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ABSTRACT 24 

While studies such as the 1000 Genomes Projects have resulted in detailed maps of 25 

genetic variation in humans, to date there are few robust maps of epigenetic variation. 26 

We defined sites of common epigenetic variation, termed Variably Methylated Regions 27 

(VMRs) in five purified cell types. We observed that VMRs occur preferentially at 28 

enhancers and 3’ UTRs. While the majority of VMRs have high heritability, a subset of 29 

VMRs within the genome show highly correlated variation in trans, forming co-regulated 30 

networks that have low heritability, differ between cell types and are enriched for 31 

specific transcription factor binding sites and biological pathways of functional relevance 32 

to each tissue. For example, in T cells we defined a network of 72 co-regulated VMRs 33 

enriched for genes with roles in T-cell activation; in fibroblasts a network of 21 co-34 

regulated VMRs comprising all four HOX gene clusters enriched for control of tissue 35 

growth; and in neurons a network of 112 VMRs enriched for roles in learning and 36 

memory. By culturing genetically-identical fibroblasts under varying conditions of 37 

nutrient deprivation and cell density, we experimentally demonstrate that some VMR 38 

networks are responsive to environmental conditions, with methylation levels at these 39 

loci changing in a coordinated fashion in trans dependent on cellular growth. Intriguingly 40 

these environmentally-responsive VMRs showed a strong enrichment for imprinted loci 41 

(p<10-94), suggesting that these are particularly sensitive to environmental conditions.       42 

Our study provides a detailed map of common epigenetic variation in the human 43 

genome, showing that both genetic and environmental causes underlie this variation. 44 

  45 
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INTRODUCTION 46 

Understanding the causes and consequences of genomic variation among humans is 47 

one of the major goals in the field of genetics. Over the past decade, studies such as 48 

the Hapmap and 1000 Genomes Projects have resulted in detailed maps of genetic 49 

variation in diverse human populations, identifying millions of single nucleotide 50 

polymorphisms, copy number variants and other types of sequence variation (The 51 

International HapMap Consortium, 2005; The International HapMap Consortium, 2007; 52 

The International HapMap Consortium, 2010; Abecasis et al., 2012; Sudmant et al., 53 

2015; Auton et al., 2015). These maps have acted as the catalysts for thousands of 54 

genome-wide association studies (Welter et al., 2014), and have provided insights into 55 

diverse processes such as mechanisms of human disease, mutation, evolution, 56 

migration, selection and recombination (Sabeti et al., 2002; Myers et al., 2005; McEvoy 57 

et al., 2011; Zaidi et al., 2013). 58 

 However, alterations of the primary DNA sequence are not the only type of 59 

genomic variations that occur among humans. In particular there are now well-60 

documented examples of epigenetic marks, such as DNA methylation and histone 61 

modifications, that show significant inter-individual variation (Ollikainen et al., 2010; Oey 62 

et al., 2015; McDaniell et al., 2010;). However, in contrast to sequence polymorphism, 63 

relatively few studies have examined the distribution of epigenetic variation across the 64 

genome, and as a result our understanding of the causes and consequences of 65 

epigenetic polymorphism remains limited.  66 

 Familial and twin studies in human and mice have shown that a substantial 67 

fraction of sites showing variable DNA methylation levels are highly heritable, and for 68 
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some loci this epigenetic polymorphism has been linked with nearby genetic variation 69 

(Ollikainen et al., 2010; Oey et al., 2015; Gertz Oey et al., 2011; Grundberg et al., 2012; 70 

Grundberg et al., 2013; Gordon et al., 2012; McRae et al., 2014; Busche et al., 2015; 71 

Gibbs et al., 2010; Zhang et al., 2010; Gutierrez-Arcelus et al., 2013; Heyn et al., 2013). 72 

However, these same studies have also demonstrated that a subset of methylation 73 

variation exhibits low heritability (Ollikainen et al., 2010; Grundberg et al., 2012; 74 

Grundberg et al., 2013; Gordon et al., 2012; Gervin et al., 2011). While stochastic 75 

variation could explain reduced heritability levels, differing environmental exposures 76 

such as smoking (Breitling et al., 2011, Joubert et al., 2012; Tsaprouni et al., 2014), 77 

diet/in-utero environment (Waterland et al., 2010; Dominguez-Salas et al., 2014; Kok et 78 

al., 2015) and stress (Unternaehrer et al., 2012; Donkin et al., 2015) have all been 79 

shown to modify the epigenome. In addition, other natural processes such as aging and 80 

X chromosome inactivation apparently underlie epigenetic variation of some 81 

sites(Christensen et al. 2009; Day et al., 2013; Cotton et al., 2014). Whatever the root 82 

cause of epigenetic polymorphism, several studies have demonstrated that a subset of 83 

these variations are functionally significant and associate with the expression levels of 84 

nearby genes (Gutierrez-Arcelus et al., 2013; Liu et al., 2013). Accordingly there is now 85 

substantial interest in elucidating the role of epigenetic variation in a variety of disease 86 

phenotypes (Bell et al., 2014; Davies et al., 2014; Huynh et al., 2014; Watson et al., 87 

2016;  Multhaup et al., 2015; Benton et al., 2015; Javierre et al., 2010; Lunnon et al., 88 

2014; Pidsley et al., 2014), indicating that the study of epigenetic polymorphism holds 89 

significant promise for understanding the molecular etiology of disease. 90 
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 In this study, we have performed a screen to identify regions of common 91 

epigenetic variation using population data derived from five different human cell types. 92 

We uncover hundreds of loci in the human genome that exhibit highly polymorphic DNA 93 

methylation levels, that we term variably methylated regions (VMRs). We show that 94 

VMRs co-localize with other functional genomic features, are enriched for CpGs that 95 

influence gene expression, and provide evidence that epigenetic variability at some of 96 

these loci is influenced by both genetic and environmental factors. We also show that 97 

VMRs form cis and trans co-regulated networks enriched for transcription factor binding 98 

sites and genes with cell-type relevant functions. Finally, consistent with the notion that 99 

the epigenome represents a dynamic link between our genome and the environment 100 

