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 2 

Background 1 

Nucleosome organization and DNA methylation are two mechanisms that are 2 

important for proper control of mammalian transcription, as well as epigenetic 3 

dysregulation associated with cancer. Whole-genome DNA methylation sequencing studies 4 

have found that methylation levels in the human genome show periodicities of 5 

approximately 190 bp, suggesting a genome-wide relationship between the two marks. A 6 

recent report [1] attributed this to higher methylation levels of DNA within nucleosomes. 7 

Here, we analyzed a number of published datasets and found a more compelling alternative 8 

explanation, namely that methylation levels are highest in linker regions between 9 

nucleosomes. 10 

Results 11 

Reanalyzing the data from [1], we found that nucleosome-associated methylation 12 

could be strongly confounded by known sequence-related biases of the next-generation 13 

sequencing technologies. By accounting for these biases and using an unrelated 14 

nucleosome profiling technology, NOMe-seq, we found that genome-wide methylation 15 

was actually highest within linker regions occurring between nucleosomes in multi-16 

nucleosome arrays. This effect was consistent among several methylation datasets 17 

generated independently using two unrelated methylation assays. Linker-associated 18 

methylation was most prominent within long Partially Methylated Domains (PMDs) and 19 

the positioned nucleosomes that flank CTCF binding sites. CTCF adjacent nucleosomes 20 

retained the correct positioning in regions completely devoid of CpG dinucleotides, 21 

suggesting that DNA methylation is not required for proper nucleosomes positioning.  22 

Conclusions 23 

The biological mechanisms responsible for DNA methylation patterns outside of 24 

gene promoters remain poorly understood. We identified a significant genome-wide 25 

relationship between nucleosome organization and DNA methylation, which can be used 26 

to more accurately analyze and understand the epigenetic changes that accompany cancer 27 

and other diseases.  28 

 29 
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 3 

Background 1 

Packaging of DNA by nucleosomal proteins is an essential property of chromatin 2 

organization, and the precise positioning of individual nucleosomes at regulatory elements 3 

including promoters [2], enhancers [3], and insulators [4] is important for proper gene 4 

regulation [5]. Methylation of DNA at CpG dinucleotides also plays an important role in 5 

the regulation of transcription in mammals, and recent work has shown dynamic 6 

methylation changes occur at these same regulatory elements [6-9]. There is an intense 7 

interest in these two marks given that the genes controlling their deposition and removal 8 

are among the most commonly mutated in cancers [10, 11]. 9 

 Recent advances in DNA sequencing have facilitated the production of maps 10 

covering the entire genome at single nucleotide resolution for both nucleosome positioning 11 

[2] and DNA methylation [12], yet the relationship between the two is poorly understood. 12 

In plants, methylation between cytosines in the CHG context was correlated at intervals of 13 

175 base pairs, strongly suggesting an association with nucleosome positioning [13], but 14 

CHG methylation is not conserved in mammals. Comparing nucleosome positions 15 

genome-wide in plants and human embryonic stem cells showed a modest (roughly 2%) 16 

increase in DNA methylation over the nucleosome core, along with a 10bp periodicity that 17 

suggested methylation occurred specifically at positions where the major groove faced 18 

away from histone proteins [1].  More recently, in vitro nucleosome formation experiments 19 

showed that DNA methylation at the nucleosome core can promote the formation of a 20 

particular class of nucleosomes [14]. 21 

All of these earlier studies relied on MNase sequencing to define nucleosome 22 

positions in vivo and in vitro. Because MNase-seq and other “read enrichment” methods 23 

are known to introduce certain biases related to G/C content and other sequence 24 

composition [15-17], we developed a technique that does not depend on read enrichment to 25 

determine nucleosome positions, but rather uses a methyltransferase footprinting method 26 

[18]. NOMe-seq is based on bisulfite sequencing, and is therefore internally controlled for 27 

