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Abstract: DNA methylation is one of the most extensively studied epigenetic marks in 
humans. Yet, it is largely unknown what causes variation in DNA methylation between 
individuals. The comparison of DNA methylation profiles of monozygotic (MZ) twins 
offers a unique experimental design to examine the extent to which such variation is 
related to individual-specific environmental influences and stochastic events or to familial 
factors (DNA sequence and shared environment). We measured genome-wide DNA 
methylation in buccal samples from ten MZ pairs (age 8–19) using the Illumina 450k array 
and examined twin correlations for methylation level at 420,921 CpGs after QC. After 
selecting CpGs showing the most variation in the methylation level between subjects, the 
mean genome-wide correlation (rho) was 0.54. The correlation was higher, on average, for 
CpGs within CpG islands (CGIs), compared to CGI shores, shelves and non-CGI regions, 
particularly at hypomethylated CpGs. This finding suggests that individual-specific 
environmental and stochastic influences account for more variation in DNA methylation in 
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CpG-poor regions. Our findings also indicate that it is worthwhile to examine heritable and 
shared environmental influences on buccal DNA methylation in larger studies that also 
include dizygotic twins. 

Keywords: DNA methylation; cytosine; epigenetics; Illumina 450k; twin study; buccal 
epithelium; genome-wide methylation; children 

 

1. Introduction 

To date, hundreds of genetic risk variants for complex traits and diseases have been identified, 
although for most of these variants, the biological mechanisms remain to be elucidated [1]. 
Interestingly, the majority of disease-associated genetic variation is located in regulatory regions of the 
genome [2], including transcription-factor-occupied regions and DNase I hypersensitive sites (which 
correspond to open chromatin) [3]. This suggests that mechanisms that control the activity of genes, 
including epigenetic mechanisms, may represent an important link between DNA sequence variation 
and common disease susceptibility [4]. Trying to unravel the molecular biology underlying complex 
traits and disease, much attention has been drawn recently to these epigenetic mechanisms; non-DNA 
sequence-based regulation of gene expression by DNA methylation, histone modification, microRNAs, 
etc. [5]. DNA methylation is one of the most extensively studied epigenetic mechanisms in human 
populations and tissues and is the focus of this paper. 

In humans, DNA methylation occurs almost exclusively at cytosines that are part of CpG 
dinucleotides. The relationship between DNA methylation and expression varies depending on the 
genomic context: CpG methylation at promoter regions is generally thought to repress gene expression, 
while gene body methylation is generally associated with active gene expression and has been suggested 
to regulate splicing [6–8]. In most cell types, the majority of CpGs in the genome (on average,  
70%–80%) is typically methylated [9]. Of the unmethylated CpG sites in the genome, most occur in 
areas of clustered CpGs, called CpG islands, which are often present in promoter regions. Yet, DNA 
methylation patterns may vary, and differential methylation has been demonstrated to occur across  
age [10], cell types, tissues [7,11] and disease states [12,13], and it has become clear that widespread 
variation in methylation patterns exist between individuals [14]. Accumulating evidence suggests  
that DNA methylation patterns can be affected by genetic variants (mQTLs) [15], environmental 
exposures [16] and stochastic factors [17,18], but it is largely unknown how much each of these factors 
account for overall variation between individuals in DNA methylation across the genome. Twin 
studies provide insight into the proportion of inter-individual variation in DNA methylation that is due 
to genetic variation, environmental effects and stochastic variation [19]. 

Because MZ twins derive from a single zygote and, therefore, have (nearly) identical DNA 
sequences (see, for example, Ye et al., 2013 [20]), the comparison of DNA methylation patterns of MZ 
twins allows one to examine the extent to which differences in methylation between human individuals 
are related to environmental and stochastic events. Previous studies have highlighted that various 
tissues of MZ twins already show differences in DNA methylation at birth [21,22] and that differences 
between twins for average genome-wide DNA methylation, total histone acetylation levels and 
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methylation at certain loci increase with age (referred to as “epigenetic drift”) [23]. Although a  
cross-sectional study of DNA methylation discordance in saliva from 34 MZ pairs (age range:  
21–55 years) found no evidence for larger differences in DNA methylation in older MZ pairs [24], 
results from a cross-sectional analysis based on 230 MZ pairs (age range: 18–89 years) suggested a 
gradual increase of DNA methylation discordance in MZ twins from early adulthood to advanced age 
at various candidate loci, which was supported by longitudinal data from 19 elderly MZ pairs [25]. 

In the past few years, various studies have examined DNA methylation at a set of candidate genes 
or particular genomic regions in MZ and dizygotic (DZ) twins [26–31], usually reporting greater 
similarity of MZ twins compared to DZ twins, suggesting that heritable influences contribute to DNA 
methylation variation at specific regions. While CpG sites at some imprinted loci showed evidence for 
moderate to high heritability in blood samples from adolescent and middle-aged twins [29], other 
genomic regions, including the major histocompatibility complex (MHC) region, showed little 
evidence for genetic influences on DNA methylation variation [28]. Twin studies also highlighted 
variation between tissues in the importance of genetic influences on methylation of candidate loci at 
birth [30]. A longitudinal classical twin study of three candidate genes (DRD4, SLC6A4/SERT and 
MAOA) based on buccal cells indicated that changes in the methylation of these genes within 
individuals between age five and 10 are mostly attributable to non-shared environmental influences 
and stochastic variation [31]. Clearly, twin studies of candidate regions suggest that there is broad 
variation in the importance of heritable influences and environmental or stochastic variation to DNA 
methylation at different regions. 

To date, only a few genome-scale analyses of DNA methylation have been performed using the 
classical twin design, including a study of ~12,000 CpG sites within islands [32], two studies that used 
a promoter-specific array targeting ~27,000 CpG sites (Illumina 27k) [21,33] and two studies that used 
the Infinium HumanMethylation450 array (Illumina 450k) [22,34], which assesses ~485,000 CpG sites 
across a variety of regions in the genome, including gene bodies and intergenic regions [35]. The 
studies that assessed heritability consistently reported that the average heritability of the methylation 
level at CpGs across the genome is low to moderate when all sites are considered, although the 
heritability of individual CpGs ranges between 0% and 100%. The following estimates of average 
heritability across genome-wide CpGs have been reported to date (based on all analyzed CpGs): 18% 
in blood from 32- to 80-year-old twins (21 MZ pairs and 31 DZ pairs) [33], 5% in placenta, 7% in 
human umbilical vascular endothelial cells (HUVEC) and 12% in cord-blood mononuclear cells 
(CBMC) from neonatal twins (22 MZ and 12 DZ pair [21]) and 19% in adipose tissue from adult 
female twins (97 MZ pairs and 162 DZ pairs) [34]. In two studies of neonatal twin tissues, methylation 
discordance in MZ and DZ twins increased with increasing distance from CpG islands (CGIs) for 
certain probes (Type I), i.e., differences were larger in the shores and shelves that flank CGIs [21,22]. 
In the study of adipose tissue, it was noted that the average genome-wide heritability of DNA 
methylation was higher when restricting to the most variable CpG sites (for the top 10% CpGs of 
which the methylation level varied most between subjects, the average heritability was 37%) [34].  
It was also found that gene body and intergenic regions showed higher average methylation levels, more 
variation between subjects and higher heritability compared to promoter regions in adipose tissue [34]. 