(Liu et al., 2008; Tammen et al., 2013), we experimentally demonstrate effects of 101 

nutrition deprivation on methylation at VMRs in cultured fibroblasts, revealing signatures 102 

that overlap those observed in our population-level datasets. Together, our results 103 

provide novel insights into the biology of variable methylation across the human 104 

genome.  105 

  106 
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RESULTS 107 

 108 

Identification of polymorphic DNA methylation in five human cell types 109 

We performed an analysis of inter-individual variation of DNA methylation in five 110 

isolated cell types from two human cohorts (Fig. 1A): 1) Primary fibroblasts, EBV-111 

immortalized lymphoblastoid cells, and phytohemagglutinin stimulated primary T cells 112 

taken from umbilical cords of 204 newborns (Gutierrez-Arcelus et al., 2013); and 2) 113 

sorted glia and neurons from prefrontal cortical tissue from 57 deceased donors 114 

(Guintivano et al., 2013). Genome-wide methylation profiles were previously generated 115 

for all samples using the Illumina Infinium HumanMethylation450 BeadChip (450k array) 116 

(Illumina, San Diego, CA, USA). After filtering (see Methods), we analyzed methylation 117 

profiles for 316,452 filtered autosomal CpGs in each of the five cell types. We utilized a 118 

sliding window approach (Fig. 1B) to characterize VMRs composed of multiple 119 

neighboring CpGs exhibiting consistent polymorphic variation in methylation levels 120 

among samples within each cell type. 121 
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  122 

Figure 1. (A) We studied population variability of DNA methylation in five different purified cell types 123 

derived from blood, skin and brain. (B) Utilizing a 1kb sliding window we identified Variably Methylated 124 

Regions (VMRs), representing clusters of ≥3 probes within the top 5% of population variability within each 125 

cell type. (C) An example VMR identified at PFKP in fibroblasts. As indicated by the accompanying UCSC 126 

Genome Browser tracks, ENCODE data identifies this locus as a DNAseI hypersensitive site and cell-type 127 

specific enhancer bound by several different TFs. Dashed red lines represent DNA methylation profiles 128 

for each of the 107 cell lines from the GenCord population, showing extreme epigenetic variability at this 129 

locus in the normal population. 130 

 131 

 In total, we identified 537 VMRs in fibroblasts, 1,168 VMRs in T cells, 580 VMRs 132 

in B cells, 846 VMRs in neuronal cells and 890 VMRs in glial cells. Hereafter, these 133 

VMRs are abbreviated as FVMRs, TVMRs, BVMRs, NVMRs and GVMRs, respectively. 134 
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Genomic positions and relevant annotations for VMRs partitioned by cell type are 135 

provided in Supplementary Table S1. VMRs had a mean size of 875bp, and contained a 136 

mean of 6.5 CpGs.   137 

 While many characterized VMRs were specific to a given cell type, others were 138 

common across cell types and tissues. Examples of cell-type specific and shared VMRs 139 

are displayed in Fig. 2A. The extent of VMR sharing between different tissues was 140 

related to their relative developmental origin. For example, approximately one third of 141 

VMRs identified in glia were also found in neurons, and ~60% of VMRs found in B cells 142 

were observed in T cells. In contrast only 22% of VMRs found in fibroblasts were also 143 

seen in B cells (Fig. 2B). Between fibroblasts, blood, and brain cells, there were 89 144 

shared VMRs (Fig. 2B). In addition, methylation levels at CpGs within shared VMRs 145 

were highly correlated across cell types within tissues, suggesting that observed 146 

population variation is plausibly established in precursors of these cell types and 147 

maintained, or influenced by common factors and regulatory mechanisms. For example, 148 

shared VMRs between T cells and B cells had a mean correlation coefficient of r=0.77 149 

(Supplementary Fig. S1). Likewise for neurons and glia, shared VMR-CpGs were highly 150 

correlated (mean r=0.83, Supplementary Figs.  S1). However, the same degree of 151 

correlation was not observed for comparisons between fibroblasts and T cells (mean 152 

r=0.57) or B cells (mean r=0.42, Supplementary Fig. S1). 153 
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 154 

Figure 2. Epigenetic variation in different cell types. (A) While some VMRs are common to multiple 155 

different cell types, in contrast, other VMRs identified in one cell type show minimal epigenetic variation in 156 

other tissues. (B) Venn diagram showing the degree of overlap for VMRs found in B-cells, T-cells, 157 

Fibroblasts, Neurons and Glia. 158 

 159 

Replication of shared VMRs in a larger cohort 160 

 161 

Before extending our analysis of VMRs, we first replicated our method and results in a 162 

larger population. We applied our sliding window approach for identifying VMRs to a 163 

cohort of 2,680 individuals sampled from the general population (Lehne et al., 2015), 164 

identifying 1,312 VMRs. Because this dataset contained methylation profiles generated 165 

from peripheral blood, rather than purified cell types, we compared VMRs identified in 166 

these controls with shared VMRs that were identified in both B cells and T cells in the 167 

Gencord cohort: 339 were also found in the replication cohort, yielding a 32-fold 168 

enrichment over that expected by chance (p<2.5x10-321). 169 
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 170 

VMRs preferentially overlap specific gene/CpG island features and functional 171 

elements in the human genome 172 

 173 

Differentially methylated CpGs have been shown to often be enriched in specific regions 174 

of the genome and to co-localize with other functional epigenetic signatures (Cedar and 175 

Bergman, 2009; Deaton and Bird, 2011; Jones, 2012). In order to gain insight into the 176 

genomic context of CpGs in VMRs, we tested the enrichment of these CpGs in relation 177 

to various genomic features compared to a background set of CpGs assayed on the 178 

array.  179 

 We first performed enrichment analysis using Refseq gene and CpG island (CGI) 180 

annotations, observing consistent trends across datasets (Supplementary Table S2). 181 

Specifically, we noted that in all five of the cell types tested, VMRs were significantly 182 

enriched in 3’ UTRs and depleted in 5' UTRs (enrichments ranging from 1.32- to 1.73-183 

fold across the different cell types, p=1.4x10-6 to p=8.3x10-18). Likewise, the depletion of 184 

VMRs within 5’ UTRs ranged from 1.36- to 1.78-fold (p=1.3x10-10 to p=4.0x10-21) 185 