PCR and other steps that create skewed biases in read enrichment. We used NOMe-seq to 28 

investigate well-positioned arrays of nucleosomes surrounding CTCF binding sites, and 29 

discovered that DNA methylation was approximately two-fold higher in linker regions 30 

between nucleosomes than it was within the nucleosomes themselves [18]. This 31 

PeerJ PrePrints | https://peerj.com/preprints/27v2/ | v2 received: 9 Jun 2013, published: 9 Jun 2013, doi: 10.7287/peerj.preprints.27v2

P
re
P
rin

ts



 

 4 

association with linker DNA was much stronger than the association reported previously 1 

for nucleosomal DNA [1], prompting us to re-analyze existing data in an attempt to 2 

reconcile these two results. It is worth noting that the two seemingly opposite associations 3 

are not mutually exclusive; methylation could be highest within linkers for some genomic 4 

elements, and highest in nucleosomes for others. 5 

 6 

Results and Discussion 7 

We first performed the same analysis of [1], aligning HSF1 embryonic stem cell 8 

DNA methylation levels to all MNase fragments from a CD4+ T-cell library [2]. This 9 

showed the same roughly 2% increase in methylation levels over the fragments, along with 10 

a clear 10-bp periodicity (Figure 1a). Reasoning that a deproteinated (“naked”) DNA 11 

control would be completely devoid of in vivo nucleosome positioning information, we 12 

repeated the same analysis using a control library of naked HeLa DNA generated by the 13 

ENCODE project [19] (Figure 1a, pink lines). This data was generated by whole-genome 14 

sequencing of completely deproteinated genomic DNA that was fragmented by sonication. 15 

Methylation patterns aligned to these control fragments showed similar methylation 16 

patterns as the alignments to MNase based nucleosome fragments, suggesting a potential 17 

technical effect. We examined G/C content and found that fragments of both libraries were 18 

G/C rich, a factor known to introduce bias during the amplification involved in next-19 

generation sequencing [17]. Why this G/C richness would cause higher methylation levels 20 

is not entirely understood, but it could be caused by a concomitant enrichment of CpG 21 

dinucleotides. While the mechanism is not understood, it is known that local CpG density 22 

is positively correlated with DNA methylation level ([20] and Additional File 1). 23 

In an effort to identify nucleosome localization genome-wide without the potential 24 

influence of G/C content skew associated with individual sequencing fragments, we 25 

investigated the patterns of arrays of adjacent nucleosomes. It is clear from auto alignment 26 

of the MNase data that multi-nucleosome arrays are present throughout the genome 27 

(Figure 1b). We looked at methylation within an expanded region surrounding 28 

nucleosomes in whole-genome bisulfite sequencing (WGBS) data for cell types generated 29 

by different labs, including H1 [12] and HSF1 embryonic stem cells [1], IMR90 fibroblasts 30 

[12], normal and tumor colon tissue [21], and B-lymphocytes [22] (Figure 1c). 31 
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 5 

Importantly, we included a dataset that was generated with a non-bisulfite approach, 1 

Methylation Sensitive Restriction Enzyme (MSRE) sequencing, to rule out any technical 2 

bisulfite effects. In all WGBS datasets, increased methylation was observed over MNase 3 

fragments. In both HSF1 [1] and IMR90 [12], this pattern was similar to the pattern for the 4 

naked DNA control (Figure 1c, right panel). When examining methylation levels outside 5 

the fragment itself, patterns in the MNase data diverged from the naked DNA control. All 6 

libraries except the most highly methylated hESC libraries showed increased methylation 7 

in inter-nucleosome linker regions (Figure 1c, left panel), supporting the relationship we 8 

had earlier observed in IMR90 nucleosomes adjacent to CTCF sites [18]. This relationship 9 

was strongest for the MSRE library, indicating a generality across cell types and 10 

methylation assays.  11 

Next, we used the same analysis described above to investigate linker-specific 12 

