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ABSTRACT 

DNA methylation may contribute to the etiology of complex genetic disorders through its 

impact on genome integrity and gene expression; it is modulated by DNA-sequence variants, 

named methylation quantitative-trait loci (meQTLs). Most meQTLs influence methylation of a 

few CpG dinucleotides within short genomic regions (<3kb). Here we identified a layered genetic 

control of DNA methylation at numerous CpGs across a long 300-kb genomic region. This 

control involved a single long-range meQTL and multiple local meQTLs. The long-range 

meQTL explained up to 75% of variance in methylation of CpGs located over extended areas of 

the 300-kb region. The meQTL was identified in four samples (p=2.8x10-17, p=3.1x10-31, 4.0x10-

71, 5.2x10-199), comprising a total of 2,796 individuals. The long-range meQTL was strongly 

associated not only with DNA methylation but also with mRNA expression of several genes 

within the 300-kb region (p=7.1x10-18–1.0x10-123). The associations of the meQTL with gene 

expression became attenuated when adjusted for DNA methylation (causal inference test: 

p=2.4×10-13–7.1×10-20), indicating coordinated regulation of DNA methylation and gene 

expression. Further, the long-range meQTL was found to be in linkage disequilibrium with the 

most replicated locus of multiple sclerosis, a disease affecting primarily the brain white matter. In 

middle-aged adults free of the disease, we observed that the risk allele was associated with subtle 

structural properties of the brain white matter found in multiple sclerosis (p=0.02). In summary, 

we identified a long-range meQTL that controls methylation and expression of several genes and 

may be involved in increasing brain vulnerability to multiple sclerosis. 
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INTRODUCTION 

DNA methylation (DNAm) – the addition of a methyl group at the fifth position of 

cytosines in CpG dinucleotides (CpGs) – is one of the most studied epigenetic modifications (1). 

It has been implicated in the regulation of genome integrity and gene expression and, as such, has 

the potential to be involved in the etiology of complex genetic disorders (2, 3).  

In DNA samples extracted from multiple cells, DNAm is a quantitative trait, measured as 

a proportion of DNA strands that are methylated. DNAm is modulated by DNA-sequence 

variants, termed methylation quantitative trait loci (meQTLs) (4-10). Some meQTLs impact 

methylation of one or a few CpGs, whereas others influence methylation of multiple CpGs 

distributed most often across short (<3kb) and – occasionally – also across long (>3kb) genomic 

segments (9). Thus, methylation status of an individual CpG is likely the result of a combined 

effect of local (within CpGs), short-range (<3kb) and long-range (>3kb) meQTLs. This ‘layered 

genetic control’ of DNAm has not been studied extensively.  

 Here we focused on the 1,000 most variable CpGs as assessed with the Illumina 450K 

BeadChip interrogating >450,000 CpGs across the genome (11). Through a subset of these highly 

variable CpGs, we uncovered a layered genetic control of DNAm across a long (300-kb) genomic 

region that involved a single long-range meQTL and multiple local meQTLs. The long-range 

meQTL was strongly associated not only with DNAm but also mRNA expression of genes within 

the 300-kb region. It was found to be in linkage disequilibrium with the most replicated locus of 

multiple sclerosis (MS) (12-15), a disease of the brain that affects white matter. Furthermore, in a 

population-based subsample of middle-aged adults, we observed that the allele of the long-range 

meQTL enhancing risk for MS was associated with subtle variations in structural properties of 

the brain white matter similar to those found in non-lesional white matter in patients with MS 

(16). Thus, we identified a long-range meQTL that controls methylation and expression of 

multiple genes and may be involved in increasing brain vulnerability to MS. We made these 

observations in four samples from three independent cohorts: (i) 132 adolescents from the 

Saguenay Youth Study (SYS) study (17, 18), (ii) 278 parents from the SYS study (17, 18), (iii) 

639 adolescents from the IMAGEN study (19) and (iv) 1,747 participants from the Ontario 

Familial Colon Cancer Registry (OFCCR) Study (20, 21)(Table S1).  
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RESULTS 

Identification of a ‘long-range’ meQTL  

We discovered a long-range meQTL as follows. First, as part of a routine quality control, 

we performed principal component analysis (PCA) of the 1,000 most variable CpGs in the 

genome. This initial PCA was carried out in a sample of 132 SYS adolescents using DNAm β 

values adjusted for age, sex, batch and blood cell fractions (22). The largest component of shared 

variance – PC1 (Figure S1) – was loaded by 25 CpGs distributed across a 300-kb segment of 

chromosome 6, which included a total of eight genes (Table 1). PC1 explained 40% of the 

variance shared among the 25 CpGs. Similar results were observed in three other samples (278 

SYS parents, 639 IMAGEN adolescents and 1,747 OFCCR participants; Table 1). This cross-

sample similarity suggested that PC1, and its loading by specific CpGs, may be determined 

genetically.  

Next, we estimated heritability of DNAm at the 25 highly variable CpGs loading into PC1. 

These analyses showed that DNAm is highly heritable at these CpGs, with the heritability 

estimates being up to 0.90 (Figure S2). To identify the specific genetic factors determining PC1, 

we performed a genome-wide association study (GWAS) of PC1 in the discovery sample of 132 

SYS adolescents. This analysis identified a single locus (rs4959030, p=2.8x10-17) residing within 

an inter-genic region between HLA-DRB1 and HLA-DQA1 (Figure 1). The same locus was also 

found in SYS parents (p=3.1x10-31, Figure 1) and was replicated in IMAGEN (4.0x10-71) and 

OFCCR (p=5.2x10-199, Table 2). Thus, we identified a long-range meQTL – a DNA-sequence 

variant that was associated with shared variance in DNAm among 25 CpGs distributed across a 

large genomic region (300kb).  