To summarize, there is great interest in unraveling the factors that contribute to variation in DNA 
methylation between persons, but most previous twin studies of DNA methylation have been limited to 
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candidate genes or a subset of regulatory regions in the genome (mostly promoter regions and CGIs). 
Two earlier studies used the Illumina 450k to collect genome-wide data in MZ and DZ twins; one in 
adipose tissue in adults [34] and one in DNA isolated from buccal cells in infants (10 MZ pairs and 
five DZ pairs, longitudinal design) [22]. In line with earlier findings suggesting the divergence of DNA 
methylation profiles with age in MZ twins (mostly based on data from adult twins, cross-sectional 
comparisons and limited genomic coverage), Martino et al. [22] showed that widespread DNA 
methylation changes occur across the genome in buccal cells between birth and 18 months and that 
some MZ and DZ pairs already show divergence of DNA methylation profiles, whereas other pairs 
show stable difference levels or became more similar within the first 18 months after birth. In this paper, 
we analyzed genome-wide DNA methylation profiles (Illumina 450k) from buccal epithelium. We 
focused on 10 young and adolescent MZ twin pairs (age 8–19). The aim of our study was to examine 
how similar the DNA methylation profiles of buccal cells from genetically identical subjects are in 
childhood and adolescence and whether MZ twin similarity varies between different genomic regions. 

Previous studies have highlighted differences in mean methylation level, differences in the effect of 
methylation level on gene expression and differences in the effect size and direction of the effect on 
methylation for disease associations across different regions in the genome [6]. These findings indicate 
that the establishment and maintenance of DNA methylation is differentially regulated in different 
regions and that a given change in methylation in different areas may have different downstream 
effects, suggesting that DNA methylation in some regions may be more tightly controlled than in 
others. We questioned whether these regional differences are also accompanied by differences in the 
importance of environmental and stochastic influences versus familial factors (genetic variation and 
shared environment) to inter-individual variation in methylation levels. Therefore, we describe the MZ 
twin correlations of individual CpGs as a function of various genomic classifications, including the 
position relative to CGIs (CGI regions, shores, shelves and non-CGI regions), genes (distal to 
promoter, proximal to promoter, gene body and intergenic) and ENCODE regulatory regions (DNaseI 
hypersensitive sites (DHS) and transcription factor binding sites (TFBS)). Hereby, our study gives 
valuable insight into the factors influencing inter-individual genome-wide DNA methylation variation 
in buccal cells in childhood and adolescence and into the degree to which these influences vary across 
functional regions in the genome. 

2. Experimental 

2.1. Subjects 

Ten monozygotic twin pairs, who take part in longitudinal studies of the Netherlands Twin Register 
(NTR), were selected for the current study. There were five young twin pairs [36] whose buccal samples 
were collected when the twins were between ages 8 and 10 years and five adolescent pairs [37] who 
were aged 18–19 years at the time of sample collection. In the young group, there were three male 
pairs and two female pairs, and in the adolescent group, there were two male pairs and three female 
pairs. The twins were unselected with respect to phenotypic characteristics. Informed consent was 
obtained from the parents (children) or from the twins themselves (adolescents). The study was 
approved by the Central Ethics Committee on Research Involving Human Subjects of the VU University 
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Medical Centre, Amsterdam, an Institutional Review Board certified by the U.S. Office of Human 
Research Protections (IRB number IRB-2991 under Federal-wide Assurance-3703; IRB/institute codes, 
NTR 03-180). Participants could indicate if they wished to be informed of the results of zygosity 
testing. Zygosity testing, based on a set of SNPs and VNTRs, as described in Van Beijsterveldt et al. 
2013 [36], confirmed that all pairs were MZ. In addition to the twin samples, a single sample was used 
as a genomic DNA control. This DNA sample (CEPH) was derived from a stable cell line (female) 
from the HapMap project and was run in four replicates on the methylation BeadChip arrays. 

2.2. Buccal DNA Collection 

The procedures of buccal swab collection [38] and genomic DNA extraction [39] have been 
described previously. In short, 16 cotton mouth swabs were individually rubbed against the inside of 
the cheek by the participants and placed in four separate 15 mL conical tubes (four swabs in each tube) 
containing 0.5 mL STE buffer (100 mM sodium chloride, 10 mM Tris hydrochloride (pH 8.0) and  
10 mM ethylenediaminetetraacetic acid) with proteinase K (0.1 mg/mL) and sodium dodecyl sulfate 
(SDS) (0.5%) per swab. Individuals were asked to refrain from eating or drinking 1 hour prior to 
sampling. High molecular weight genomic DNA was extracted from the swabs using a high salt (KAc) 
precipitation followed by a standard chloroform/isoamyl alcohol (24:1) extraction. The DNA samples 
were quantified using absorbance at 260 nm with a Nanodrop ND-1000 (Nanodrop Technologies, 
Wilmington, DE, USA). 

2.3. Infinium HumanMethylation450 BeadChip Data Generation 

The epigenome-wide methylation data was generated using the Infinium HumanMethylation450 
BeadChip Kit (Illumina Inc., San Diego, CA, USA). The Infinium HumanMethylation450 BeadChip is 
able to interrogate over 450,000 methylation sites across the entire genome, including 99% of RefSeq 
genes. Content was selected to include gene regulatory regions, such as the promoter, 5' UTR, first 
exon, gene body and the 3' UTR. Additionally, bead probes were also designed to cover regions 
adjacent to the CpG islands, such as the shores and shelves [35]. 

The Infinium DNA methylation assay was performed at the Avera Institute for Human Genetics. 
The assay was completed exactly as denoted in the manufacturer’s protocol. The concentration of 
genomic DNA used in the Infinium DNA methylation assay was determined by comparing the binding 
of PicoGreen to known standards (λ DNA) and to the sample DNA. Briefly, 500 ng of genomic DNA 
was used for bisulfite conversion using the Zymo EZ DNA methylation kit (Zymo Research). Five 
microliters of bisulfite-converted DNA were whole genome amplified, which was followed by 
enzymatic end-point fragmentation. The resulting fragments were purified using an isopropanol 
precipitation, and the resuspended genomic DNA was denatured and hybridized to the BeadChip 
arrays for 18 hours. Extension, staining and washing were completed manually in flow cells followed 
by imaging using the iScan system (Illumina, Inc.). The raw data were extracted as idat files and were 
used in the downstream analysis. 
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2.4. Quality Control, Normalization and Data Processing 

The raw intensity files (idat) were imported into the R environment [40], where further processing, 
quality control and normalization took place. The performance of bisulfite control probes confirmed 
successful bisulfite conversion for all samples. For each sample, we compared the overall (median) 
methylated signal intensity to the overall unmethylated signal intensity across all probes and compared 
the overall signal intensity from all CpG probes to the overall background signal (“noise”), as assessed 
using negative control probes. The overall signal from CpG probes was good and well-separated from 
the background signal for all samples. As a final quality check of the samples, cluster analysis was 
performed (cluster method = complete linkage) based on the Euclidean distance between samples, 
which was calculated from the pair-wise correlations between samples using the most variable probes 
(probes with an SD of the β-value across all 24 samples >0.10, with probes on the X and Y chromosomes 
and probes containing SNPs, as described in the next paragraph excluded; Nprobes = 38,359).  
The results of the cluster analysis were visualized in a dendrogram (see the “Results” section), which 
showed no outlier samples and illustrated tight clustering of the four replicate measures of control DNA. 