IMR90 methylation in different genomic contexts. We were interested to see if methylated 13 

linkers were more prominent between nucleosomes positioned by CTCF binding sites as 14 

found previously [18], or within Partially Methylated Domains (PMDs) which have more 15 

variable methylation levels than the rest of the genome [12]. Indeed, linkers within PMDs 16 

and near CTCF sites were more strongly methylated than within non-PMDs (Figure 2a). 17 

CTCF regions showed the most dramatic linker-specific methylation, perhaps because they 18 

are the most consistently positioned class of nucleosomes in the genome. While the region 19 

immediately overlapping MNase fragments had strongly biased sequence composition, 20 

linker regions between nucleosomes had no sequence composition bias in any of the 21 

genomic contexts (Figure 2b). To validate genome-wide linker methylation, we identified 22 

consistent linker regions from IMR90 NOMe-seq nucleosome occupancy data [18] (Figure 23 

2c). DNA within the linkers was consistently more methylated than the flanking 24 

nucleosomes, most prominently in CTCF regions and PMDs. Interestingly, in both MNase 25 

and NOMe-seq analysis, the inter-nucleosome spacing was shorter in CTCF regions 26 

(185bp) than PMDs or the rest of the genome (200bp). Genome-wide, we found that PMDs 27 

contained the bulk of all detectable nucleosomal periodicity (Figure 3). 28 

To demonstrate that increased methylation in linker DNA was not cell type specific, 29 

we examined methylation around CTCF sites in several additional WGBS datasets as well 30 

as the non-bisulfite MSRE dataset described above. Indeed, all cell types showed linker-31 
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specific methylation (Figure 4a), and almost identical global patterns have been observed 1 

for dozens of other human tissues sequenced by WGBS in our lab (unpublished and data 2 

not shown). Interestingly, whereas CpGs within +/- 200bp of the CTCF binding site were 3 

completely unmethylated in most tissues, H1 and HSF1 embryonic stem cells (hESCs) 4 

showed increased methylation, possibly attributable to ESC-specific 5-hydroxymethylation 5 

at CTCF sites [23]. MSRE could not accurately represent the methylation levels within this 6 

+/- 200bp region due to known limitations of the method to measure very low methylation 7 

[22]. 8 

The large number of CTCF binding sites in the genome provided an opportunity to 9 

investigate the interplay between methylation and nucleosome positioning. There is 10 

evidence suggesting that methylation can influence nucleosome formation [14] and vice-11 

versa [24]. It is impossible to determine with certainty without additional experiments, but 12 

we reasoned that if DNA methylation were required for nucleosome positioning, CpGs 13 

dinucleotides would be required around functional CTCF sites. To investigate this 14 

bioinformatically, we extracted CTCF-adjacent positions that contained zero CpGs in the 15 

reference human genome within a region of two full nucleosomes (+/-370bp). According 16 

to MNase occupancy and NOMe-seq chromatin accessibility levels, the nucleosomes at 17 

these “zero CpG” regions were positioned just as well as other CTCF-adjacent 18 

nucleosomes, strongly suggesting that linker DNA methylation is not necessary for 19 

nucleosome positioning (Figure 4b-c). Nevertheless, the “zero CpG” regions comprise 20 

only about 1-3% of CTCF-adjacent nucleosomes, so we can not completely rule out some 21 

role for DNA methylation in establishing or reinforcing nucleosome positioning. 22 

 23 

Conclusion 24 

We have provided strong evidence for a pervasive methylation pattern occurring at 25 

linker regions between arrays of positioned nucleosomes in the human genome. This 26 

observation has implications for methylome analysis, suggesting that methylation levels 27 

may be used to deduce nucleosome positioning in some cases. Nucleosomes adjacent to 28 