Next, we determined the contribution of this long-range meQTL to methylation of each 

individual CpG loading into PC1. Nineteen of these 25 CpGs were polymorphic, i.e., known 

single nucleotide polymorphisms were located within these CpGs (23); therefore, we also 

considered the influences of these local meQTLs. We used multivariate models that assessed, at 

each CpG, the relative contributions of the long-range meQTL and respective local meQTL 

(when present). With this approach, we observed that the long-range meQTL, independent of 

respective local meQTLs, mainly contributed to methylation of CpGs within five of the above 

eight genes contained in the 300-kb segment of chromosome 6. Relative to the long-range 

meQTL, three of these genes were located ‘telomerically’ (HLA-DRB5, HLA-DRB6 and HLA-
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DRB1) and two were located ‘centromerically’ (HLA-DQA1 and HLA-DQB1) (Figure 2). The 

contribution was greater for the ‘telomerically’ located than ‘centromerically’ located genes – the 

long-range meQTL explained up to 75% of total variance in DNAm within the ‘telomerically 

located’ genes and up to 25% of total variance in DNAm within the ‘centromerically located’’ 

genes (Figure 2). At the 19 polymorphic CpGs, the respective local meQTLs, independent of the 

long-range meQTL, explained 5-30% of the variance (Figures 2 and S3). These results indicate 

that the long-range meQTL plays an important role in DNAm of the five HLA-DR and HLA-DQ 

genes.  

The above analyses were performed using only the 1,000 most variable CpGs in the 

genome. Next, we examined whether the long-range meQTL effects extend to less variable CpGs 

within the 300-kb region (an additional 431 CpGs [including 66 polymorphic] assessed with the 

Illumina 450K chip). This exploration revealed that, indeed, the long-range meQTL was also 

associated with less variable CpGs within the 300-kb region (Figure 2).  

 

Genomic landscape of the long-range meQTL  

The mechanisms of how long-range meQTLs modulate DNAm are not well understood. 

They may influence DNAm through their impact on transcription-factor and chromatin-modifier 

binding and subsequent alterations in chromatin structure and accessibility to DNAm machinery 

(9). Therefore, we examined the genomic landscape of the studied 300-kb region with ENCODE 

(24).  

The long-range meQTL that we identified was located in an inter-genic region between 

HLA-DRB1 and HLA-DQA1 – approximately 29kb from HLA-DRB1 and 15kb from HLA-DQA1 

(Figure 2). Within this region, it was positioned within an area of DNaseI hypersensitivity, 

indicating an open chromatin state (25). This area was also enriched for features of active 

enhancers (26), namely, high H3K4me1 and H3K27Ac signals and low H3K4me3 signal (Figure 

3). Further, it contained binding sites for a large group of transcriptional factors, cofactors, 

chromatin regulators and transcription apparatus, which is characteristic of so-called super-

enhancers (27) (Figure 3). Super-enhancers are large clusters of transcriptional enhancers that 

usually drive expression of genes important for defining cell identity during development (27). 

Compared with typical enhancers, super-enhancers are larger in size and transcription-factor 

density, they have a greater ability to activate transcription and they are more sensitive to 
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perturbations, such as reduced levels of enhancer-bound factors and co-factors (28). Based on the 

ENCODE ChIP-seq data in the GM12878 lymphoblastoid cell line (24), we observed that the 

super-enhancer containing the long-range meQTL we identified here includes genomic regions 

bound by (i) PU.1 and PAX5 (transcription factors acting as master regulators of myeloid and 

lymphoid differentiation (29, 30)), (ii) CTCF and cohesin complex (chromatin regulators), and 

(iii) RNA polymerase II, TBF and TAF1 (key factors and cofactors of the transcription apparatus, 

Figure 3).  

The long-range meQTL that we identified lies within a eutherian DNA-repetitive element 

(MamRep1879) that is primate-specific (Figure S4). To examine whether it alters transcription-

factor binding motif predictions, we used the regulatory variant prediction software HaploReg 

v2(31). HaploReg made eight predictions (Table S3), with the most striking one being the 

presence of a PU.1 transcription-factor binding site (PU.1_disc3) with the major allele and its 

absence with the minor allele (Figure S4B). This PU.1 motif fell within an existing PU.1 ChIP-

seq peak (chr6: 32,591,515-32,591,757) identified in the GM12878 lymphoblastoid cell line, 

which is homozygous for the major allele (24). The predicted PU.1 motif (chr6: 32,591,749-

32,591,758) occurs 109 bp downstream of the best matching PU.1 motif. It remains to be seen 

whether the loss of the second PU.1 motif by the minor allele of the long-range meQTL will 

affect PU.1 binding at the region.  

Taken together, the above genomic-landscape information suggests the possibility that the 

long-range meQTL, being located within a super-enhancer, may regulate not only DNAm but 

also mRNA expression of neighboring genes by modulating enhancer-promoter interactions; this 

may occur via CTCF homodimerisation and associated chromatin looping (32-34). Therefore, we 

examined whether the meQTL was associated not only with DNAm of the five genes but also 

with their mRNA expression. 

 

The ‘long-range’ meQTL and mRNA expression of neighboring genes  

One of the five neighboring genes was a pseudogene (albeit transcribed, HLA-DRB6) and, 

as such, was not assayed by the employed expression chip and not examined in the present study. 

