition (red). Position�2 of the 59 splice site is compared
to the AG dinucleotide composition, which represents the consensus dinucleotide at this position. Structure of the differential GC exon–intron junctions
are shown in the bottom of these panels with pictogram depictions of the splice sites. (E–G) Average per base nucleosome occupancy levels for leveled GC
exons. Nucleosome occupancy levels are presented for three positions within the splice sites: (E ) position �5 of the 39 splice site; (F ) position�2 of the 59
splice site; and (G) position +4 of the 59 splice site. Structure of the leveled GC exon–intron junctions are shown in the bottom of these panels with
pictogram depictions of the splice sites.
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between the groups that might explain differences in exon rec-

ognition mechanisms.

Division of exons into groups characterized by GC differen-

tials between exons and flanking introns provides a tool to analyze

epigenetic modifications that are generally influenced by GC

content (Bernardi et al. 1985; Jabbari et al. 1997; Segal et al. 2006;

Tillo andHughes 2009; Varriale and Bernardi 2010). However, CpG

density in itself could determine DNA-methylation levels (Choi

et al. 2009). In order to view DNA methylation while taking into

account CpG content, we compared the number of methylated

CpGs to total CpGs, thus creating the mCpG/CpG ratio. We pre-

viously showed that DNA methylation levels can help predict al-

ternative cassette exons (Gelfman et al. 2012); a closer inspection

of our current results reveals that it is not the absolutemethylation

value that distinguishes constitutive exons from alternative ones

but the differential in the ratio of mCpG/CpG between exon and

introns, which is also dependent in the general GC environment.

We find a significantly higher level of methylated CpGs in exons

compared with introns, regardless of GC-content differential.

However, differential mCpG/CpG is much higher (;50%) in the

leveled GC exon–intron architecture, where DNA methylation

drops significantly in the intronic regions proximal to the exon.

Remarkably, in this group there is no well-defined nucleosome

marking the location of the exon relative to the flanking introns;

nucleosomes mark exons significantly only when there is a sub-

stantial difference in GC content between exon and introns (Amit

et al. 2012). Also, we previously showed that the exons exhibiting

differential GC content and higher nucleosome occupancy com-

pared to flanking introns are better recognized by the splicing

machinery. Thus, CpG methylation can presumably be a part of

the code that allows the splicing machinery to locate exons that

have no GC differential. A possible explanation may be that the

drop in DNA-methylation levels in proximal regions to the exon

allows binding of certain proteins that can affect exon inclusion,

such as is the case with transcriptional repressor CTCF protein

(Shukla et al. 2011). On the other hand, by dividing exons based

on RNA-seq data fromH1 ES cells into alternative and constitutive,

we identified a strong decrease in methylated CpGs in alternative

exons as well as their flanking sequences compared with consti-

tutive exons. This suggests that lower levels of DNAmethylation of

the whole intron–exon–intron strip are associated with sub-

optimal recognition of alternatively spliced exons.

The effect on splicing of a strong DNA-methylation signal in

a leveled GC architecture may be indirectly through Pol II stalling.

Since DNA methylation is a chromatin remodeler (Sarraf and

Stancheva 2004; Klose and Bird 2006; Choy et al. 2010) and nu-

cleosome occupancy causes Pol II stalling (Batsché et al. 2006;

Hodges et al. 2009), these two mechanisms could be interlaced.

Thus, it may be that peak CpG abundance at the splice sites might

influence nucleosomal positioning. Through the use of the di-

nucleotide composition analyses, we found that in a leveled GC

architecture nucleosome occupancy is strongly affected by the

presence of CGdinucleotides.We consider the differences between

the twoGCgroups as an indicator of different epigenetic interplays

around exons in different GC environments.

It was previously shown that DNA sequence with high his-

tone-binding affinity can direct nucleosome positioning and cre-

ate a barrier to Pol II (Lowary and Widom 1998; Bondarenko et al.

2006). A recent paper by Bintu et al. (2012) suggested amechanism

by which there is an increase in pause density of Pol II in the

central region of the nucleosomes (H3/H4 tetramer center) that is

lessened in the entry and exit regions (first and last H2A/H2B

dimmers, respectively). Taken together with the observed effect of

CG composition on nucleosome occupancy, we propose that

perhaps these findings point to a similar structure upon the exons

that is governed by CpG methylation, where the peaks in CpG

methylation at the 59 and 39 splice sites act as the central area

binding for the nucleosomal barrier, whereas the drop in methyl-

ated CpGs in intronic flanking regions of leveled GC exons point

to the entry/exit regions of the nucleosome. However, further

investigation is required to better understand and tackle this

hypothesis.

In conclusion, our findings provide an extensive, genome-

wide overview of DNA methylation and nucleosome occupancy

relative to exon–intron structures. The analyses here support a role

for DNA methylation in splicing and in chromatin remodeling.

Our data suggest that the regional location of exons within the

genome impacts their GC environment and that this, in turn, has

a significant effect on how the splicesomal machinery recognizes

the exons. This should be taken into account when examining the

effects of other epigenetic markers, such as histone modifications,

upon exon–intron structures.