CTCF binding sites may account for a significant fraction of these nucleosomal arrays, 29 

since it is estimated that approximately one million nucleosomes may be positioned 30 

adjacent to CTCF sites (around 55,000 CTCF sites in any given cell type [7], with about 20 31 
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nucleosomes positioned per site [4]). We additionally showed that methylation levels 1 

within linker regions are unlikely to play a causal role in the positioning of CTCF-adjacent 2 

nucleosomes. This is parsimonious with the observation that strongly positioned 3 

nucleosomes are stacked against a barrier introduced by ATP-dependent nucleosome 4 

remodeling [25]. 5 

Inhibition of DNA methylation has been demonstrated for certain histone 6 

modifications, including H3K4me1,2,3 [24] and H2A.Z [26]. Because CTCF-adjacent 7 

nucleosomes are marked by both of these modifications, it is attractive to hypothesize that 8 

inhibition by these modifications does not extend into the linker regions, leaving them 9 

open to DNA methyltransferase activity. We did observe significant nucleosomal 10 

periodicity in regions outside of known CTCF sites (data not shown), and we found that 11 

the bulk of this periodicity was within PMD regions (Figure 3), which are depleted for 12 

active histone marks such as H3K4me1,2,3 and H2A.Z. The higher level of nucleosomal 13 

periodicity detected within PMDs may be a consequence the high methylation state 14 

maintained outside of PMDs [27]. Further analysis is necessary to identify precise histone 15 

modification of nucleosomes and methylation status in the same reference cell type. 16 

Finally, based on our observations of methylation patterns within MNase and naked 17 

DNA sequencing fragments, we also suggest that appropriate controls are necessary for 18 

MNase-seq to rule out small biases introduced by next-generation sequencing. G/C content 19 

and MNase-specific cleavage biases are known to be difficult confounders of MNase-seq 20 

[28, 29], and we have proposed NOMe-seq [18] as a complementary strategy that can be 21 

used to validate any results that might be affected by sequence-specific biases. 22 

 23 

 24 

Materials and Methods 25 

CpG methylation datasets: Percent methylation was taken from WGBS supplemental data 26 

files from Lister et al. [12] (IMR90, H1) and Berman et al. [21] (tumor colon and normal, 27 

[GEO:GSE32399]). For B-lymphocyte MSRE dataset, supplemental data files from Ball et 28 

al. [22] contained the number of tag counts for each possible HspII site. Using the 29 

procedure described in the Ball et al. “methods” section, we transformed these counts to 30 
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percent methylation using the following equation: m = 1 – (0.1124 * c), where m is the 1 

estimated percent methylation, and c is the raw tag counts. 2 

 3 

IMR90 NOMe seq data: NOMe-seq data was taken from Kelly et al. [18] 4 

[GEO:GSE40770]. A beta-binomial Hidden Markov Model (HMM) [30] was used to 5 

identify linker regions (manuscript in preparation). 6 

 7 

IMR90 MNase-seq (figure 4 only): IMR90 cells were cultured according to ATCC’s  8 

guidelines. Mononucleosomes were generated by digesting 1x106 cells with 0.5, 1 and 5 9 

Units of micrococcal nuclease (MNase; Worthington Biochemicals) for 15 minutes at 37 10 

°C. The three MNase preparations were combined, and mononucleosome fragments of 11 

~150 bp were gel extracted and libraries were preparared from 30ng DNA using Illumina 12 

single-end sequencing adapters as described in [31]. Sequencing was performed on an 13 

Illumina Genome Analyzer IIx using standard Illumina reagents, producing 153,469,077 14 

high quality 36bp sequence reads. Reads were aligned using MAQ with a minimum 15 

mapping quality of 30, resulting in 111,705,730 uniquely alignable reads. All sequences 16 

and alignments are available at [GEO:GSE21823]. 17 

 18 

Nucleosome occupancy score (Figure 4 only): For genomic coordinate c and an estimated 19 

mononucleosome size s, the nucleosome occupancy score for a particular position was 20 

determined by summing the number of MNase tags on the forward genomic strand in the 21 

range c-(s/2) and the number of tags on the reverse strand in the range c+(s/2). We 22 

estimated s to be 165 after examining a range of values (50bp-250bp) within 1kb of all 23 