The analysis of the remaining four genes showed that mRNA expression of three of them was 

associated with the long-range meQTL. Specifically, the minor allele of the meQTL was strongly 

associated with higher expression of HLA-DRB5 and HLA-DRB1 (p=1.0x10-123 and p=3.5x10-48, 
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respectively) and less strongly with lower expression of HLA-DQB1 (p=7.1x10-18, Table 3 and 

Figure 4). The meQTL explained a total of 48%, 26% and 13% of the variance in mRNA 

expression of HLA-DRB5, HLA-DRB1, and HLA-DQB1, respectively.  

Next, we assessed to what extent each of the associations between the long-range meQTL 

and mRNA levels were dependent on the association between the meQTL and DNAm (PC1). 

This analysis tested the possibility that the meQTL impacts DNAm and mRNA expression 

through a shared molecular pathway altered by the same event. We hypothesized this event 

would be a meQTL-induced change in transcription-factor binding within the super-enhancer 

affecting local chromatin structure, gene expression and DNAm. These analyses showed that the 

associations between the meQTL and mRNA expression became significantly attenuated when 

additionally adjusted for DNAm (PC1, Table 3). The proportion of variance in mRNA expression 

explained by the meQTL decreased from 48% to 29% for HLA-DRB5, from 26% to 15% for 

HLA-DRB1, and from 13% to 5% for HLA-DQB1. Based on the causal inference test (35), these 

decreases were significant at p=7.1×10-20, 2.4×10-13 and 7.5×10-17, respectively (Table 3).  These 

results suggest that DNAm and mRNA expression of these three genes are in part co-regulated, 

with the co-regulator being the identified long-range meQTL.  

 

 

The ‘long-range’ meQTL, multiple sclerosis and structural properties of the brain white matter  

The long-range meQTL that we identified is located within the major histocompatibility 

complex class II (MHC-II) region on chromosome 6p21. The genes within this region, including 

the DR and DQ genes studied here, encode antigen-presenting molecules. The MHC-II region has 

been associated with a number of diseases related to immune dysregulation. Thus, we assessed 

whether the long-range meQTL is in linkage disequilibrium with any disease loci mapped 

previously to the region of this meQTL (Figure 5). This analysis showed that the long-range 

meQTL is in linkage disequilibrium (r2=0.80) with the most replicated and strongest (p=10-225) 

locus of multiple sclerosis (MS, Figure 5 and Table S4) (12-15). The top SNPs of this locus tag 

the classical HLA allele DRB1*1501 (13, 36, 37). Loci of other autoimmune disorders, such as 

rheumatoid arthritis and systemic sclerosis, have also been mapped to this genomic region, but 

they were not in linkage disequilibrium with this long-range meQTL (Table S4). 
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Multiple sclerosis is an autoimmune disease affecting primarily the brain white matter (38). 

Pre-symptomatic white-matter degeneration may be part of the pathogenesis of MS (39). One 

imaging marker of MS is lower fractional anisotropy (FA) of white matter (16). As assessed with 

diffusion tensor imaging, FA of white matter depends on the microstructural features of fiber 

tracts, including the relative alignment of individual axons, their packing density, myelin content 

and axon caliber (40). In patients with MS, FA is lower within lesions than within normal-

appearing white-matter tissue, and when assessed within normal-appearing white-matter tissue, 

FA is lower in MS patients than in healthy controls (16). In the SYS cohort, we collected data on 

FA of the brain white matter in a subset of 309 middle-aged adults free of MS. In this dataset, we 

observed that the long-range meQTL allele linked previously to higher risk for MS was 

associated here with lower FA  (p=0.02, Figure S5).  

 

DISCUSSION 

In the present study, we identified a layered genetic control of DNAm at numerous CpGs 

across a long 300-kb MHC-II region. This control involves a single long-range meQTL and 

multiple local meQTLs. The long-range meQTL explains up to 75% of variance in methylation 

of CpGs located over extended areas of the 300-kb region. This long-range meQTL regulates not 

only methylation but also expression of several genes. It is in linkage disequilibrium with the 

major locus of MS (12-15). In the present study, the allele associated with higher risk for MS was 

associated with markedly higher expression of HLA-DRB5 and HLA-DRB1 and modestly lower 

expression of HLA-DQB1. Finally, the meQTL risk-allele was associated with lower FA in the 

brain white matter in a subsample of middle-aged individuals.  

The long-range meQTL that we identified is located intergenically – between HLA-DRB1 

and HLA-DQA1 – within a super-enhancer (27). Super-enhancers are large clusters of 

transcriptional enhancers that drive expression of genes important for defining cell identity and 

functionality (27). Our results demonstrate that the meQTL impacts both DNAm and mRNA 

expression. We hypothesize it does so through processes triggered by the same molecular event. 