(Supplementary Table S2). The depletion in 5’ UTRs was also reflected in enrichment 186 

tests conducted using CGI annotations, which revealed significant depletions in CGIs 187 

and concomitant enrichments in CpG shores, shelves, and sea categories 188 

(Supplementary Table S2).  189 

 To further explore the co-localization of VMRs with functional genomic regions, 190 

we assessed the overlap of FVMRs and BVMRs with Chromatin State Segmentation 191 

annotations from a normal human lung fibroblast (NHLF) cell line and an EBV-192 
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immortalized lymphoblastoid cell line (GM12878), respectively; these data were 193 

previously generated by the ENCODE project (Ernst and Kellis, 2010), and included 194 

genome-wide annotations for 15 chromatin states characterized using combined 195 

epigenetic signatures from various datasets. Consistent with observed depletions in 196 

gene 5’ UTRs and CpG islands, which both tend to occur within or adjacent to gene 197 

promoters and transcriptional start sites, we also noted significant depletions of both 198 

FVMRs and BVMRs in regions defined by “Active Promoter” chromatin states in 199 

respective cell types (Supplementary Table S2). The strongest VMR enrichments in 200 

both cell types occurred in chromatin states associated with enhancer activity 201 

(Supplementary Table S2). 202 

 203 

VMRs form both cis and trans co-methylated networks that are enriched for 204 

genes and transcription factor binding sites with cell-type relevant functions  205 

 206 

We next sought to investigate the positional relationships of co-regulated VMRs. In each 207 

cell type we constructed pair-wise correlation matrices of all VMRs based on the β-208 

values of the probe with the highest population variance within each VMR. The resulting 209 

heat maps of pairwise correlations revealed the presence of strongly co-methylated 210 

blocks of CpGs, whose methylation levels varied together in both cis and trans, and that 211 

these patterns were distinct to each cell type (Fig. 3; Supplementary Fig. S2). For 212 

example, as shown in Fig. 3A, FVMRs exhibit strong cis correlations within several 213 

chromosomal regions. Significantly, evidence of strong co-regulation in trans can also 214 

be seen, with several regions located on multiple different chromosomes also exhibiting 215 
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strong co-variation in epigenetic state. Visual inspection of the strongest trans 216 

correlations in fibroblasts located on chromosomes 2, 7, 12 and 17 showed that each of 217 

these co-regulated clusters of VMRs corresponded to different members of the HOX 218 

gene superfamily, suggesting that such VMRs might correspond to coordinately 219 

regulated loci with shared biological functions. 220 

 221 

Figure 3. Cis and trans co-regulation of VMRs located at functionally related networks of genes 222 

that govern key developmental pathways. (A) Heat map of pair wise correlation values between all 223 

CpGs located within VMRs defined in fibroblasts. CpGs on both axes are ordered by genomic position, 224 

revealing the presence of multiple loci located on different chromosomes that show highly correlated 225 

methylation levels in trans. (B) After selecting one CpG per VMR with the highest variance, we applied 226 

WCGNA to identify networks of significantly co-regulated VMRs. The Circos plot shows a representation 227 
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of the largest co-regulated VMR module identified in fibroblasts, which comprises 21 independent VMRs 228 

located on four different chromosomes, comprising all four clusters of HOX genes, in addition to another 229 

developmental regulator TBX3 (outer circle). CpGs within VMRs in the co-regulated module are 230 

represented by red tick marks (inner grey circle), with black lines joining VMRs that have methylation 231 

levels with pair wise absolute correlation values R≥0.7 (highlighted in yellow). Green bars show locations 232 

of genes at each locus. Blue bars show the location of transcription factor binding sites for SUZ12, EZH2 233 

and CTBP2, all of which are significantly enriched within this co-regulated module. (C) Results of Gene 234 

Ontology (GO) analysis of genes associated with VMRs in the most significant co-regulated module 235 

identified in fibroblasts. We identified highly significant enrichments for multiple biological processes, 236 

including body patterning, growth and morphogenesis (Supplementary Table S5). (D) Analysis of 237 

transcription factor binding sites defined using ChIP-seq (ENCODE Consortium, 2013) showed that VMRs 238 

within the co-regulated HOX gene module are significantly enriched for SUZ12, EZH2 and CTBP2 binding 239 

compared to all VMRs defined in fibroblasts (Bonferroni corrected p=3.8x10-10, p=6.0x10-7 and p=1.3x10-
240 

3, respectively). Thus, binding of these TFs represents a potential mechanism by which epigenetic 241 

variation could be coordinated at multiple independent loci in trans. 242 

 243 

Based on this observation, we sought to formally identify signatures of co-244 

regulation among different VMRs. We used weighted gene co-expression network 245 

analysis (WGCNA; see Methods)(Zhang and Horvath, 2005; Langfelder and Horvath, 246 

2008), to identify co-methylated networks of VMRs within each cell type. This identified 247 

six co-regulated modules in fibroblasts, four in T cells, two in B cells, six in neurons, and 248 

two in glia, with each module composed of between 12 and 425 distinct co-regulated 249 

VMRs (median module size, n=39) (Supplementary Table S3, Supplementary Fig. S3). 250 

Consistent with our initial visual observations, WGCNA identified several co-regulated 251 

modules within the set of fibroblast VMRs that included all four human HOX gene 252 

clusters (Fig. 3B).  253 
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 In order to assess the biological relevance of these co-regulated VMR networks, 254 

we performed Gene Ontology (GO) enrichment analysis on the set of genes linked to 255 

the VMRs within each module (Supplementary Tables S4 and S5, Supplementary Fig. 256 

S4). Although for many networks the number of associated genes was too small to 257 

reach significance at 10% FDR, in four of the five cell types tested we identified 258 

enrichments for GO terms that were of direct functional relevance to the specific cell 259 

type. The five most significant GO enrichments and associated modules for each cell 260 

type are presented in Table 1. For example, in fibroblasts, the most significant functional 261 

categories were within the brown module that included multiple HOX gene clusters, 262 

including terms associated with the basic control of tissue growth and morphogenesis, 263 

such as “anterior/posterior pattern specification” (GO:0009952; 82-fold enrichment, FDR 264 

q=3.3x10-16) and “embryonic morphogenesis” (GO:0048598; 34-fold enrichment, FDR 265 

q=8.9x10-16). In T cells, the most significant GO enrichments were found for the blue 266 

module, made up of 72 co-regulated VMRs enriched for genes involved in T cell 267 

function, including the terms “T cell aggregation” (GO:0070489; 15-fold enrichment, 268 