Several probe-level QC steps were performed to filter out probes with low performance. For all 
samples, ambiguously-mapped probes were excluded, based on the definition of an overlap of at least 
47 bases per probe from Chen et al. [41], and all probes containing an SNP, identified in the Dutch 
population [42], within the CpG site (at the C or G position) were excluded, irrespective of minor 
allele frequency. For each sample individually, probes with an intensity value of zero (not present on 
the array of a particular sample), probes with a detection p-value > 0.01 (calculated using the function 
detectionP from the minfi package) and probes with a bead count <3 were excluded. After these steps, 
probes with a success rate <0.95 across samples were removed from all samples, and the success rate 
across probes for each sample was computed (range of per sample success rate: 0.9990–0.9998). 

After QC, background and red/green color adjustment were applied to the raw probe intensity 
values using quantile normalization. Normalized intensity values were converted into beta-values (β). 
The β-value, which represents the methylation level at a CpG for an individual and ranges from 0 to 1, 
is calculated as: 

β =   

where M = methylated signal, U = unmethylated signal and 100 represents a correction term to control 
the β-value of probes with a very low overall signal intensity (i.e., probes for which M + U ~ 0 after 
background subtraction). 

Finally, in anticipation of our categorization of CpGs based on the mean β-value across samples,  
β-values were adjusted to account for (intra-sample) differences in the distributions of methylation 
values derived from Type I probes (two bead types per CpG site) versus Type II probes (one bead type 
per CpG site) using the beta-mixture quantile normalization method (BMIQ) [43]. 

2.5. Genomic Annotations 

CpGs that passed QC criteria (N = 420,921) were mapped to genomic features, DNase I hypersensitive 
sites (DHS) and transcription factor binding sites (TFBS), as described by Slieker et al. [7].  
The genomic feature annotation is based on first assigning CpGs to one of five gene-centric regions: 
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intergenic region (>10 kb from the nearest transcription start site (TSS)), distal promoter (−10 kb to 
−1.5 kb from the nearest TSS), proximal promoter (−1.5 kb to +500 bp from the nearest TSS),  
gene body (+500 bp to 3' end of the gene) and downstream region (3' end to +5 kb from 3' end).  
Next, CpGs were mapped to CGIs (CG content >50%, length >200 bp and observed/expected ratio of 
CpGs >0.6; locations were obtained from the UCSC genome browser [44]), CGI shore (2-kb region 
flanking CGI), CGI shelf (2-kb region flanking CGI shore) or non-CGI regions (Figure 1). According 
to the gene-annotations, 14.4% of all CpGs were located in intergenic regions, 4.7% mapped to the 
distal promoter, 40.4% to the proximal promoter, 38.6% to the gene body and 1.9% to the downstream 
region. Thirty three percent of CpGs were located within CGIs, 23.8% in shores, 9.2% in shelves  
and 34.0% outside CGIs. The locations of DHS and TFBS, which were described by the ENCODE 
project [3], were downloaded from the UCSC genome browser. Finally, CpGs were mapped to 
imprinted genes that were described by Yuen et al. [45]. 

Figure 1. Illustration of a CpG island (CGI) with surrounding CGI shores, CGI-shelves 
and non-CGI regions. 

 

2.6. Statistical Analysis of Twin Data 

To examine the s imilarity of DNA methylation profiles of MZ twins, we computed correlations 
between the normalized β-values of MZ co-twins using the following two approaches: (1) for each MZ 
twin pair, the Spearman correlation (rho) was computed between the β-values of Twin 1 and the  
β-values of Twin 2 (across all CpGs, i.e., CpGs are cases), as a measure of the overall similarity of the 
methylation profiles of each twin pair; (2) for each CpG, the Spearman correlation (rho) was computed 
between the β-value of Twin 1 and the β-value of Twin 2 (across all 10 MZ twin pairs, i.e., MZ twin 
pairs are cases), as a measure of the similarity of the methylation level of a CpG in MZ twins.  
For Scenario 2, we describe the range of correlations for the most variable CpGs. The most variable 
CpGs were additionally grouped by genomic annotations and average methylation level. For each 
CpG, the average methylation level (β-value) and the standard deviation (SD) were computed across 
subjects (20 MZ twins). Based on the average β, CpGs were classified as hypomethylated (mean  
β < 0.3), intermediately methylated (mean β ≥ 0.3–0.7), or hypermethylated (mean β ≥ 0.7). Based on 
the SD, CpGs were classified as “most variable CpGs” if they had an SD ≥ 0.05. 

3. Results and Discussion 

3.1. DNA Methylation Level across the Genome 

After QC of the methylation data, 420,921 CpGs from 10 monozygotic twin pairs were analyzed. 
The methylation level across genome-wide CpGs showed the typical bimodal distribution for each 

CGI CGI Shore CGI Shore CGI Shelf CGI Shelf 

2 kb 2 kb 2 kb 2 kb 

Non- 
CGI 

Non- 
CGI 
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subject (Figure 2). Based on our β-value cut-offs (see the “Experimental” section); 184,765 CpGs 
(43.9%) were classified as hypomethylated, 64,829 CpGs (15.4%) were intermediately methylated and 
171,327 CpGs (40.7%) were hypermethylated. CGIs were on average hypomethylated, with CGIs in 
proximal promoter regions showing a narrow range of average methylation levels across individual 
CpGs and CGIs in gene bodies, downstream regions and intergenic regions showing a broader range of 
methylation levels across individual CpGs (see Figure 3). Compared to CGIs, the shores, shelves and 
non-CGI regions on average had a higher methylation level, except for proximal promoter shores. 
Shores generally showed the widest range of average methylation levels across individual CpGs, when 
compared to CGIs, shelves and non-CGI regions (Figure 3). 

Figure 2. Density of β-values after normalization for all twin samples. 