This event may be a meQTL-induced change in transcription-factor binding of the super-

enhancer that alters super-enhancer/promoter interactions and, in turn, chromatin structure, 

mRNA expression and DNAm. Compared with typical enhancers, super-enhancers are more 

sensitive to perturbations, such as reduced levels of bound transcription factors (28). The minor 
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allele of the identified meQTL is predicted to abolish a PU.1 motif and, as such, may reduce the 

super-enhancer’s binding by this transcription factor. This change in turn may alter the super-

enhancer’s capacity to interact with neighboring promoters and drive mRNA expression from 

these promoters. Thus, depending on the meQTL allele, the super-enhancer may interact with 

either the HLA-DRB1 promoter (minor allele) or the HLA-DQB1 promoter (major allele). When 

interacting with the HLA-DRB1 promoter (minor allele), it activates mRNA expression of HLA-

DRB1 and two neighboring genes transcribed in the same direction (HLA-DRB6 and HLA-DRB5) 

(Figure 4). When interacting with the HLA-DQB1 promoter (major allele), it creates a chromatin 

loop and activate mRNA expression of HLA-DQB1 but not that of the neighboring HLA-DQA1 

(as this gene is transcribed in the opposite direction). This scenario is consistent with the mRNA-

expression results observed in the present study – the minor allele of the long-range meQTL was 

associated with markedly higher expression of HLA-DRB1 and HLA-DRB5, modestly lower 

expression of HLA-DQB1 and no effect on expression of HLA-DQA1 (Figure 4). Overall, as all 

these genes encode antigen-presenting molecules, the minor allele of this long-range meQTL 

may be associated with aberrant and possibly augmented antigen-presenting activity. 

It has been reported recently that gene expression and DNAm may be regulated in a 

coordinate fashion by the same genetic variants (9). Consistent with this possibility, we showed 

here that the observed associations between the long-range meQTL and expression of each HLA-

DRB1, HLA-DRB5 and HLA-DQB1 became attenuated when adjusted for DNAm (PC1). The 

proportion of variance explained by the meQTL decreased from 48% to 29% for HLA-DRB5, 

from 26% to 15% for HLA-DRB1, and from 13% to 5% for HLA-DQB1, and these decreases 

were significant as tested with the causal inference test (35).  

In the present study, the long-range meQTL showed lower contributions to both 

methylation and mRNA expression of the ‘centromeric’ (HLA-DQA1 and HLA-DQB1) vs. 

‘telomeric’ (HLA-DRB5, HLA-DRB6 and HLA-DRB1) genes. Whether these differences relate to 

DNA looping, which we propose involves only the ‘centromeric’ group of genes (Figure 4), 

requires further experimental research. This possibility is supported by previous research 

suggesting that chromatin remodelling (such as DNA looping) alters the accessibility of DNA to 

methylation and transcription machineries and thus DNA methylation and transcription within 

the involved genomic region (41, 42). 

Here we found that the identified long-range meQTL is in linkage disequilibrium with the 
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major locus of MS (12-15). MS is an autoimmune disease affecting predominantly the brain 

white matter. The most common form of MS is characterized by recurring episodes of 

inflammatory demyelination and progressive neurodegeneration. MS is thought to emerge in 

genetically susceptible individuals when they encounter environmental triggers that initiate an 

inflammatory reaction against self-antigens in the brain (13, 38). Some argue that the primary 

pathogenic process of MS is neurodegeneration associated with excess myelin debris that (being 

strongly antigenic) triggers immune reaction (39).  

The identified long-range meQTL may explain some of the genetic susceptibility for MS; it 

may also add to our understanding of possible underlying mechanisms. The minor allele of this 

meQTL, which is in linkage disequilibrium with the risk allele for MS (12-15), is predicted to 

abolish a PU.1 disc3 motif. PU.1 (also known as SPI1) is a master transcription factor critical for 

myeloid hematopoiesis (29), as well as for the development and function of microglia, the main 

resident immune cells of the brain (43-45). Unlike other cells in the brain, microglia share their 

developmental origin with blood cells – they are derived from embryonic hematopoietic 

precursors that seed the brain prior to birth (46). Microglia are surveyors of the brain 

microenvironment searching constantly for areas of local injury and homeostasis disturbances 

(47). In most brain diseases, microglia engulf pathogens, dead cells, myelin debris and misfolded 

proteins (47). Recently, it has been suggested that microglia play similar homeostatic roles in the 

‘healthy’ brain (48). In performing these roles, microglia undergo graded ‘activation’. During 

some ‘activation’ states, microglia mount immune reactions and begin expressing MHC-II genes 

(including those studied here) (47). Whether the minor allele of the long-range meQTL 

associated in the present study with overexpression of certain MHC-II genes modulates this 

capacity of microglia, requires further research.  

In the present study, the minor allele of the long-range meQTL we identified was 

associated with lower FA in the brain white matter of middle-aged adults free of MS. FA of white 

matter, as assessed with diffusion tensor imaging, depends on the microstructural features of fiber 

tracts, including the relative alignment of individual axons, their packing density, myelin content 

and axon caliber (40). Patients with MS commonly exhibit diffusely abnormal white matter in 

which myelin and axonal volumes are reduced but inflammation is not apparent (49). In MS 

patients, FA is lower within lesions than within normal-appearing white-matter tissue (16). 

Importantly, FA is lower in MS patients than in healthy controls even within normal-appearing 
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tissue (16). Whether the observed FA differences associated with the long-range meQTL 

genotypes relate to the diffuse white matter abnormalities seen in MS (49) and the proposed pre-

symptomatic neurodegeneration (39) requires further research.  

In this study, the long-range meQTL was similarly associated with DNAm in adolescent 

and adult samples (Table 2), suggesting the association is not impacted by age. Further, the 

association was identified in DNA extracted from peripheral blood cells. A considerable 

similarity in DNAm exists across different tissues; bisulfite sequencing of DNA from 12 different 

human tissues showed that only 5-15% of CpGs are methylated in a tissue-specific manner (50). 