FDR q=2.9x10-6) and “T cell receptor signaling pathway” (GO:0050852; 15-fold 269 

enrichment, FDR q=7.4x10-5). In glial cells, significantly enriched terms included a 270 

module consisting of 425 VMRs linked to genes associated with “negative regulation of 271 

neurogenesis” (GO:0050768; 4.6-fold enrichment, FDR q=1.2x10-5). Finally, in neurons, 272 

the most strongly associated functional categories were with a module comprised of 112 273 

VMRs including the GO term “negative regulation of synaptic transmission” 274 

(GO:0050805; 13-fold enrichment, FDR q=0.09). Complete lists of enriched GO terms 275 

and modules are provided in Supplementary Table S5. 276 
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Table 1. The top three Gene Ontology terms associated with co-regulated VMR 277 

modules found in each cell type 278 

Cell Type GO Term ID Gene Ontology (GO) Term Enrichment FDR 

  GO:0007389 Pattern specification process 42.7 3.07E-20 

Fibroblasts GO:0009952 Anterior/posterior pattern specification 81.8 3.32E-16 

  GO:0003002 Regionalization 54.2 3.32E-16 

  GO:0007159 Leukocyte cell-cell adhesion 14.2 2.94E-06 

T Cells GO:0042110 T cell activation 15.3 2.94E-06 

  GO:0070489 T cell aggregation 15.3 2.94E-06 

  GO:0002761 Regulation of myeloid leukocyte differentiation 11.8 0.1496 

B Cells GO:1902105 Regulation of leukocyte differentiation 7.2 0.1658 

  GO:0070233 Negative regulation of T cell apoptotic process 50.0 0.1658 

  GO:0050768 Negative regulation of neurogenesis 4.6 1.18E-05 

Glia GO:0051961 Negative regulation of nervous system development 4.2 3.33E-05 

  GO:0045665 Negative regulation of neuron differentiation 4.6 0.0002 

  GO:0007611 Learning or memory 6.2 0.0905 

Neuron GO:0050805 Negative regulation of synaptic transmission 13.2 0.0905 

  GO:1901019 Regulation of calcium ion transmembrane transporter activity 13.0 0.0905 

 279 

 Based on the trans nature of these co-regulated VMR networks, we hypothesized 280 

that coordinated epigenetic regulation of these sites might be based on the binding of 281 

specific trans-acting factors to the members of each VMR network. We therefore 282 

analyzed the overlap of each VMR WGCNA module with validated transcription factor 283 

binding sites (TFBS) for 161 different transcription factors (TFs) studied by the 284 

ENCODE project (ENCODE Consortium, 2013). We observed significant enrichments 285 

for TFBS in several VMR modules that were specific to each cell type (Supplementary 286 

Table S6). The top three enriched TFBS per cell type are provided in Table 2. In several 287 

instances, the most significant TFBS enrichments converged on modules highlighted by 288 

GO analyses. For example, EBF1 and RUNX3, which are both involved in lymphocyte 289 

differentiation and proliferation (Heltemes-Harris and Farrar, 2012), were the most 290 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 15, 2017. ; https://doi.org/10.1101/189704doi: bioRxiv preprint 

https://doi.org/10.1101/189704


16 
 

significantly enriched TFs in the blue module in T cells (RUNX3, 2.4-fold enrichment, 291 

p=5.3x10-8; EBF1, 2.6 fold enrichment, p=7x10-8). Similarly, in fibroblasts, TFBS for 292 

SUZ12 (3.5-fold enrichment, Fisher’s. p=3.4x10-10) and EZH2 (2.4-fold enrichment, 293 

p=8.0x10-9), were the most significantly enriched among VMRs of the module that 294 

included multiple HOX-genes (Fig. 3D). Prior studies have shown that as part of the 295 

polycomb complex, SUZ12 and EZH2 have roles in the establishment of epigenetic 296 

modifications, and specifically in the regulation of HOX genes (Cao et al, 2008). 297 

 298 

Table 2. Top 5 Transcription Factor Binding Sites overlapping with VMRs in 299 

various WGCNA modules in 5 cell types 300 

Cell type TFBS # VMRs 
overlapping TFBS # VMRs in Module Enrichment P value 

  SUZ12 19 21 3.5 3.42E-10 

  EZH2 21 21 2.37 8.03E-09 

Fibroblasts CTBP2 11 21 2.76 0.0005 

  TCF7L2 9 21 1.97 0.0224 

  HMGN3 6 21 2.47 0.0250 

  RUNX3 33 72 2.43 5.26E-08 

  EBF1 30 72 2.59 7.04E-08 

T cells CEBPB 33 72 2.22 5.74E-07 

  WRNIP1 17 72 3.73 6.07E-07 

  NFIC 23 72 2.87 6.71E-07 

  RELA 13 15 5.52 1.30E-09 

  STAT1 8 15 6.58 4.31E-06 

B cells POU2F2 9 15 4.7 1.50E-05 

  EBF1 10 15 3.95 1.80E-05 

  IKZF1 5 15 11.37 2.90E-05 

  ESR1 30 425 1.46 0.0024 

  GATA2 75 425 1.24 0.0039 

Glia EP300 122 425 1.17 0.0042 

  FOXA2 43 425 1.29 0.0118 

  SMARCC1 22 425 1.44 0.0121 

  EZH2 13 13 7.05 5.26E-12 

  SUZ12 7 13 13.02 1.61E-07 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 15, 2017. ; https://doi.org/10.1101/189704doi: bioRxiv preprint 

https://doi.org/10.1101/189704


17 
 

Neuron CTBP2 6 13 8.31 2.73E-05 

  EP300 36 112 1.8 5.47E-05 

  JUN 21 112 2.3 7.24E-05 

 301 

 302 

Methylation levels at VMRs are influenced by both heritable and non-heritable 303 

factors  304 

 305 

Motivated by the signatures of co-methylation observed in our VMRs, we next sought to 306 

broadly explore the potential underlying factors associated with the regulation of VMR 307 

methylation variability. To do this, we first assessed the relationships between CpGs 308 

within VMRs, genetic variation, and gene expression. We tested for enrichment of 309 