 

3.2. Similarity of Genome-Wide Methylation Profiles of MZ Twins 

A cluster analysis of the methylation data revealed that all but one MZ twin clustered closely 
together with their co-twin (Figure 4), which could be related to differences in the cellular composition 
of the samples of this twin pair. Buccal swab samples are mainly composed of buccal epithelial cells 
with a small proportion of leukocytes, but the exact proportions may vary between persons. Using 
information from a reference 450k methylation dataset [7], we examined potential variation between 
twin samples in the proportion of buccal versus blood cells, by clustering the twin data based on 
methylation values at CpGs that showed a large difference in methylation between blood and buccal 
samples in the reference dataset (see the Supplementary Methods). Although some variation was 
indicated by this approach, the exclusion of twin samples with putatively deviant cellular proportions 
yielded similar results for the correlation analyses (see Table S1 and Figure S1), and we therefore 
decided to keep all samples in the analyses reported in this paper. 

Figure 5 shows a typical scatterplot of genome-wide CpG methylation levels in buccal cells from an 
MZ twin pair. It illustrates that overall, the buccal DNA methylation profiles of MZ pairs are highly 
concordant when all CpGs are considered (rho = 0.981–0.994 for different MZ pairs, mean rho = 0.991); 
however, these correlations are to a large extent driven by invariable CpGs that are hypomethylated or 
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hypermethylated in both twins. For pairs of unrelated subjects, the mean correlation was 0.983 (range: 
0.970–0.992). When comparing only the most variable CpGs (SD of β ≥ 0.05), the correlations ranged 
from 0.869 to 0.989 (mean rho = 0.966) in MZ twins (and mean rho = 0.859, range: 0.608–0.963 for 
unrelated subjects). Thus, when looking only at CpGs that may vary between individuals, the overall 
pattern of methylation across CpGs is still highly similar within MZ pairs on average, but more 
variation between individual pairs becomes visible, as the methylation level at variable CpGs overall 
was more strongly correlated for some MZ pairs than for others. This finding is in line with the results 
from Martino et al. based on buccal cells from twins at birth and at the age of 18 months [22], which 
also indicated that some MZ pairs are more similar than other pairs with respect to their DNA 
methylation profiles. 

Figure 3. Average methylation level of individual CpGs across gene regions (a), CpG 
islands (CGI) and non-CGI regions (b) and for each genomic feature separately (c). 
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Figure 4. Cluster dendrogram of all twin and control samples. From left to right, the first 
two branches separate the control samples (HapMap cell line DNA) from the buccal 
samples from twins. 

 

Figure 5. Smooth scatterplot of DNA methylation levels (β-values) at 420,921 CpGs in 
buccal cells from a monozygotic twin pair. 

 

3.3. Similarity of the Methylation Level at Individual CpGs in MZ Twins 

Although all ten MZ twin pairs showed high overall similarity of methylation across genome-wide 
CpGs, some CpGs differed within MZ twin pairs (Figure 5), and we questioned how similar the 
methylation level at individual CpGs is when summarized across all MZ pairs. To this end,  
we computed for each CpG the correlation between methylation values of MZ twins. A high MZ twin 
correlation for a CpG suggests that MZ co-twins consistently show similar methylation levels at this 
CpG, indicating little stochastic and environmental variation (including measurement error) at this site, 
whereas a low MZ twin correlation for a CpG suggests dissimilar methylation levels in co-twins, 
which is indicative of a large degree of stochastic and environmental influences.  
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Summarizing the individual CpG correlations over all 420,921 CpGs, the average MZ twin 
correlation was 0.31 (median = 0.35, range: −0.963–1), which is in line with the low heritability across 
genome-wide CpGs reported by previous studies [21,33,34]. However, as the majority of CpGs 
showed very little variation in the methylation level between subjects, all subsequent analyses were 
conducted using only the most variable sites (N = 59,041), which showed an average genome-wide 
correlation of 0.54 (median = 0.54, range: −0.661–1) in MZ twins. These findings suggest that while 
the large majority of CpGs are either hyper- or hypo-methylated and show little between-individual 
variation in DNA methylation in buccal samples, a small portion does vary markedly, and these CpGs 
are on average moderately to strongly correlated in MZ twins. 

Table 1 describes the MZ twin correlations separately for various genomic regions and separately 
for hypomethylated, intermediately methylated and hypermethylated CpGs. Comparing the different 
gene-centric classifications, the average MZ twin correlation was highest for CpGs in proximal 
promoter areas (mean rho = 0.57) and lowest for gene body CpGs (mean rho = 0.51). The MZ twin 
correlation of methylation values was also lower on average in CGI shores (mean rho = 0.54), shelves 
(mean rho = 0.50) and non-CGI regions (mean rho = 0.49) compared to CGIs (mean rho = 0.66). 
Looking at the MZ twin correlations across genome annotations separately for hypomethylated (29.8% 
of variable CpGs), intermediately methylated (50.0% of variable CpGs) and hypermethylated CpGs 
(20.2% of variable CpGs), the median MZ twin correlation was consistently lower in the shelves, 
shores and non-CGI regions compared to CGIs, for all genic and intergenic regions, and this difference 
was most pronounced for hypomethylated CpGs (Figure 6). This observation suggests that the relative 
influence of familial versus individual-specific influences differs between these regions, with regions 
of low CpG density showing more variation due to individual-specific environmental and stochastic 
factors compared to CpG dense regions. Larger methylation discordance of MZ twins in CGI shores 
and shelves was also previously indicated by studies of neonatal twins [21,22]. Our results thus 
replicate previous findings and add to these findings that the pattern previously observed in MZ twins 
at birth is also visible in childhood and adolescence. 

Figure 6. MZ twin correlations for individual CpGs grouped by genomic region and 
average methylation level. Hypo = Hypomethylated. Inter = intermediate methylation. 
Hyper = Hypermethylated. Results are based on the most variable CpGs (N = 59,041).  

 



Genes 2014, 5 358 
 

 

Table 1. Spearman correlation between the methylation values of monozygotic (MZ) twins 
for individual CpGs. Results are based on the most variable CpGs (N = 59,041). 

Category N CpGs Mean rho Median rho Min rho Max rho 

All CpGs 59,041 0.54 0.54 −0.661 1 

Gene-centric annotations N CpGs (%) Mean rho Median rho Min rho Max rho 

Intergenic (>10 kb from TSS) 11,430 (19.4%) 0.52 0.53 −0.56 1 

Distal Promoter (−10 kb to −1.5 kb from TSS) 3193 (5.4%) 0.53 0.53 −0.54 1 

Proximal Promoter (−1.5 kb to +500 bp from TSS) 17,880 (30.3%) 0.57 0.62 −0.66 1 

Gene Body (+500 bp to 3' end) 25,163 (42.6%) 0.51 0.50 −0.59 1 

Downstream region (3' end to +5 kb from 3' end) 1375 (2.3%) 0.55 0.55 −0.66 1 

CGI annotations N CpGs (%) Mean rho Median rho Min rho Max rho 

CGI 10,576 (17.9%) 0.66 0.73 −0.49 1 

CGI shore 14,803 (25.1%) 0.54 0.55 −0.59 1 

CGI shelf 6001 (10.2%) 0.50 0.49 −0.54 1 

Non-CGI 27,661 (46.9%) 0.49 0.47 −0.66 1 

Methylation level  N CpGs (%) Mean rho Median rho Min rho Max rho 

Hypomethylated (average beta <0.3) 17,581 (29.8) 0.48 0.42 −0.59 1 

Intermediately methylated (average beta ≥0.3–0.7) 29,519 (50.0) 0.55 0.56 −0.66 1 