The degree of between–tissue similarity is higher for developmentally close (vs. distant) tissues 

(50, 51). Thus, given the shared developmental origin of peripheral blood cells and brain 

microglia (46), DNAm patterns may be highly similar in the two cell types. This possibility 

requires further research. 

DNAm is a complex quantitative trait. Twin and family-based studies suggest it is 

influenced by multiple genetic and environmental factors (4, 5). In the present study, we 

estimated heritability of DNAm at all CpGs assessed within the studied 300-kb genomic region 

(Figure S2). The results showed that, at numerous CpGs, genetic factors explained up to 90% of 

total variance. At many of these CpGs, the identified long-range meQTL explained up to 75% of 

total variance. The remaining variance could be explained by local meQTLs (up to 25%) and/or 

other – yet unidentified – genetic and environmental factors. 

In summary, we identified a long-range meQTL that coordinates methylation and 

expression of several genes within the MHC-II region and may increase vulnerability to MS. 

 

MATERIALS AND METHODS 

Cohorts 

The present study was conducted in four samples from three cohorts. The three cohorts are 

(i) the SYS Study (separate samples of adolescents and parents), (ii) the IMAGEN Study, and 

(iii) the OFCCR Study. The basic characteristics of these cohorts are provided in Table S1. 

Written consents of adults and assent of adolescents (and consent of their parents) were obtained. 

The regional research ethics committees approved the study protocols. 

 

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on July 31, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


12 

The SYS Study 

Recruitment: The Saguenay Youth Study (SYS) is a population-based cross-sectional study 

of cardio-metabolic and brain health in adolescents and their parents (n=1,028 adolescents and 

949 parents). The cohort was recruited from the genetic founder population of the Saguenay Lac 

St. Jean region of Quebec, Canada, via adolescents. Additional recruitment details and selection 

criteria have been described previously (17, 18). The present study was conducted on a subset of 

the SYS adolescents (n=132) and parents (n=278) on whom genome–wide genotyping and 

epityping (described below) have been conducted.  

Epityping was conducted on DNA extracted from peripheral blood cells using the Infinium 

HumanMethylation450K BeadChip (Illumina, San Diego, CA) at the Helmholtz Zentrum 

München German Research Center for Environmental Health (Neuherberg, Germany) in 

adolescents and at the Montreal Genome Centre (Montreal, Canada) in parents. The Infinium 

HumanMethylation450K BeadChip interrogates methylation at >485,000 CpGs (52). The DNAm 

score at each CpG, i.e., the DNAm β value, is derived from the fluorescent intensity ratio 

[β=intensity of the methylated allele/(intensity of the unmethylated allele + intensity of the 

methylated allele + 100)] (11). Adolescent and parent samples were randomly loaded onto 11 and 

28 arrays (12 samples per array), respectively. DNAm β values were normalized using the 

Subset-Quantile Within Array Normalization (SWAN) procedure (53). Quality control was 

performed by excluding CpGs with detection p0.05 in more than 20% of samples (764 CpGs in 

adolescents and 912 CpGs in parents). After excluding these probes, as well as control probes 

and probes on sex chromosomes, a total of 473,608 CpGs were analyzed. All samples had >98% 

sites with detection p<0.05.  

Genotyping: The SYS adolescents and parents were genotyped in two waves. First, 592 

adolescents were genotyped with the Illumina Human610-Quad BeadChip (Illumina, San Diego, 

CA; n=582,892 SNPs) at the Centre National de Génotypage (Paris, France). Second, the 

remaining 427 adolescents and all parents were genotyped with the HumanOmniExpress 

BeadChip (Illumina, San Diego, CA; n=729,295 SNPs) at the Genome Analysis Centre of 

Helmholtz Zentrum München (Munich, Germany). In both genotyping waves, SNPs with call 

rate <95% and minor allele frequency <0.01, and SNPs that were not in Hardy-Weinberg 

equilibrium (p<1x10-6) were excluded. After this quality control, 542,345 SNPs on the first chip 

and 644,283 SNPs on the second chip were available for analysis. 
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Genotype imputation was used to equate the set of SNPs genotyped on each platform and to 

increase the SNP density. Haplotype phasing was performed with SHAPEIT (54) using an 

overlapping subset of 313,653 post-quality-control SNPs that were present on both genotyping 

platforms and the 1,000 Genomes SNPs in European reference panel (Phase 1, Release 3). 

Imputation was conducted on the phased data with IMPUTE2 (55). Markers with low imputation 

quality (information score <0.5) or low minor allele frequency (<0.01) were removed. After this 

quality control of imputation, a total of 7,746,837 typed and imputed SNPs were analyzed. 

Diffusion tensor imaging of the brain was available in a subset of parents. It was conducted 

as follows. All brain imaging data were acquired with a 1.5 Tesla Siemens (Avanto) scanner. The 

T1-weighted images were acquired using the 3D Magnetization Prepared Rapid Gradient Echo 

sequence with 176 sagittal slices (1-mm isotropic resolution, TR = 2,400ms, TE = 2.65ms, TI = 

1000ms, and flip angle = 8°). The Diffusion Tensor Images were acquired in two runs using echo 

planar scans with 61 axial slices, 2-mm isotropic resolution, TR = 8,000ms, TE = 94ms and flip 

angle=90°; 64 diffusion directions were acquired with a b-value of 1000 s/mm2. ExploreDTI (56) 

was used to correct for eddy current-induced geometric distortions and motion. In addition, the 

participant’s T1-weighted image was used to apply a correction for echo planar imaging and 

susceptibility distortions (57). Diffusion tensors were estimated at each voxel using the 

RESTORE method for robust estimation of tensors by outlier rejection (58).  For each 

participant, the average fractional anisotropy (FA) values were obtained for all white-mater 

voxels contained in the four lobes; the lobe masks were projected to each participant’s native DTI 

space using a non-linear registration. All steps of this processing pipeline were quality controlled 

(e.g., no movement artifacts, correct registration). Here, we analyzed mean FA across the four 

lobes in 309 parents with quality-controlled data. 