FVMRs, BVMRs and TVMRs with previously described CpG methylation:gene 310 

expression associations (eQTMs) and CpG methylation:SNP associations (cis mQTLs) 311 

in fibroblasts, B cells and T cells (Gutierrez-Arcelus et al., 2013). We observed 312 

significant enrichments for VMRs in all three cell types for both CpGs that function as 313 

eQTMs and those linked with mQTLs, with enrichments of 18.8-, 3.2-, and 3.6-fold in 314 

eQTMs, and 4.4-, 6.5-, and 5.1-fold for association with mQTLs in FVMRs, BVMRs, and 315 

TVMRs, respectively (all p-values <10-53, Supplementary Table S2). Similarly, 174 316 

(32.4%) of FVMRs, 796 (68.1%) of TVMRs and 343 (59.1%) of BVMRs overlapped with 317 

mQTLs defined in prior analyses (Gutierrez-Arcelus et al., 2013). To further investigate 318 

the relationship of VMRs with underlying genetic variation we used methylation 319 

heritability estimates characterized in peripheral blood leukocytes from a cohort of 117 320 

families (McRae et al., 2014). Overlaying heritability estimates onto VMR-CpGs across 321 

the five cell types revealed that methylation levels for CpGs within VMRs showed 322 
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significantly increased heritability compared to non-VMR CpGs (Fig. 4A). Thus, 323 

epigenetic variation at VMRs is often associated with nearby gene expression, and 324 

methylation levels at many VMRs shows strong evidence of being under local genetic 325 

control. 326 

 327 

Figure 4. Methylation levels at VMRs are influenced by heritable and non-heritable factors. (A) Cell 328 

count corrected heritability (Grundberg et al., 2013) for VMRs in five cell types. VMRs found in >1 cell 329 

type show significantly higher heritability, suggesting these are mostly under genetic control (B) 330 

Methylation differences found within 13 pairs of monozygotic twins. CpGs that lie within VMRs show 331 

significantly increased MZ twin divergence compared to other CpGs, suggesting an environmental 332 

influence on methylation levels at VMRs. This effect is even more pronounced after excluding those 333 

VMRs known to be under genetic control. 334 

 335 

However, despite this evidence for genetic influences underlying a large fraction 336 

of epigenetic variability, the existence of co-regulated modules of VMRs in trans led us 337 

to hypothesize that a subset of epigenetic variation might be linked to non-genetic 338 

influences, such as differing environmental exposures. To further explore the influence 339 

of non-heritable factors on the epigenetic state of VMRs, we analyzed methylation 340 

profiles from 13 monozygotic (MZ) twin pairs (McRae et al., 2014). Previous studies 341 

have shown increased discordance of DNA methylation levels between MZ twins with 342 
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age, presumably due to differing environmental exposures and/or stochastic processes 343 

(Fraga et al., 2005). We first identified a total of 1,411 VMRs (9,079 CpGs) in these 344 

twins (Supplementary Table S7). Based on the premise that epigenetic differences 345 

between MZ twin pairs provides a measure of the non-genetic component of epigenetic 346 

variability, at each CpG we calculated the mean absolute methylation discordance for all 347 

autosomal CpGs within each MZ twin pair. We observed a highly significant increase in 348 

MZ twin discordance for CpGs within VMRs versus non-VMR CpGs (p<10-300) (Fig. 4B). 349 

Furthermore, after removing those CpGs known to be associated with mQTLs, i.e. those 350 

under genetic control, the degree of MZ twin discordance in the remaining VMRs 351 

increased substantially (Fig. 4B). These observations provide strong support for the 352 

influence of environmental effects on methylation variability at a subset of VMRs. 353 

 354 

Experimental evidence for environmental influences on DNA methylation from a 355 

cell culture model 356 

 357 

To experimentally verify whether methylation levels at some VMRs are responsive to 358 

environmental cues, we performed cell culture experiments in which we grew 359 

genetically identical fibroblasts under different environmental conditions, varying levels 360 

of nutrient deprivation and cell density with time (Fig. 5A). Skin fibroblasts from a single 361 

normal male (GM05420) were seeded in parallel from a single master culture into eight 362 

separate flasks, and allowed to grow under normal or low-nutrient conditions, achieving 363 

varying levels of cell density at each time point. Every 48 hours one flask was harvested 364 
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from each nutrient regime, DNA extracted and profiled on the 450k array, resulting in 365 

DNA methylation profiles for nine samples (see Methods). 366 

 367 

Figure 5. Experimental manipulation of DNA methylation using cell culture shows enrichment for 368 

VMRs at HOX genes and imprinted loci. (A) To directly assess the effect of varying environmental 369 

conditions on epigenetic state, we grew genetically-identical fibroblasts under conditions of increasing cell 370 

density and nutrient deprivation. Cells from a single human fibroblast line were seeded in parallel at low 371 

density in ten culture flasks, and allowed to grow continuously for up to 10 days, either with or without 372 

regular change of media. Every 48 hours one flask was harvested and genome-wide DNA methylation 373 

patterns profiled. (B) Applying a sliding window approach identified 142 VMRs where methylation levels 374 

showed robust changes with varying culture conditions, including loci at several HOX genes and multiple 375 

imprinted loci. Gene ontology analysis of VMRs induced by cell culture showed enrichments for 376 

fundamental control of growth, including similar GO categories to the co-methylated network identified in 377 

fibroblasts from the Gencord cohort (data not shown). (C) Environmentally-responsive VMRs induced by 378 
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cell culture showed a 47-fold enrichment for probes within the differentially methylated regions associated 379 

with nine different imprinted genes (p=1.5x10-94). The left plot shows methylation profiles at the imprinted 380 

region of GNAS, which was also identified as a VMR in cultured fibroblasts. Each line shows the 381 

methylation profile at a different time point, with lighter shades of grey with increasing time. The right plot 382 

shows the change in methylation level with time at a single CpG (cg22407822) within the GNAS VMR. 383 

 384 

We applied the same sliding-window method to identify VMRs in these cultured 385 

isogenic fibroblasts, identifying 162 putatively “environmentally responsive” VMRs. This 386 

included many of the same VMRs identified previously in our population-based analysis 387 

of umbilical cord-derived fibroblasts (Supplementary Table S8), with a 7.3-fold 388 

enrichment for overlap between these two sets of VMRs (p=1.4x10-47). Examples of 389 