Hypermethylated (average beta ≥0.7) 11,941 (20.2) 0.58 0.61 −0.59 1 

The most strongly correlated CpGs in MZ twins (mean rho = 0.73) were hypomethylated CpGs 
located in proximal promoter CGIs (N = 2547 CpGs, constituting 4.3% of the most variable CpGs, and 
2.9% of all CpGs located in proximal promoter CGIs), while MZ twin correlations on average were 
lowest in hypomethylated non-CGI gene body CpGs (N = 2972 CpGs constituting 5.0% of the most 
variable CpGs, Mean rho = 0.34). In combination with our observation that most proximal promoter 
CpGs are on average hypomethylated (Figure 3), these findings indicate that DNA methylation 
variation is generally depleted in proximal promoter CGIs. Yet, a small proportion of CpGs in 
proximal promoter CGIs does show marked variation in young and adolescent individuals, and the 
high average MZ twin correlations at these sites suggest that this variation may be to a large extent 
under genetic control. 

3.4. MZ Twin Resemblance at CpGs in ENCODE Regulatory Regions 

To further examine DNA methylation at regulatory regions in the genome, we focused specifically 
on CpGs located within DNase I hypersensitive sites (DHS) and CpGs within transcription factor 
binding sites (TFBS) identified by the ENCODE project. It has previously been described that these 
regions are enriched among disease-associated genetic variants [3], but it has not yet been studied to which 
extent heritable versus other sources of variation account for variation in DNA methylation in these 
regions. We found that both DHS and TFBS were on average hypomethylated, as expected for 
transcriptionally active DNA (DHS: mean β = 0.27, median = 0.09; TFBS: mean β = 0.24, median = 0.08). 
The most variable CpGs in these areas (representing 16.2% of all CpGs in DHS and 13.7% of CpGs in 
TFBS) showed a mean correlation of 0.52 (DHS) and 0.53 (TFBS), respectively, in MZ twins. These 
results suggest that buccal cells overall show little variation in the methylation level at the majority of 
CpGs within DHS and TFBS. A small proportion of CpGs in DHS and TFBS, however, does show 
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variation between individuals, and these sites were moderately to strongly correlated in MZ twins, 
suggesting that these sites may be of particular interest for follow-up in future studies of heritability. 

3.5. MZ Twin Resemblance at CpGs in Imprinted Genes 

At imprinted genes, one of the alleles is typically methylated to repress expression, while the other 
allele is unmethylated, depending on the parent from whom the allele was inherited. This results in a 
methylation level of around 50% at imprinted CpGs when the two alleles are measured simultaneously. 
A previous twin study demonstrated moderate to high heritability at CpGs at two imprinted loci [29], 
suggesting that CpGs within imprinted genes may on average show more heritable variation compared 
to most other genome-wide CpGs. In our dataset, 346 CpGs were located in DMRs (differentially 
methylated regions) of 59 imprinted genes, described by Yuen et al. [45]. These genes were identified 
as imprinted in human placental tissue, and although some of these genes showed similar methylation 
patterns in one or multiple fetal tissues, including muscle, brain and kidney, it is unknown whether 
these genes are also imprinted in buccal cells. From the Yuen et al. set, 144 CpGs in 46 genes (see 
Table S2) showed a methylation level indicative of imprinting in our data (intermediate methylation; 
mean β ≥ 0.3–0.7). The average MZ twin correlation for this set of CpGs was 0.47 (median rho = 0.50), 
suggesting that MZ twin correlations at imprinted gene CpGs on average are comparable to the MZ 
twin correlation at intermediately methylated CpGs in general.  

3.6. Interpretation and Future Directions 

The average twin correlation of methylation values for MZ twins at individual CpGs was low across 
all measured genome-wide CpGs, but it was moderate to large on average when focusing only on 
variably methylated CpGs. This is in line with results from a heritability analysis of DNA methylation 
in adipose tissue, which showed that the average heritability across all CpGs was higher for the top 
10% of CpGs with the largest standard deviation of methylation level across subjects [34]. 

Importantly, in addition to the effects of environmental and stochastic influences, differences in 
DNA methylation within MZ twin pairs may result from variation in the cellular composition of 
samples and from technical variation (including measurement error). Buccal swab samples are mainly 
composed of buccal epithelial cells with a small proportion of leukocytes, but the exact proportions 
may vary between persons, which could lead to methylation variation within MZ twin pairs that 
mainly tag differences in cell type composition. We examined the impact of variation in the proportion 
of buccal versus leukocytes on our data by studying the methylation patterns of all twin samples at 
CpGs with a large methylation level difference between buccal and blood samples (see Supplementary 
Methods). Exclusion of four twin pairs, for which this approach indicated a more deviant cellular 
composition in one or both twins (lower proportion of buccal epithelial cells; see Figure S2 and Table S3), 
however, had very little impact on the average MZ twin correlations reported in this paper and led to 
the same conclusions (See Table S1 and Figure S1 for the results based on the exclusion of the 
putatively more heterogeneous samples). 

With respect to technical variation, it is important to note that if the actual methylation status at a 
particular site is either completely unmethylated (0%) or completely methylated (100%) without true 
biological variation between subjects, some variability between the measured values of individuals is 
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expected due to technical variation [46]. It is therefore likely that at sites that were on average 
hypomethylated or hypermethylated in our data, technical variation may account for a large part of the 
observed variation (although true biological variation may of course also account for part of the 
variation at these sites). An interesting question that largely remains to be examined is what types of 
environmental influences can induce changes in DNA methylation and thereby possibly impact on 
gene expression. Although our study design does not provide insight with regard to which of the 
observed differences between twins are the result of different environmental exposures and which 
differences have arisen due to stochastic variation in molecular processes, future studies of MZ twins 
who are discordant for environmental exposures should allow one to examine the effects of such 
influences on DNA methylation. Our finding that many CpGs in the genome show dissimilar 
methylation levels in young and adolescent MZ twins indicates that it is of interest for further studies 
to specifically search for regions in the genome where differential methylation in MZ twin coincides 
with differential exposures. As we observed that DNA methylation in MZ twins is overall less  
similar at CpGs in non-CGI regions, CGI shores and shelves, these regions are of particular interest to 
studies examining environmental exposures, as these regions may show the strongest effects of 
environmental influences. 

To check whether the lower average MZ twin correlation at hypomethylated sites is not merely 
related to the distribution of β-values being truncated at zero (and one) by definition, we also ran the 
analyses on M-values (M = log2 ), which have better statistical properties, but reduced biological 

interpretability, compared to β-values [47]. The MZ twin correlations based on M-values were highly 
similar to those based on β-values and showed a similar genome-wide average (Table S4) and a similar 
pattern across regions and mean methylation categories (Figure S3). Irrespective of whether the lower 
resemblance of MZ twins mainly reflects that these sites harbor more biological variation that is 
unique to MZ twins or reflects that more variation at these sites is related to measurement error, our 
findings provide useful information for future heritability and mQTL studies. CpGs that are very 
weakly correlated between MZ twins are not likely to show high heritability or strong effects of DNA 
variants on the methylation level. 