 

The IMAGEN Study 

Recruitment: The IMAGEN Study is a European multi-center study on impulsivity, 

reinforcement sensitivity and emotional reactivity in adolescents (n=2,000; aged 13 to 15 years) 

(19). The IMAGEN Study is a community-based study; participants were recruited in local 

schools at eight participating sites in Germany (Berlin, Dresden, Hamburg, Manheim), United 

Kingdom (London and Nottingham), France (Paris) and Ireland (Dublin) between 2008 and 2010. 

The current study was conducted on a randomly selected subset of the IMAGEN participants in 
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whom genome-wide gene expression was assessed (n=639).  All participants and their parents 

provided informed written assent and consent, respectively (19).  

Genotyping was carried out with the Illumina Human610-Quad BeadChip (Illumina, San 

Diego, CA) at the Centre National de Génotypage (Paris, France). SNPs with call rate <95% and 

minor allele frequency <0.01, and SNPs that were not in Hardy-Weinberg equilibrium (p<1x10-6) 

were excluded. After this quality control, 97 SNPs were available for analysis. 

Epityping was conducted on DNA extracted from peripheral blood cells using the Infinium 

HumanMethylation450K BeadChip (Illumina, San Diego, CA) at the SNP&SEQ Technology 

Platform, Uppsala University (Uppsala, Sweden). DNAm β values were normalized using 

Genome Studio. Quality control was performed by excluding CpGs with detection p<0.01; 25 

CpGs were available for the replication analysis. All samples had >98% sites with detection 

p<0.01.  

Gene-expression was conducted on RNA extracted from fresh peripheral blood cells 

(collected into the PAXgene blood RNA tubes [Qiagen]) using the Illumina HumanHT-12 v4 

Expression BeadChip (Illumina, San Diego, CA). Data were normalized using the mloess 

method(59). Only genes within the studied 300-kb MHC-II region (n=8) were analyzed in the 

present study. 

 

The OFCCR Study 

Recruitment: The Ontario Familial Colon Cancer Registry (OFCCR) sample is a 

population-based sample of colorectal cancer patients and their families (20, 21). The sample 

analyzed here consisted of 891 cases and 856 healthy controls who had genome-wide genetic and 

epigenetic data. 

Genotyping: The OFCCR individuals were genotyped as described elsewhere(60). In brief, 

data from the Illumina 1,536 GoldenGate array, the Affymetrix/ParAllele 10K coding-SNP array 

and the Affymetrix Human Mapping 100K array were combined and complemented with the 

Affymetrix Human Mapping 500K array. 

Epityping was conducted using the Infinium HumanMethylation450K BeadChip (Illumina, 

San Diego, CA) on DNA extracted from lymphocytes. Lymphocyte pellets were extracted from 

whole blood using Ficoll-Paque PLUS (GE Healthcare). DNA was extracted from lymphocytes 

using phenol-chloroform or Qiagen Mini-Amp DNA kit.  
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Statistical analyses 

First, we conducted principal component analysis (PCA) of 1,000 most variable CpGs in 

the genome. This analysis was part of a routine quality-control procedure aimed at identifying 

potentially confounding factors. We performed this PCA in the discovery sample of 132 SYS 

adolescents using DNAm β values adjusted for age, sex, batch and blood cell fractions (22). The 

top principal component (PC1, Figure S1) was loaded (>0.4) exclusively by CpGs (n=25) from a 

300-kb segment of the MHC-II region on chromosome 6. We then performed replication PCAs 

with these 25 CpGs in a sample of 278 SYS parents and in two independent samples (639 

IMAGEN adolescents and 1,747 OFCCR participants). The high consistency of the PC-based 

clusters of DNAm we observed across the four samples suggested genetic control of this 

clustering.  

Second, to search for genes underlying the observed clustering of DNAm across the 25 

CpGs loading into PC1, we conducted a genome-wide association study (GWAS) of PC1. This 

GWAS was carried out with the ProbABEL software (61) in the discovery sample of SYS 

adolescents (n=132). We then performed replication studies in the SYS parents (n=278), 

IMAGEN adolescents (n=639) and OFCCR participants (n=1,747). These studies were 

performed with all available SNPs within the studied 300-kb region of chromosome 6. 

Depending on the format of available genotypes, GWAS was conducted with either the 

ProbABEL software (61) (SYS parents, estimated genotypes, score test) or R (62) (IMAGEN and 

OFCCR participants, observed genotypes, Kruskal-Wallis test). In SYS adolescents and parents, 

PC1 was quantile-normalized using a rank-based inverse normal transformation prior to these 

association analyses (63). 