CTCF binding sites. After alignment to the genomic element of interest, the raw 24 

nucleosome occupancy score was normalized for local tag density by dividing by the total 25 

number of reads within 200bp. Plots were smoothed by taking a moving average of 26 

normalized occupancy scores within a 20bp window. 27 

 28 

CTCF datasets: CTCF binding sites were taken from [21]. For “CTCF regions with 0 29 

CpGs”, we used only those genomic positions that contained no CpGs in the reference 30 
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 9 

human genome within a span of two nucleosomes on either side (+/-370bp). This 1 

comprised about 1% of the full CTCF set.  2 
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Figure Legends 1 
 2 

Figure 1: Methylation levels relative to MNase-seq fragments.  (A) Including an 3 

additional control to the analysis performed by Chodavarapu et al. [1] shows that 4 

HSF1 methylation levels are increased over the MNase fragments from the CD4+ 5 

T-cell dataset used in Chodavarapu et al. (red line), but are also increased over 6 

fragments from a whole-genome sequencing library generated by sonication of 7 

deproteinated (“naked”) genomic DNA (pink line). The right panel shows elevated 8 

G/C content levels over these same fragments. (B) Alignment of MNase cut sites 9 

relative to MNase fragments reveals ordered arrays of nucleosomes, suggesting 10 

pervasive nucleosomal arrays genome-wide. (C) Various WGBS methylation 11 

levels are aligned to MNase (left) and Naked DNA (right) fragments, along with a 12 

methylation library generated with non-bisulfite MSRE sequencing (see text). 13 

Elevated methylation levels are observed covering both MNase and Naked DNA 14 

fragments, but linker regions are elevated only relative to MNase library. 15 

 16 

Figure 2: Increased methylation in linker regions within different genomic 17 

contexts. (A) IMR90 methylation patterns around MNase fragments were plotted 18 

as in Figure 1, but stratified by genomic context. IMR90 Partially Methylated 19 

Domains (PMDs) are from [12], while non-PMD contains the remainder of the 20 

genome. See the methods section for a description of CTCF binding sites. The left 21 

column shows methylation on a consistent scale, while the middle column zooms 22 

into a scale relevant for each context. (B) Local CpG density aligned to the same 23 

MNase fragments. (C) Linkers identified from IMR90 NOMe-seq [18] are shown 24 

aligned to IMR90 chromatin accessibility (GCH, green line) and methylation (HCG, 25 

black line). H can include any A, C, or T nucleotide. 26 

  27 

Figure 3: Linker-specific methylation is higher within PMDs. (B) Concordance 28 

between nearby CpGs. This was defined as the fraction of reads that were 29 

methylated at a given CpG, plotted as a function of the genomic distance from a 30 
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 15 

reference methylated CpG (mCpG). If the target CpG had multiple reference 1 

mCpGs within 2kb interval, it was counted separately for each. 2 

  3 

Figure 4: DNA methylation occurs primarily at linker regions in nucleosomal 4 

arrays flanking CTCF binding sites. (A) Methylation levels around motifs bound 5 

by CTCF in HeLa cells (see methods). Association between methylation and 6 

nucleosome positioning is verified in several WGBS datasets and one non-bisulfite 7 

(MSRE) dataset. (B) Nucleosome occupancy is shown around CTCF sites for 8 

IMR90 cells. The black line includes all CTCF-adjacent regions from Figure 4a. 9 

The red line includes only positions that have zero CpGs within +/-370 base pairs 10 