VMRs showing changes in methylation level with culture conditions are shown in Fig. 390 

5B.  391 

Concordant with our population analysis, GO analysis of the 162 VMRs from 392 

cultured isogenic fibroblasts revealed enrichments for HOX genes, as well as the 393 

several of the same GO terms associated with the co-regulated FVMR modules 394 

(Supplementary Table S9). Strikingly, these environmentally responsive VMRs were 395 

also enriched 47-fold for CpGs within known imprinted loci versus the null (P=1.5x10-94). 396 

This included overlaps with differentially methylated regions associated with the 397 

imprinted genes PPIEL, MKRN3, MAGEL2, SNRPN, PEG3, L3MBTL1, MEST, 398 

PLAGL1, and GNAS (Fig. 5C) (Court et al., 2014). 399 

 400 

 401 

  402 
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DISCUSSION 403 

Here we surveyed variation in DNA methylation patterns in five purified human cell 404 

types, identifying hundreds of genomic loci that exhibit a high degree of epigenetic 405 

polymorphism in the human population: we term these ‘Variably Methylated Regions’ or 406 

VMRs. We observed that VMRs are enriched for various functional genomic features, 407 

most notably enhancers, suggesting a potential role in regulating gene expression 408 

patterns. Unexpectedly, we found that many VMRs form co-regulated networks both in 409 

cis and in trans, with multiple VMRs spread across different chromosomes at which 410 

methylation levels vary in a coordinated fashion. These co-regulated networks were 411 

specific to each cell type, had reduced heritability, and were also enriched for gene sets 412 

with cell-type relevant functions. For example, we observed VMR networks associated 413 

with genes enriched for learning/memory and synaptic transmission in neurons, 414 

regulation of nervous system development in glia, and T cell activation in T cells. These 415 

observations suggest that some VMRs represent loci that form co-regulated pathways 416 

that are implicated in the regulation of genes with cell-type specific functions. The 417 

dispersed nature of these co-regulated VMR networks indicates that they are potentially 418 

regulated by trans acting factors, and consistent with this we found significant 419 

enrichments for relevant transcription factor binding sites associated with some 420 

networks. 421 

While many VMRs are influenced by local genotypes, our analyses of 422 

monozygotic twins and in-vitro culture of genetically identical fibroblasts cell lines clearly 423 

demonstrates that epigenetic variation at some VMRs is linked to environmental factors. 424 

Indeed, using isogenic fibroblast cultures derived from a single individual that were 425 
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grown under different environmental conditions, we were able to replicate many of the 426 

same VMRs found in our original population analysis, thus showing definitively that 427 

epigenetic variation at these loci is an environmentally inducible trait. Intriguingly these 428 

environmentally-responsive VMRs showed a strong enrichment for imprinted loci (p<10-
429 

94), suggesting that these genes are particularly sensitive to environmental conditions. 430 

This observation that varying cell culture conditions result in epigenetic alterations 431 

across the genome, presumably accompanied by changes in gene expression, 432 

highlights that the use of cultured cells for investigating epigenetic phenomena should 433 

be approached with caution. We suggest that unless carefully controlled, variations in 434 

cell culture conditions could easily introduce significant epigenetic and transcriptional 435 

changes that could confound many in vitro studies. 436 

VMRs in fibroblasts comprised co-regulated modules that included all four HOX 437 

gene clusters that are each located on different chromosomes. Using validated 438 

transcription factor binding sites, we found a significant enrichment for transcription 439 

factors EZH2 and SUZ12 at these VMR sites associated with HOX genes. These two 440 

transcription factors are components of the Polycomb Repressive Complex 2 (PRC2), 441 

which functions as a histone H3K27-specific methyltransferase and regulates both 442 

epigenetics and expression of HOX genes (Cao et al., 2008). Thus, we propose a 443 

model where coordinated variation of DNA methylation at multiple loci in trans, 444 

corresponding to a network of co-regulated genes, is under the control of transcription 445 

factor binding in response to physiological and/or environmental cues. In the case of the 446 

HOX gene network in cultured fibroblast cell lines, such cues could be the availability of 447 

nutrients, local cell density and other growth conditions, allowing the cells to modify their 448 
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growth trajectories in response to the prevailing environment. Consistent with this 449 

model, recent observations were made in macrophages, a type of immune cell that has 450 

a variety of roles in different tissues around the body, which mirror our findings. Two 451 

prior studies showed that the epigenetic state of enhancer elements in these cells 452 

responds to the tissue microenvironment in which they reside, and is regulated by 453 

networks of tissue- and lineage-specific transcription factors that drive divergent 454 

programs of gene expression (Gosselin et al., 2014; Lavin et al., 2014). Studies of 455 

chromatin accessibility have also shown that manipulating the presence of specific 456 

transcription factors can lead to global modification of epigenetic state at multiple loci in 457 

trans (Buenrostro et al., 2015).  458 

 One of the strengths of this study is that we specifically utilized purified cell types 459 

for our analysis, some of which were also of homogeneous age. This has the advantage 460 

of removing the confounder of both cellular heterogeneity and age effects, both of which 461 

are known to influence DNA methylation (Christensen et al. 2009; Day et al., 2013; 462 

Houseman et al., 2015). Such differences would otherwise result in many false positive 463 

VMRs due to underlying differences in cell fractions or age among individuals. 464 

Furthermore, we also utilized a window-based approach for defining VMRs. This 465 

requirement for the presence of multiple neighboring CpGs with high population 466 

variance means our results should be robust to potential effects of underlying sequence 467 

variants, which can artifactually influence reported methylation levels at single probes. 468 

One of the limitations of this analysis is that we used methylation profiles from 469 

the Illumina 450k array, which targets only a small subset (~3%) of CpGs in the human 470 

genome, and has coverage that is biased towards gene promoters and CpG islands. As 471 
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such, the maps of VMRs we provide here are far from comprehensive, and future work 472 

that utilizes more comprehensive approaches (e.g. whole genome bisulfite sequencing) 473 

will undoubtedly provide more complete genomic maps of epigenetic variation. 474 

However, to our knowledge currently no such datasets on a population-scale are 475 

available. One other potential caveat is that the methylation profiles for B cells, 476 

fibroblasts and T cells were all generated from cells that had been cultured in vitro, and 477 

furthermore the B cells were also immortalized by Epstein-Barr virus infection, a 478 

process which is known to induce widespread epigenetic changes (Grafodatskaya et al., 479 