Third, in the discovery sample of SYS adolescents, we determined the relative 

contributions of the GWAS-identified SNP (the long-range meQTL [rs4959030]) to DNAm 

variation at each of the 25 CpGs. As 19 of these 25 CpGs were polymorphic (i.e., known SNPs 

were located within these CpGs (23) [Table S2]), we also considered the contribution of these 

local meQTLs (minor allele frequency ≥5%). This was achieved by fitting, at each of the 25 

CpGs, a linear regression model that included the GWAS-identified long-range meQTL and 1 or 

2 respective local meQTLs onto age-, sex-, batch- and blood-cell fractions-adjusted DNAm β 

values. From this model, the relative contributions (partial R2s) of the long-range meQTL and the 
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local meQTL(s) were determined by averaging sequential sums of squares over all possible 

orderings of the regressors. These analyses were also performed with all assessed CpGs within 

the studied 300-kb region (additional 472 CpGs). All calculations were conducted with the R 

package relaimpo (64).  

Fourth, to define the genomic landscape of the GWAS-identified long-range meQTL and 

associated CpGs, we used the ENCODE database (ENCyclopedia Of DNA Elements, Hg19, 

http://genome.ucsc.edu/)(24). With this tool, we mapped features of chromatin structure, histone 

modifications, binding sites of transcription factors at promoter and enhancer elements, and 

regions of transcription within the studied 300-kb region.  

Fifth, we tested whether the long-range meQTL [rs4959030]) associated with DNAm of 

eight neighboring genes was also associated with mRNA expression of these genes. We also 

tested whether these SNP associations with mRNA expression levels were independent of the 

SNP associations with DNAm. These latter analyses were performed using the causal inference 

test (35), involving quantile-normalized mRNA-expression levels, quantile-normalized PC1 and 

additively coded genotypes, while adjusting for sex and imaging center. The gene-expression 

analyses were conducted in the only sample with gene-expression data (IMAGEN, n=639). 

Sixth, we examined whether the long-range meQTL (rs4959030) was in linkage 

disequilibrium with disease-oriented loci previously mapped to the region of this meQTL 

(chromosome 6:31.5-32.9Mb). To find these loci, we used the National Human Genome 

Research Institute (NHGRI) GWAS Catalog, which is a curated resource of SNP-trait 

associations (http://www.genome.gov/gwastudies/). Linkage disequilibrium was assessed with 

PLINK (65) using genotypes from the 1,000 Genomes Project European reference sample 

(March 2012). 

Finally, we tested whether the long-range meQTL (rs4959030) was associated with 

fractional anisotropy, which is a structural property of the brain white matter that is frequently 

found to be lower in multiple sclerosis (16). Tests of association were performed using linear 

regression, assuming additive genetic model, while adjusting for age and sex. Prior to the 

association tests, fractional anisotropy values were quantile-normalized, using rank-based inverse 

normal transformation. These analyses were carried out in SYS parents (n=309). 
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FIGURE LEGENDS 

Figure 1: Identification of the long-range meQTL with GWAS of PC1 in the SYS 

adolescents (top) and parents (bottom). Separate analyses were conducted in the samples of 

SYS adolescents (n=132) and SYS parents (n=278). Pink shaded area indicates the region of 

CpGs loading into PC1. In both the top and bottom panels, the purple dot indicates the top SNP 

associated with DNAm (PC1) in the discovery sample of SYS adolescents.  

 

Figure 2: The relative contributions of the long-range and local meQTLs to methylation of 

CpGs within the studied genomic region. The contributions are shown as proportions of 

‘variance explained (r2) by the long-range meQTL (purple lines) and respective local meQTLs 

(yellow lines with stars). Grey triangles indicate the combined contribution of the long-range and 

respective local meQTLs at each assessed CpG. The top panel includes the 25 highly variable 

CpGs loading into PC1 (including 19 polymorphic CpGs). The middle panel includes a total of 

456 CpGs (including 85 polymorphic CpGs). The bottom panel includes a total 5,663 CpGs 

(including 273 polymorphic CpGs) located within the region of high linkage disequilibrium with 

the long-range meQTL (as shown in Figure 1). 

 

Figure 3: Genomic landscape of regions containing the long-range meQTL (center), HLA-

DRB1 (left) and HLA-DQB1 (right). DNase-I hypersensitivity signals, histone modification 

signals for H3K27ac, H3K4Me1 and H3K4Me3, RNA-seq transcription signals, CTCF-binding 

positions by Chip-seq, CpG islands, and CpGs assessed with the 450K BeadChip are those 

observed in the lymphoblastoid GM12878 cells (ENCODE/Duke). Binding of transcription 

factors is that compiled from 72 cell types in Chip-seq ENCODE V2 (capital-G denotes binding 

in GM12878 cells).  

 

Figure 4: Associations of the long-range meQTL with mRNA expression (top) and 

hypothesized models (bottom) of how minor and major alleles of the long-range meQTL 

impact regional chromatin structure and mRNA expression. The data are plotted by the 

meQTL genotype. The long-range meQTL is located within a super-enhancer. Depending on its 

allele, the super-enhancer may interact with either the HLA-DRB1 promoter (minor allele) or the 

HLA-DQB1 promoter (major allele). When interacting with the HLA-DRB1 promoter (minor 
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allele), it could activate mRNA expression of HLA-DRB1 and 2 neighboring genes transcribed in 

the same direction (HLA-DRB6 and HLA-DRB5); note that HLA-DRB6 is a transcribed 

pseudogene (30). When interacting with the HLA-DQB1 promoter (major allele), it could create a 

chromatin loop and activates mRNA expression of HLA-DQB1 but not that of the neighboring 

HLA-DQA1 because that gene is transcribed in the opposite direction.  