(a region the size of four full nucleosomes). (C) Same analysis, but using NOMe-11 

seq chromatin accessibility from IMR90 cells [18]. 12 

  13 

Additional File 1 (PDF): Genome-wide correlation between local CpG density 14 

and DNA methylation. (A) Data from IMR90 cells [12] was extracted from all non-15 

overlapping 100bp bins on chr17, and ranked by CpG density. Groups of 100 bins 16 

were averaged to show CpG density, CpG methylation, and tag density for 17 

H3K4me3 ChIP-seq. At CpGs without K4me3 mark, increasing local CpG density 18 

is correlated with DNA methylation level. (B) The reason for this is unknown, but 19 

this is an agreement with an earlier study of human breast and brain tissues [20]. 20 
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Figure 1: Methylation levels relative to MNase-seq fragments.  (A) Including an additional control to 
the analysis performed by Chodavarapu et al. (Chodavarapu et al. 2010) shows that HSF1 methylation 
levels are increased over the MNase fragments from the CD4+ T-cell dataset used in Chodavarapu et al. 
(red line), but are also increased over fragments from a whole-genome sequencing library generated by 
sonication of deproteinated (“naked”) genomic DNA (pink line). The right panel shows elevated G/C 
content levels over these same fragments. (B) Alignment of MNase cut sites relative to MNase fragments 
reveals ordered arrays of nucleosomes, suggesting pervasive nucleosomal arrays genome-wide. (C) 
Various WGBS methylation levels are aligned to MNase (left) and Naked DNA (right) fragments, along 
with a methylation library generated with non-bisulfite MSRE sequencing (see text). Elevated methylation 
levels are observed covering both MNase and Naked DNA fragments, but linker regions are elevated only 
relative to MNase library. 
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Figure 2: Increased methylation in linker regions within different genomic contexts. (A) 
IMR90 methylation patterns around MNase fragments were plotted as in Figure 1, but stratified by 
genomic context. IMR90 Partially Methylated Domains (PMDs) are from (Lister et al. 2009), while 
non-PMD contains the remainder of the genome. See the methods section for a description of CTCF 
binding sites. The left column shows methylation on a consistent scale, while the middle column 
zooms into a scale relevant for each context. (B) Local CpG density aligned to the same MNase 
fragments. (C) Linkers identified from IMR90 NOMe-seq (Kelly et al. 2012) are shown aligned to 
IMR90 chromatin accessibility (GCH, green line) and methylation (HCG, black line). H can include 
any A, C, or T nucleotide. 
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Figure 3: Linker-specific methylation is higher 
within PMDs. (B) Concordance between nearby 
CpGs. This was defined as the fraction of reads that 
were methylated at a given CpG, plotted as a function 
of the genomic distance from a reference methylated 
CpG (mCpG). If the target CpG had multiple 
reference mCpGs within 2kb interval, it was counted 
separately for each. 
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Figure 4: DNA methylation occurs primarily at linker regions in 
nucleosomal arrays flanking CTCF binding sites. (A) Methylation 
levels around motifs bound by CTCF in HeLa cells (see methods). 
Association between methylation and nucleosome positioning is verified 
in several WGBS datasets and one non-bisulfite (MSRE) dataset. (B) 
Nucleosome occupancy is shown around CTCF sites for IMR90 cells. 
The black line includes all CTCF-adjacent regions from Figure 4a. The 
red line includes only positions that have zero CpGs within +/-370 base 
pairs (a region the size of four full nucleosomes). (C) Same analysis, but 
using NOMe-seq chromatin accessibility from IMR90 cells (Kelly et al. 
2012). 
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Supplemental Figure S1: Genome-wide correlation between 
local CpG density and DNA methylation. (A) Data from IMR90 
cells (Lister et al. 2009) was extracted from all non-overlapping 
100bp bins on chr17, and ranked by CpG density. Groups of 100 
bins were averaged to show CpG density, CpG methylation, and tag 
density for H3K4me3 ChIP-seq. At CpGs without K4me3 mark, 
increasing local CpG density is correlated with DNA methylation 
level. (B) The reason for this is unknown, but this is an agreement 
with an earlier study of human breast and brain tissues (Edwards et 
al. 2010). 

ADDITIONAL FILE 1 
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