A limitation of our study is the modest study size, which limited the scope of our analyses to the 
description of the major patterns (i.e., averages) of twin correlations across the genome. A second 
limitation is that we did not include DZ twins. The correlation between the phenotypes of MZ twins 
summarizes the contribution of heritable influences and shared environmental factors to phenotypic 
variation. It thus remains to be established whether CpGs that were strongly correlated in MZ twin 
pairs are strongly affected by heritable influences or whether shared environmental influences are also 
important at these sites. Of interest, a previous twin study of DNA methylation in adipose tissue 
identified a number of CpGs with evidence for shared environmental effects on DNA methylation [34]. 
Future studies that include data from both MZ and DZ twin pairs are needed to separate the effects of 
heritable effects and shared environment on genome-wide DNA methylation profiles in buccal cells. 
Our results indicate that such studies are worthwhile, as we have shown that methylation at a number 
of CpGs is strongly correlated between MZ twins in buccal cells. 

We studied DNA methylation extracted from buccal samples, which may be easier to collect than 
blood samples in, e.g., young children, and are therefore well-suited for large-scale studies in humans. 
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A relevant question is how representative DNA methylation extracted from these samples is for DNA 
methylation variation in other tissues and whether methylation studies of buccal vs. blood-derived 
DNA would lead to similar insights. Although DNA methylation patterns are to a large extent  
tissue-specific [7] and epigenetic changes arising later in life in one tissue may not be detectable in 
others, epigenetic variation that is established early in development is more likely to be reflected in 
multiple tissues [4]. Yet, the methylation patterns of buccal cells are likely to be more informative to 
the methylation state of other ectoderm-derived tissues, whereas methylation patterns in blood may be 
more comparable to other mesoderm-derived tissues. Finally, it may be regarded as an advantage that 
compared to blood, which consists of many different cell types, buccal samples represent a relatively 
homogenous sample type [48], in the sense that it consists of only two major cell types, which 
potentially makes correction for cell types more straightforward. On the other hand, an advantage of 
blood samples is that they may provide more insight into DNA methylation variation related to 
immune system-mediated processes in the body, which are important in many diseases. To conclude, 
blood and buccal samples are both valuable for gaining insight into the overall importance of heritable 
and environmental factors to DNA methylation variation in the genome, and our study showed that the 
average genome-wide MZ twin correlation for DNA methylation in buccal cells is similar to the 
average correlation previously reported for peripheral blood [33].  

4. Conclusions 

To summarize, we computed genome-wide MZ twin correlations for the buccal DNA methylation 
level at individual CpGs. Methylation levels in MZ twins were moderately to strongly correlated at 
CpGs with the largest inter-individual variation, which constituted a relatively small proportion of the 
CpGs that were measured. The average MZ twin correlation across all CpGs was relatively low  
(mean rho = 0.31), which is similar to findings from previous twin studies [21,33]. Although most 
CpGs within CGIs were on average hypomethylated, some of them showed large variation in 
methylation levels. We observed that CpGs with variable methylation levels were more strongly 
correlated in MZ twins when located in CGIs compared to CpGs in shores and shelves. CpGs in DHS 
and TFBS were generally hypomethylated, as expected for regulatory active DNA, but CpGs in these 
regions that were more variably methylated were moderately to strongly correlated in MZ twin pairs, 
in line with our findings for variably methylated CpGs in general. To conclude, we have shown that in 
buccal samples from young and adolescent MZ twins, most CpGs show an average methylation level 
close to zero or 100% and little inter-individual variation, and a subset of CpGs show larger variability 
with evidence for a familial component (DNA sequence variation or shared environment). These 
findings are relevant for future heritability studies of DNA methylation and for mQTL studies. 

Acknowledgments 

This study was funded by Genetics of Mental Illness: A lifespan approach to the genetics of 
childhood and adult neuropsychiatric disorders and comorbid conditions (European Research Council 
(ERC-230374)); and by the Avera McKennan Hospital and University Health Center. We would like 
to thank the twins who participated in this study.  
  



Genes 2014, 5 362 
 

 

Author Contributions 

Gareth E. Davies, Meike Bartels, and Dorret I. Boomsma conceived of the study. Erik A. Ehli, 
Zachary M. Weber and Gareth E. Davies performed the laboratory work. Jenny van Dongen and Erik 
A. Ehli performed the data analysis. Roderick C. Slieker, Bastiaan T. Heijmans, and P. Eline Slagboom 
provided advice and gave assistance with the data processing and analysis. Jenny van Dongen drafted 
the manuscript with significant input from all the other authors. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Hindorff, L.A.; MacArthur, J.; Morales, J.; Junkins, H.A.; Hall, P.N.; Klemm, A.K.;  
Manolio, T.A. A Catalog of Published Genome-Wide Association Studies. Available online: 
http://www.genome.gov/gwastudies/ (accessed on 27 January 2014). 

2. Hindorff, L.A.; Sethupathy, P.; Junkins, H.A.; Ramos, E.M.; Mehta, J.P.; Collins, F.S.; Manolio, T.A. 
Potential etiologic and functional implications of genome-wide association loci for human 
diseases and traits. Proc. Natl. Acad. Sci. USA 2009, 106, 9362–9367. 

3. The ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human 
genome. Nature 2012, 489, 57–74. 

4. Mill, J.; Heijmans, B.T. From promises to practical strategies in epigenetic epidemiology.  
Nat. Rev. Genet. 2013, 14, 585–594. 

5. Goldberg, A.D.; Allis, C.D.; Bernstein, E. Epigenetics: A landscape takes shape. Cell 2007, 128, 
635–638. 

6. Jones, P.A. Functions of DNA methylation: islands, start sites, gene bodies and beyond.  
Nat. Rev. Genet. 2012, 13, 484–492. 

7. Slieker, R.C.; Bos, S.D.; Goeman, J.J.; Bovee, J.V.; Talens, R.P.; van der Breggen, R.; Suchiman, H.E.; 
Lameijer, E.W.; Putter, H.; van den Akker, E.B.; et al. Identification and systematic annotation of 
tissue-specific differentially methylated regions using the Illumina 450k array. Epigenetics 
Chromatin 2013, doi:10.1186/1756-8935-6-26. 

8. Maunakea, A.K.; Nagarajan, R.P.; Bilenky, M.; Ballinger, T.J.; D’Souza, C.; Fouse, S.D.; 
Johnson, B.E.; Hong, C.; Nielsen, C.; Zhao, Y.; et al. Conserved role of intragenic DNA 
methylation in regulating alternative promoters. Nature 2010, 466, 253–257. 

9. Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002, 16, 6–21. 
10. Horvath, S.; Zhang, Y.; Langfelder, P.; Kahn, R.S.; Boks, M.P.; van Eijk, K.; van den Berg, L.H.; 

Ophoff, R.A. Aging effects on DNA methylation modules in human brain and blood tissue. 
Genome Biol. 2012, doi:10.1186/gb-2012-13-10-r97. 

11. Ziller, M.J.; Gu, H.; Muller, F.; Donaghey, J.; Tsai, L.T.; Kohlbacher, O.; de Jager, P.L.;  
Rosen, E.D.; Bennett, D.A.; Bernstein, B.E.; et al. Charting a dynamic DNA methylation 
landscape of the human genome. Nature 2013, 500, 477–481. 



Genes 2014, 5 363 
 

 

12. Kuehnen, P.; Mischke, M.; Wiegand, S.; Sers, C.; Horsthemke, B.; Lau, S.; Keil, T.; Lee, Y.A.; 
Grueters, A.; Krude, H. An Alu element-associated hypermethylation variant of the POMC gene 
is associated with childhood obesity. PLoS Genet. 2012, 8, e1002543. 

13. Dempster, E.L.; Pidsley, R.; Schalkwyk, L.C.; Owens, S.; Georgiades, A.; Kane, F.; Kalidindi, S.; 
Picchioni, M.; Kravariti, E.; Toulopoulou, T.; et al. Disease-associated epigenetic changes in 
monozygotic twins discordant for schizophrenia and bipolar disorder. Hum. Mol. Genet. 2011, 20, 
4786–4796. 

14. Talens, R.P.; Boomsma, D.I.; Tobi, E.W.; Kremer, D.; Jukema, J.W.; Willemsen, G.; Putter, H.; 
Slagboom, P.E.; Heijmans, B.T. Variation, patterns, and temporal stability of DNA methylation: 
Considerations for epigenetic epidemiology. FASEB J. 2010, 24, 3135–3144. 

15. Bell, J.T.; Pai, A.A.; Pickrell, J.K.; Gaffney, D.J.; Pique-Regi, R.; Degner, J.F.; Gilad, Y.; 
Pritchard, J.K. DNA methylation patterns associate with genetic and gene expression variation in 
HapMap cell lines. Genome Biol. 2011, doi:10.1186/gb-2011-12-1-r10. 

16. Heijmans, B.T.; Tobi, E.W.; Stein, A.D.; Putter, H.; Blauw, G.J.; Susser, E.S.; Slagboom, P.E.; 
Lumey, L.H. Persistent epigenetic differences associated with prenatal exposure to famine in 
humans. Proc. Natl. Acad. Sci. USA 2008, 105, 17046–17049. 

17. Jeffries, A.R.; Perfect, L.W.; Ledderose, J.; Schalkwyk, L.C.; Bray, N.J.; Mill, J.; Price, J. 
Stochastic choice of allelic expression in human neural stem cells. Stem Cells 2012, 30, 1938–1947. 

18. Waterland, R.A.; Dolinoy, D.C.; Lin, J.R.; Smith, C.A.; Shi, X.; Tahiliani, K.G. Maternal methyl 
supplements increase offspring DNA methylation at Axin Fused. Genesis 2006, 44, 401–406. 

19. Van Dongen, J.; Slagboom, P.E.; Draisma, H.H.; Martin, N.G.; Boomsma, D.I. The continuing 
value of twin studies in the omics era. Nat. Rev. Genet. 2012, 13, 640–653. 

20. Ye, K.; Beekman, M.; Lameijer, E.W.; Zhang, Y.; Moed, M.H.; van den Akker, E.B.; Deelen, J.; 
Houwing-Duistermaat, J.J.; Kremer, D.; et al. Aging as accelerated accumulation of somatic 
variants: Whole-genome sequencing of centenarian and middle-aged monozygotic twin pairs. 
Twin Res. Hum. Genet. 2013, 16, 1026–1032. 

21. Gordon, L.; Joo, J.E.; Powell, J.E.; Ollikainen, M.; Novakovic, B.; Li, X.; Andronikos, R.; 
Cruickshank, M.N.; Conneely, K.N.; Smith, A.K.; et al. Neonatal DNA methylation profile in 
human twins is specified by a complex interplay between intrauterine environmental and genetic 
factors, subject to tissue-specific influence. Genome Res. 2012, 22, 1395–1406. 

22. Martino, D.; Loke, Y.J.; Gordon, L.; Ollikainen, M.; Cruickshank, M.N.; Saffery, R.; Craig, J.M. 
Longitudinal, genome-scale analysis of DNA methylation in twins from birth to 18 months of age 
reveals rapid epigenetic change in early life and pair-specific effects of discordance. Genome Biol. 
2013, doi:10.1186/gb-2013-14-5-r42. 

23. Fraga, M.F.; Ballestar, E.; Paz, M.F.; Ropero, S.; Setien, F.; Ballestar, M.L.; Heine-Suner, D.; 
Cigudosa, J.C.; Urioste, M.; Benitez, J.; et al. Epigenetic differences arise during the lifetime of 
monozygotic twins. Proc. Natl. Acad. Sci. USA 2005, 102, 10604–10609. 

24. Bocklandt, S.; Lin, W.; Sehl, M.E.; Sanchez, F.J.; Sinsheimer, J.S.; Horvath, S.; Vilain, E. 
Epigenetic predictor of age. PLoS One 2011, 6, e14821. 

25. Talens, R.P.; Christensen, K.; Putter, H.; Willemsen, G.; Christiansen, L.; Kremer, D.; Suchiman, H.E.; 
Slagboom, P.E.; Boomsma, D.I.; Heijmans, B.T. Epigenetic variation during the adult lifespan: 
Cross-sectional and longitudinal data on monozygotic twin pairs. Aging Cell 2012, 11, 694–703. 



Genes 2014, 5 364 
 

 

26. Boks, M.P.; Derks, E.M.; Weisenberger, D.J.; Strengman, E.; Janson, E.; Sommer, I.E.;  
Kahn, R.S.; Ophoff, R.A. The relationship of DNA methylation with age, gender and genotype in 
twins and healthy controls. PLoS One 2009, 4, e6767. 

27. Coolen, M.W.; Statham, A.L.; Qu, W.; Campbell, M.J.; Henders, A.K.; Montgomery, G.W.; Martin, 
N.G.; Clark, S.J. Impact of the genome on the epigenome is manifested in DNA methylation 
patterns of imprinted regions in monozygotic and dizygotic twins. PLoS One 2011, 6, e25590. 

28. Gervin, K.; Hammero, M.; Akselsen, H.E.; Moe, R.; Nygard, H.; Brandt, I.; Gjessing, H.K.; 
Harris, J.R.; Undlien, D.E.; Lyle, R. Extensive variation and low heritability of DNA methylation 
identified in a twin study. Genome Res. 2011, 21, 1813–1821. 