Methods

Construction of EST-based exon and intron data sets

Data sets of human exons for the differential GC group and the

leveled GC group were retrieved based on the RefSeq tracks from

the UCSC Genome Browser (http://genome.ucsc.edu/) as de-

scribed previously by Amit et al. (2012). The differential GC group

contained 15,874 exons and flanking introns, and the leveled GC

group contained 16,269 exons and flanking introns. GC-content-

based exonic groups for the mouse genome were also retrieved as

described by Amit et al. (2012). The mouse differential GC group

included 15,758 exons and flanking introns, and the mouse lev-

eled GC group contained 16,583 exons and flanking introns. All

exons examined are internal exons that are flanked on both sides

by introns.

Data sets of human exons for the ‘‘desert’’ and ‘‘core’’ isochore

groups were retrieved based on the RefSeq tracks from the UCSC

Genome Browser (http://genome.ucsc.edu/). All internal exons

of the human exome were divided into two groups based on the

GC content of the isochore. Isochore maps were retrieved from

Costantini et al. (2006). Exons that reside in regions of >46% GC

content are considered core exons, and exons that reside in lower

GC regions are considered desert exons. Overall, 85,979 exons and

flanking introns construct the ‘‘desert’’ isochore group, of which

9649 are alternative exons; and 53,102 exons and flanking introns

construct the ‘‘core’’ isochore group, of which 6443 are alternative

exons.

Construction of RNA-seq-based leveled and differential GC

exonic groups

For construction of constitutive and alternative exon data sets, we

used RNA-seq raw reads thatwere obtained fromLister et al.( 2009).

The mRNA-seq reads were aligned to the human genome (hg18)

using the Bowtie alignment tool (Langmead et al. 2009). Next, we

applied the SpliceTrap software (Wu et al. 2012) to quantify exon

inclusion ratios from the mapped RNA-seq reads. SpliceTrap is

a statistical tool built to quantify exon inclusion ratios from RNA-

seq data. SpliceTrap quantifies for every exon the extent towhich it

is included, skipped, or subjected to size variations due to alter-

native 39/59 splice sites or Intron Retention. We identified 37,473

exons with canonical splice sites for which inclusion levels could
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be measured reliably with a minimum number of three reads per

junction for each exon isoform. Next, we divided the identified

exons into leveled and differential GC exons. For the differential

GC group, we searched for exons with significantly higher GC

content (t-test, P-value < 0.05) than their flanking introns, and for

the leveled GC group we searched for exons with no significant

differences inGC content between exons and flanking introns.We

identified a total of 7413 exons in the differential GC group (5734

constitutive exons and 1679 alternative exons) and 6037 exons in

the leveled GC group (4936 constitutive exons and 1101 alterna-

tive exons).

Construction of basic DNA methylation maps by base calls

Genome-wide single-base resolution data on DNA methylation

was obtained from Lister et al. (2009), who conducted MethylC-

seq analyses to map genome-wide DNA methylation for two hu-

man cell lines, H1 human embryonic stem cells and IMR90 fetal

lung fibroblasts. In this method, they used bisulfite-conversion to

convert cytosine to uracil (which is later transformed by PCR am-

plification to thymidine), while methylated cytosines are not af-

fected. Next, high-throughput sequencingwas processed using the

Illumina analysis pipeline. The Bowtie alignment tool (Langmead

et al. 2009) was used to align the results to the human reference

genome (hg18). The base calls per reference position on each

strand were used to identify methylated cytosines at 1% FDR.

To map the methylated cytosines, we cast single-base resolu-

tion values upon sets of genomic intervals (in this case, exons and

introns), resulting in threematrices for each set of exons: upstream

intron, exon, and downstream intron. Next, we construct two

databases for the two splice sites. One database we centered on the

39 slice site (intron positions are below zero and exon positions are

above zero). The other database was centered on the 59 splice site.

All sequences were aligned to the plus strand; thus, methylation

values of an exon that is coded on the minus strand are reversed.

Once all exons and introns were positioned relative to the splice

site, we calculated per base statistical measures of methylation

values for all intervals in a genomic set. The exon–intron strip was

constructed from 75-nt exonic nucleotides and 200 intronic nu-

cleotides. Exons shorter than 75 nt received a null value for the

remaining positions, and the same is done for introns shorter than

200 nt. For exons that are shorter than 150 nt, there is a duplica-

tion of the data at 59 and 39 splice sites. For example, for an exon

with the length of 100 nt, positions 1–75 will be used for display at

the 39 end of the exon, and positions 25–100 will be used for dis-

play at the 59 end of the exon. We used this method in order to be

faithful to the true values with regard to each splice site and not to

themiddle of the exon. All scripts werewritten using the perl script

language and the R statistical computing program (Team 2006),

the latter was also used for both statistical analysis and graphical

display.

DNA-methylation maps for the different human tissues and

mouse ES cells were constructed using data retrieved fromGu et al.

(2010), who performed genome-wide single-base DNA-methyla-

tion mapping of clinical samples using the RRBS protocol. The

tissues examined were primary colon tumor, normal colon, blood

cells from a healthy individual, and blood cells from an individual

with colon cancer.