 

Figure 5. Pairwise linkage disequilibrium between the long-range meQTL and previously 

identified disease loci (the National Human Genome Research Institute [NHGRI] GWAS 

Catalogue, only loci with r2>0.2 are shown). LD was calculated with the 1,000G European 

reference sample (March 2012). 
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TABLES 

Table 1. Principal component analysis of the 25 highly variable CpGs from the studied 

genomic region - PC1 loading in the 4 studied samples 

CpG ID Gene Position  SYS SYS IMAGEN OFCCR 

    adolescents parents    

cg17369694a HLA-DRB5 32,485,396 0.94 0.93 0.93 0.91 

cg01341801a HLA-DRB5 32,489,203 0.95 0.94 0.95 0.96 

cg23365293a HLA-DRB5 32,489,984 0.83 0.76 0.74 0.73 

cg08265274a HLA-DRB5 32,490,444 0.74 Not loading Not loading 0.46 

cg22627029a HLA-DRB6 32,520,615 0.82 0.88 0.90 0.87 

cg25140213a HLA-DRB6 32,522,683 0.94 0.92 0.94 0.93 

cg10995422a HLA-DRB6 32,522,872 0.59 NA 0.73 0.68 

cg24638099a HLA-DRB6 32,526,027 0.59 0.53 0.55 0.59 

cg11752699a HLA-DRB6 32,526,669 0.95 0.94 0.95 0.95 

cg26590106a HLA-DRB1 32,548,321 0.91 NA 0.90 0.9 

cg11404906 HLA-DRB1 32,551,749 -0.88 -0.93 -0.94 -0.96 

cg09139047a HLA-DRB1 32,552,042 -0.93 -0.87 -0.88 -0.93 

cg15602423a HLA-DRB1 32,552,095 -0.72 -0.68 -0.84 -0.91 

cg00211215 HLA-DRB1 32,552,246 -0.78 -0.68 -0.70 -0.85 

cg09949906a HLA-DRB1 32,552,350 -0.68 -0.53 -0.72 -0.87 

cg22933800 HLA-DQA1 32,605,704 0.60 0.63 0.70 0.66 

cg24470466a HLA-DQA1 32,608,858 0.56 0.47 0.59 0.57 

cg11784298a HLA-DQA1 32,610,971 0.53 0.53 0.64 0.5 

cg14323910 HLA-DQB1 32,628,305 0.52 0.52 0.60 0.53 

cg10180404a HLA-DQB1 32,632,334 0.67 0.68 0.67 0.67 

cg21493951 HLA-DQB1 32,632,338 0.60 0.57 0.62 0.58 

cg13423887 HLA-DQB1 32,632,694 -0.55 -0.61 -0.74 -0.76 

cg18572898a HLA-DQA2 32,712,103 0.53 0.43 Not loading Not loading 

cg07389699a HLA-DQB2 32,728,786 0.49 0.42 Not loading Not loading 

cg24080129a TAP2 32,797,488 0.54 Not loading 0.49 0.43 
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a Polymorphic CpGs. Dark-grey shading indicates CpGs that loaded negatively into PC1 in all four samples, whereas 

light-grey shading indicates CpGs that loaded positively into PC1 in all four samples.  

SYS – The Saguenay Youth Study  

IMAGEN – the IMAGEN Study  

OFCCR – the OFCCR Study 

NA – CpGs not available for the study, as they did not pass quality control
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Table 2. Replication of the GWAS-identified long-range meQTL in IMAGEN and OFCCR 

samples  

Sample SNP Minor allele 

(frequency) 

Estimate (SE) P 

SYS adolescents (n=132) rs4959030 A (0.13) 6.8 (0.8) 2.8x10-17 

SYS parents (n=278) rs4959030 A (0.16) 5.7 (0.5) 3.1x10-31 

IMAGEN (n=639) rs9271366 G (0.14) 5.3 (0.2) 4.0x10-71 

OFCCR (n=1,747) rs9270986 A (0.15) 5.5 (0.1) 5.2 x10-199 

As the genotypes of the SYS-identified long-range meQTL (rs4959030) were not available in either IMAGEN or 

OFCCR, the replication analyses were carried out with SNPs that were in closest linkage disequilibrium (LD) with 

the index SNP rs4959030; these were rs9271366 (r2=0.76) and rs9270986 (r2=0.68) for the IMAGEN and OFCCR, 

respectively. LD was determined based on the 1,000G data from March 2012. 
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Table 3. IMAGEN – associations of the long-range meQTLa with gene expression  

Gene  Causal inference testc 

 Estimate (SEb) P P 

HLA-DRB5 1174.4 (39.7) 1.0E-123 7.1E-20 

HLA-DRB1 660.0 (34.1) 3.5E-48 2.4E-13 

HLA-DQA1 27.5 (20.6) 2.4E-01 1.0E+00 

HLA-DQB1 -64.7 (6.3) 7.1E-18 7.5E-17 

a As rs4959030 (the GWAS-identified meQTL in the SYS sample) was not available in IMAGEN, the DNAm and 

mRNA expression analyses in IMAGEN were carried out with rs927136, a SNP in closest linkage disequilibrium 

(r2=0.76) with rs4959030.  

b Bootstrap standard errors based on 5,000 replications. 

c Causal inference test (35). 

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on July 31, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


31 

 

 

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on July 31, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


32 

 

 

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on July 31, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


UCSC Genes

CpG islands

CTCF  Chip-seq

450K BeadChip 

DNaseI
hypersensitivity

H3K27Ac

H3K4Me1

RNA-seq 
transcription

H3K4Me3

Transcription 
factor

binding

Long-range meQTL

Super-enhancer

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on July 31, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


34 

 

 

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on July 31, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


35 

 

 

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on July 31, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/