2010). However, we observed good replication of the VMRs identified from 480 

cultured/immortalized B cells and T cells in an independent cohort where DNA was 481 

extracted from uncultured blood, indicating that many of these same VMRs observed 482 

even in immortalized B cells are also present natively. 483 

 In conclusion our study of DNA methylation polymorphism provides novel 484 

insights into the nature and function of epigenetic variation. The coordinated response 485 

we observed where methylation levels at networks of multiple genomic regions varies in 486 

response to the local environment is consistent with popular theories that the 487 

epigenome can indeed act as an interface between the genome and environment (Liu et 488 

al,, 2008; Tammen et al.,2013, Bell and Beck, 2010). 489 

  490 
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METHODS 491 

Data processing and statistical analysis 492 

We obtained DNA methylation data generated using the Illumina 450k 493 

HumanMethylation BeadChip from two published studies. We utilized data from the 494 

Gencord cohort from the EMBL-EBI European Genome-Phenome Archive 495 

(https://www.ebi.ac.uk/ega/) under accession number EGAS00001000446, representing 496 

107 fibroblast cultures, 66 T-cell cultures and 111 immortalized B-cell cultures derived 497 

from a cohort of newborns (Gutierrez-Arcelus et al., 2013). We also utilized methylation 498 

data representing FAC-sorted glial and neuronal cells from 58 deceased donors 499 

downloaded from GEO (http://www.ncbi.nlm.nih.gov/geo/) under accession number 500 

GSE41826 (Guintivano et al., 2013). Prior to analysis for methylation variation, each 501 

dataset underwent several filtering and normalization steps, as follows. In each 502 

individual, probes with a detection p>0.01(mean n=348 per sample) or mapping to the X 503 

or Y chromosomes were removed. 482,421 probe sequences (50-mer oligonucleotides) 504 

were remapped to the reference human genome hg18 (NCBI36) using BSMAP, 505 

allowing up to 2 mismatches and 3 gaps, retaining those 470,681 autosomal probes 506 

with unique genomic matches. Probe coordinates were converted to hg19 using liftover. 507 

Probes that overlapped SNPs identified by the 1000 Genomes Project (minor allele 508 

frequency ≥0.05) either including or within 5bp upstream of the targeted CpG (n=9,409 509 

autosomal probes) were discarded, as such variants can introduce biases in probe 510 

performance. We also removed probes overlapping copy number variants of ≥5% 511 

frequency in CEU HapMap samples (Conrad et al., 2010). One pair of neuronal/glial 512 

samples was excluded on the basis that they showed discrepant gender, as determined 513 
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by PCA analysis of β-values on the sex chromosomes. For sliding window analysis, we 514 

sub-selected 316,452 autosomal 1kb windows containing 3 or more probes. CpGs 515 

targeted by these probes were then annotated based on their position relative to 516 

RefSeq genes using BEDTools v2.17. 517 

 518 

Variably Methylated Regions  519 

To identify regions of common highly variable methylation that should be robust to 520 

fluctuations in single probes, we chose an approach to identify loci containing multiple 521 

independent probes showing high population variance. For each probe, we calculated 522 

the standard deviation (SD) of the β-value across all individuals in each cell type. We 523 

then utilized a 1kb sliding window based on the start coordinate of each probe, 524 

beginning at the most proximal probe on each chromosome and moving down 525 

consecutively to the last probe on each chromosome. We defined VMRs as those 1kb 526 

regions containing at least 3 probes ≥95th percentile of SD in that cell type, with an 527 

additional criterion that at least 50% of the probes in that window were also ≥95th 528 

percentile of SD.  529 

 530 

Network Analysis and Gene Ontology Analysis 531 

To identify potential co-regulation relationships among VMRs, we applied Weighted 532 

Gene Correlation Network Analysis (WGCNA) to each set of VMRs identified per cell 533 

type (Langfelder and Horvath, 2008). Input values for each VMR were first reduced to a 534 

single data point per individual by averaging β-values for the multiple probes within each 535 

VMR. We generated adjacency matrices by raising the correlation matrix to the power of 536 
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6, which was then transformed into topological overlap matrix (TOM). VMRs were then 537 

classified into modules using hybrid dynamic tree cutting with a minimum cluster size of 538 

10 probes. VMRs in each module were selected at Module Membership value ≥0.7. We 539 

associated VMRs with gene annotations based on either their localization within ±2kb of 540 

Refseq transcription start sites, overlap with DNAseI hypersensitive sites that showed 541 

significant association in cis with gene expression levels within ENCODE cell lines 542 

(Sheffield et al., 2013), and significant associations between methylation and gene 543 

expression levels (eQTMs) in T cells, B cells, fibroblasts (Gutierrez-Arcelus et al., 2013). 544 

For each module with at least 10 associated genes, we performed Gene Ontology 545 

enrichment analysis using GOrilla (http://cbl-gorilla.cs.technion.ac.il/)(Eden et al., 2009).  546 

 547 

Enrichment analysis of transcription factor binding sites 548 

We downloaded the track of Uniform transcription factor binding sites (TFBS) from the 549 

UCSC Genome browser, containing experimentally determined binding sites for 162 550 

transcription factors. As the precise boundaries of some VMRs were not well defined, 551 

we extended TFBS coordinates by ±500bp prior to overlap with the set of VMRs 552 

identified in each cell type. Enrichment analysis for TFBS to occur within each module 553 

of co-regulated VMRs identified by WCGNA versus the background was performed 554 

using a Fisher's exact test. In each cell type, only TFBSs with ≥10 overlaps with VMRs 555 

were considered, and we applied a Bonferroni correction to p-values based on the total 556 

number of TFs tested (n=162). 557 

 558 

Fibroblast cell culture and methylation profiling 559 
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A growing culture of human skin fibroblasts from a normal male individual (GM05420) 560 

was obtained from Coriell Institute for Medical Research (Camden, NJ). Cells were 561 

grown in RPMI1640 media supplemented with 1mM L-glutamine, 10% FBS and 100u/L 562 

each of penicillin and streptomycin. A single vial of fibroblasts was initially grown in a 563 