29. Heijmans, B.T.; Kremer, D.; Tobi, E.W.; Boomsma, D.I.; Slagboom, P.E. Heritable rather than 
age-related environmental and stochastic factors dominate variation in DNA methylation of the 
human IGF2/H19 locus. Hum. Mol. Genet. 2007, 16, 547–554. 

30. Ollikainen, M.; Smith, K.R.; Joo, E.J.; Ng, H.K.; Andronikos, R.; Novakovic, B.; Abdul Aziz, N.K.; 
Carlin, J.B.; Morley, R.; Saffery, R.; et al. DNA methylation analysis of multiple tissues from 
newborn twins reveals both genetic and intrauterine components to variation in the human 
neonatal epigenome. Hum. Mol. Genet. 2010, 19, 4176–4188. 

31. Wong, C.C.; Caspi, A.; Williams, B.; Craig, I.W.; Houts, R.; Ambler, A.; Moffitt, T.E.; Mill, J.  
A longitudinal study of epigenetic variation in twins. Epigenetics 2010, 5, 516–526. 

32. Kaminsky, Z.A.; Tang, T.; Wang, S.C.; Ptak, C.; Oh, G.H.; Wong, A.H.; Feldcamp, L.A.; 
Virtanen, C.; Halfvarson, J.; Tysk, C.; et al. DNA methylation profiles in monozygotic and 
dizygotic twins. Nat. Genet. 2009, 41, 240–245. 

33. Bell, J.T.; Tsai, P.C.; Yang, T.P.; Pidsley, R.; Nisbet, J.; Glass, D.; Mangino, M.; Zhai, G.;  
Zhang, F.; Valdes, A.; et al. Epigenome-wide scans identify differentially methylated regions for 
age and age-related phenotypes in a healthy ageing population. PLoS Genet. 2012, 8, e1002629. 

34. Grundberg, E.; Meduri, E.; Sandling, J.K.; Hedman, A.K.; Keildson, S.; Buil, A.; Busche, S.; 
Yuan, W.; Nisbet, J.; Sekowska, M.; et al. Global analysis of DNA methylation variation in 
adipose tissue from twins reveals links to disease-associated variants in distal regulatory elements. 
Am. J. Hum. Genet. 2013, 93, 876–890. 

35. Bibikova, M.; Barnes, B.; Tsan, C.; Ho, V.; Klotzle, B.; Le, J.M.; Delano, D.; Zhang, L.;  
Schroth, G.P.; Gunderson, K.L.; et al. High density DNA methylation array with single CpG site 
resolution. Genomics 2011, 98, 288–295. 

36. Van Beijsterveldt, C.E.; Groen-Blokhuis, M.; Hottenga, J.J.; Franic, S.; Hudziak, J.J.; Lamb, D.; 
Huppertz, C.; de Zeeuw, E.; Nivard, M.; Schutte, N.; et al. The Young Netherlands Twin Register 
(YNTR): Longitudinal twin and family studies in over 70,000 children. Twin Res. Hum. Genet. 
2013, 16, 252–267. 

37. Estourgie-van Burk, G.F.; Bartels, M.; Hoekstra, R.A.; Polderman, T.J.; Delemarre-van de Waal, 
H.A.; Boomsma, D.I. A twin study of cognitive costs of low birth weight and catch-up growth. J. 
Pediatr. 2009, 154, 29–32. 

38. Willemsen, G.; de Geus, E.J.; Bartels, M.; van Beijsterveldt, C.E.; Brooks, A.I.; Estourgie-van 
Burk, G.F.; Fugman, D.A.; Hoekstra, C.; Hottenga, J.J.; Kluft, K.; et al. The Netherlands Twin 
Register biobank: A resource for genetic epidemiological studies. Twin Res. Hum. Genet. 2010, 
13, 231–245. 



Genes 2014, 5 365 
 

 

39. Meulenbelt, I.; Droog, S.; Trommelen, G.J.; Boomsma, D.I.; Slagboom, P.E. High-yield noninvasive 
human genomic DNA isolation method for genetic studies in geographically dispersed families 
and populations. Am. J. Hum. Genet. 1995, 57, 1252–1254. 

40. R Core Team. R: A language and environment for statistical computing. R Foundation for  
Statistical Computing, Vienna, Austria. Available online: http://www.R-project.org/ (accessed on 
27 January 2014). 

41. Chen, Y.A.; Lemire, M.; Choufani, S.; Butcher, D.T.; Grafodatskaya, D.; Zanke, B.W.;  
Gallinger, S.; Hudson, T.J.; Weksberg, R. Discovery of cross-reactive probes and polymorphic 
CpGs in the Illumina Infinium HumanMethylation450 microarray. Epigenetics 2013, 8, 203–209. 

42. Boomsma, D.I.; Wijmenga, C.; Slagboom, E.P.; Swertz, M.A.; Karssen, L.C.; Abdellaoui, A.;  
Ye, K.; Guryev, V.; Vermaat, M.; van Dijk, F.; et al. The Genome of the Netherlands: Design, 
and project goals. Eur. J. Hum. Genet. 2014, 22, 221–227. 

43. Teschendorff, A.E.; Marabita, F.; Lechner, M.; Bartlett, T.; Tegner, J.; Gomez-Cabrero, D.;  
Beck, S. A beta-mixture quantile normalization method for correcting probe design bias in 
Illumina Infinium 450k DNA methylation data. Bioinformatics 2013, 29, 189–196. 

44. Kent, W.J.; Sugnet, C.W.; Furey, T.S.; Roskin, K.M.; Pringle, T.H.; Zahler, A.M.; Haussler, D. 
The human genome browser at UCSC. Genome Res. 2002, 12, 996–1006. 

45. Yuen, R.K.; Jiang, R.; Penaherrera, M.S.; McFadden, D.E.; Robinson, W.P. Genome-wide 
mapping of imprinted differentially methylated regions by DNA methylation profiling of human 
placentas from triploidies. Epigenetics Chromatin 2011, doi:10.1186/1756-8935-4-10. 

46. Pan, H.; Chen, L.; Dogra, S.; Teh, A.L.; Tan, J.H.; Lim, Y.I.; Lim, Y.C.; Jin, S.; Lee, Y.K.;  
Ng, P.Y.; et al. Measuring the methylome in clinical samples: improved processing of the 
Infinium Human Methylation450 BeadChip Array. Epigenetics 2012, 7, 1173–1187. 

47. Du, P.; Zhang, X.; Huang, C.C.; Jafari, N.; Kibbe, W.A.; Hou, L.; Lin, S.M. Comparison of  
Beta-value and M-value methods for quantifying methylation levels by microarray analysis.  
BMC Bioinform. 2010, doi:10.1186/1471-2105-11-587. 

48. Thiede, C.; Prange-Krex, G.; Freiberg-Richter, J.; Bornhauser, M.; Ehninger, G. Buccal swabs but 
not mouthwash samples can be used to obtain pretransplant DNA fingerprints from recipients of 
allogeneic bone marrow transplants. Bone Marrow Transpl. 2000, 25, 575–577. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