Calculation of the mCpG/CpG score

Calculation of the value of mCpG/CpG was done to take into ac-

count the original base calls of DNA methylation measured by

Lister et al. (2009) and the number of CpGs in a certain position

relevant to the exon–intron junction of all measured exons. This

calculation is based on the base call methylation data sets of exons

and introns that are positioned relative to the splice sites. For each

nucleotide relative to the splice site, we extracted only the exons/

introns that have CG dinucleotide in that position. Next, we cal-

culated the average methylation level only in those cases. For ex-

ample, in a data set of 20 exons, 10 exons in the differential GC

grouphave aCpGat position�1 of the 59 splice site. Ifmethylation

values are 0.8*4, 0.7*3, and 0.9*3, the mCpG/CpG value will be

(0.8*4 + 0.7*3 + 0.9*3)/10 = 0.8. The same calculation in the leveled

GC group will includemore exons withmethylation values (15/20)

and more CpG positions (15). This method takes into account

cases in which a certain exonic position is a CpG but the methyl-

ation base calls are zero (numerator can be zero). However, the

method does not take into account cases in which the denom-

inator is zero (there is no CpG at examined position of an exam-

ined exon).

CpG abundance around splice sites

The CpG abundance is the percentage of exons that have a CpG at

an examined position. For example, in a data set of 100 exons, if

two exons have a CpG at position +1 of the 39 splice site and three

exons have a CpG at position +2 of the 39 splice site, the CpG

abundances will be 0.02 and 0.03, respectively. CpG abundance

was also calculated on a data set of 134,935 pseudo exons that was

obtained from Ke et al. (2011). The pseudo exons were defined as

intronic sequences having lengths between 50 and 250 nt and

a splice site score of above 75 for 39 splice site and above 78 for 59

splice site, using the position specific scoringmatrix (PSSM)method

of Shapiro and Senapathy (1987). The consensus values are in the

range of 0 to 100; the median value for a ‘‘real’’ exon 39 splice site is

80, and that for a ‘‘real’’ exon 59 splice site is 82. Pseudo exons that

contain interspersed repeats were removed using RepeatMasker.

Construction of nucleosome occupancy maps for exons

We obtained nucleosome-occupancy levels using nucleosome

score profiles generated by Schones et al. (2008). The maps were

constructed using Illumina high-throughput sequencing of DNA

fragments attached to nucleosomes in activated T cells, following

micrococcal nuclease (MNase) digestion (Schones et al. 2008). In

order to map nucleosome positioning upon the exon–intron ge-

nomic regions, we cast single-base values upon genomic intervals

as was done for DNA-methylation data. Next, we applied a running

average of 20nt on the vector of average values for the exon–intron

strip.

Nucleosome occupancy maps based on positional nucleotide

composition were constructed using the same methods. We con-

structed nucleosome occupancy maps for exons based on their

dinucleotide composition in 20 different positions along the

exon–intron sequence. For the 39 splice site, we constructed nu-

cleosome occupancy data sets at positions �150, �20, �10, �6,

�5, +1, +2, +3, +10, and +20 relative to the exon–intron junction.

For the 59 splice site, we constructed nucleosome occupancy data

sets at positions �20, �10, �5, �3, �2, +4, +5, +10, +20, and +150

relative to the exon–intron junction. For each position, we con-

structed sub-data sets based on the following dinucleotide com-

position: (1) CG, all exonswith a C at the position examined andG

at the next position; (2) other C andG combinations: CC, GG, and

GC; exons where the dinucleotide was either preceded by a CG

dinucleotide (as in ‘‘CGC’’ or ‘‘CGG,’’ i.e., DGC\G) or followed by

a CG dinucleotide (as in ‘‘CCG’’ or ‘‘GCG,’’ i.e., C\GCH) were ex-

cluded to prevent a case in which amethylated CpG in the vicinity

to the position at hand will affect the result; (3) all other possible

dinucleotide compositions at the requested and consecutive po-
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sitions (AA, AT, AG, AC, etc.); and (4) AG, all exons with a C at the

position examined and G at the next position; this subset of group

3 was used only for evaluation of position �2 of the 59 splice site

since it represents the consensus sequence at that position. We

then constructed average nucleosome occupancy maps for each

subgroup of exons separately. Since there is no necessity for in-

clusion level liability in this analysis yet there is a strong statistical

need for large subgroups, we analyzed the larger exonic data sets

that are based on thework by Amit et al. (2012) and not the smaller

groups that originate from RNA-seq experiments.

Pictograms

Graphical representations of PSSMswere composed using a BioPerl

(Stajich et al. 2002) module for generating Scalable Vector Graphics

(SVG) output of Pictogram display for consensus motifs, as was

described by Burge et al. (1999). The height of each letter is pro-

portional to the frequency of the corresponding base at the given

position, and bases are listed in descending order of frequency

from top to bottom. Pictograms were constructed for the 59 splice

site of differential and leveledGC exons and also for a subgroup of

exons with a CG dinucleotide composition at position �2 of the

59 splice site.
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