2ml culture plate, with media changed every 24 hours. Once the cells attained 80% 564 

confluency they were trypsinized and split equally into two T25 flasks. Each flask was 565 

treated identically, with media changed every 24 hours until the cells achieved 80% 566 

confluency (approximately 7 days after seeding). Both cultures were then trypsinized, 567 

mixed, and the cells seeded equally into a total of nine T25 flasks, which were then 568 

harvested at set time points (TP) under different culture regimes, as follows: 569 

 570 

1. Harvested immediately 571 

2. Time Point (TP) 1 - harvested after 48 hours 572 

3. TP2 - fresh media given at TP1 and then harvested after a further 48 hours 573 

4. TP3 - fresh media given at TP1 and TP2, and then harvested after a further 48 hours  574 

5. TP4 - fresh media given at TP1, TP2 and TP3, and then harvested after a further 48 575 

hours 576 

6. TP5 - fresh media given at TP1, TP2, TP3 and TP4, and then harvested after a 577 

further 48 hours  578 

7. TP2a – No change of initial media, harvested after 96 hours 579 

8. TP4a – No change of initial media, harvested after 192 hours 580 

9. TP5a – No change of initial media and then harvested after 240 hours 581 

 582 
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At each time point, cells were harvested by trypsinization, pelleted by centrifugation, 583 

and frozen at -20 Celsius. Once all cultures were harvested, DNA was extracted in a 584 

single batch using the Qiagen DNeasy blood and tissue kit and these samples 585 

processed together on a single chip using the Illumina 450k HumanMethylation 586 

BeadChip according to manufacturer’s instructions. The resulting data were then 587 

processed and normalized as described above, and VMRs across these nine samples 588 

defined as 1kb regions containing at least 3 probes ≥95th percentile of SD, with an 589 

additional criterion that at least 50% of the probes in that window were also ≥95th 590 

percentile of SD. 591 

 592 

 593 
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DATA ACCESS 595 

Methylation array data from cell line GM05420 have been deposited in the NCBI Gene 596 

Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo) under accession number 597 

GSE76836. 598 
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Legends to Supplementary Figures 831 

 832 

Supplementary Fig. S1. Pairwise correlation between shared VMRs reveals 833 

varying levels of similarity across cell types. VMRs found in fibroblasts show 834 

relatively low correlations with other cells types, whereas there is much greater similarity 835 

in VMRs between T-cells and B-cells (both of which are types of blood cell), and even 836 

greater similarity between VMRs found in glia and neurons (both of which are derived 837 

from brain). 838 

 839 

Supplementary Fig. S2. Heat maps showing pair wise correlation values between 840 

all CpGs located within VMRs defined in neurons, glia, B cells and T cells. In each 841 

plot, CpGs on both axes are ordered by genomic position, revealing the presence of 842 

multiple loci located on different chromosomes that show highly correlated methylation 843 

levels in trans.  844 

 845 

Supplementary Fig. S3. Examples of networks of genes associated with co-846 

regulated VMRs identified in four cell types. The outermost circle in each Circos plot 847 

represents segments of each chromosome. Gene names are shown inside. Blue tick 848 

marks on the inner grey shaded band represent each VMR. The black curved lines 849 

connect the VMRs in the network that have methylation levels with pair wise absolute 850 

correlation values R≥0.7.  851 

 852 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 15, 2017. ; https://doi.org/10.1101/189704doi: bioRxiv preprint 

https://doi.org/10.1101/189704


44 
 

 Supplementary Fig. S4. Results of Gene Ontology (GO) analysis of genes 853 

associated with networks of co-regulated VMRs identified by WCGNA. (A) T cells, 854 

(B) glia, and (C) neurons. 855 

 856 
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Legends to Supplementary Tables 858 

 859 

Supplementary Table S1. VMRs defined in neurons, glia, B cells, T cells and 860 

fibroblasts. 861 

 862 

Supplementary Table S2. Enrichment analysis for various genomic features 863 

overlapping VMRs in five cell types. 864 

 865 

Supplementary Table S3. Networks of co-regulated VMRs defined by WCGNA in 866 

neurons, glia, B cells, T cells and fibroblasts. 867 

 868 

Supplementary Table S4. Genes associated with networks of co-regulated VMRs 869 

defined by WCGNA in neurons, glia, B cells, T cells and fibroblasts. Based on the 870 

Networks of co-regulated VMRs defined by WCGNA (Supplementary Table S3), VMRs 871 

were associated with the genes they regulate based on either their localization within 872 

±2kb of transcription start sites, overlap with DNAseI hypersensitive sites that showed 873 

significant association in cis with gene expression levels (Sheffield et al., 2013), and 874 

significant associations between methylation and gene expression levels (eQTMs) in T 875 

cells, B cells, fibroblasts (Gutierrez-Arcelus et al., 2013) and monocytes (Liu et al., 876 

2013). 877 

 878 

Supplementary Table S5. Significantly enriched Gene Ontology (GO) categories 879 

associated with genes linked with networks of co-regulated VMRs in neurons, 880 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 15, 2017. ; https://doi.org/10.1101/189704doi: bioRxiv preprint 

https://doi.org/10.1101/189704


46 
 

glia, B cells, T cells and fibroblasts. For each module with at least 10 constituent 881 

genes, we performed Gene Ontology enrichment analysis using GOrilla (Eden et al., 882 

2009). 883 

 884 

Supplementary Table S6. Significantly enriched transcription factor binding sites 885 

overlapping networks of co-regulated VMRs defined by WCGNA in neurons, glia, 886 

B cells, T cells and fibroblasts.  887 

 888 

Supplementary Table S7. VMRs defined by analysis of methylation in 26 889 

individuals, representing 13 pairs of monozygotic twins. 890 

 891 

Supplementary Table S8. VMRs identified in cultured isogenic fibroblasts grown 892 

under conditions of increasing cell density and nutrient deprivation. 893 

 894 

Supplementary Table S9. Results of GO enrichment analysis using genes 895 

associated with VMRs identified in cultured isogenic fibroblasts grown under 896 

conditions of increasing cell density and nutrient deprivation. 897 
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