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Abstract

Genetic and epigenetic mechanisms may interact and together affect biological processes and disease development.
However, most previous studies have investigated genetic and epigenetic mechanisms independently, and studies
examining their interactions throughout the human genome are lacking. To identify genetic loci that interact with the
epigenome, we performed the first genome-wide DNA methylation quantitative trait locus (mQTL) analysis in human
pancreatic islets. We related 574,553 single nucleotide polymorphisms (SNPs) with genome-wide DNA methylation data of
468,787 CpG sites targeting 99% of RefSeq genes in islets from 89 donors. We identified 67,438 SNP-CpG pairs in cis,
corresponding to 36,783 SNPs (6.4% of tested SNPs) and 11,735 CpG sites (2.5% of tested CpGs), and 2,562 significant SNP-
CpG pairs in trans, corresponding to 1,465 SNPs (0.3% of tested SNPs) and 383 CpG sites (0.08% of tested CpGs), showing
significant associations after correction for multiple testing. These include reported diabetes loci, e.g. ADCY5, KCNJ11, HLA-
DQAT1, INS, PDX1 and GRB10. CpGs of significant cis-mQTLs were overrepresented in the gene body and outside of CpG
islands. Follow-up analyses further identified mQTLs associated with gene expression and insulin secretion in human islets.
Causal inference test (CIT) identified SNP-CpG pairs where DNA methylation in human islets is the potential mediator of the
genetic association with gene expression or insulin secretion. Functional analyses further demonstrated that identified
candidate genes (GPX7, GSTT1 and SNX79) directly affect key biological processes such as proliferation and apoptosis in
pancreatic B-cells. Finally, we found direct correlations between DNA methylation of 22,773 (4.9%) CpGs with mRNA
expression of 4,876 genes, where 90% of the correlations were negative when CpGs were located in the region surrounding
transcription start site. Our study demonstrates for the first time how genome-wide genetic and epigenetic variation
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interacts to influence gene expression, islet function and potential diabetes risk in humans.
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Introduction

Most cells in the human body share the same genetic sequence
while the epigenetic pattern varies between different cell types and
over time. DNA methylation is one of the most studied epigenetic
modifications and it is involved in multiple biological processes
such as transcriptional control during embryonic development, X-
chromosome inactivation, genomic imprinting and regulation of
cell specific gene expression [1]. In differentiated mammalian cells,
DNA methylation occurs primarily on the 5’ position of cytosine
followed by guanine, so called CpG sites [2]. Alterations in DNA
methylation may affect phenotypic transmission and may be part
of the etiology of human disease [3].

Inheritance of epigenetic traits between generations has been
shown in animals [4,5]. Previous studies in twins further suggest
that genetic factors may affect DNA methylation profiles [6,7].
Moreover, genetic variation has been shown to influence the inter-
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individual variation in DNA methylation in the human brain,
fibroblast and adipose tissue [8—14]. While some of these studies
used the Infinium HumanMethylation27 BeadChip which covers
~14,500 genes [8-10], others used the HumanMethylation450
BeadChip and limited the analysis to cis regulatory effects [12-14].
However, studies examining the impact of genetic variation on the
genome-wide DNA methylation pattern of most genes and
regions, in both cis and trans, throughout the human genome
are still scarce.

Pancreatic islets contribute to the regulation of whole body
glucose homeostasis by secreting insulin in response to increased
plasma glucose concentrations. Deficient insulin secretion, result-
ing in chronically elevated blood glucose levels, is a characteristic
of diabetes mellitus. Recent genome-wide association studies
(GWAS) have identified numerous genetic loci associated with
diabetes and its related traits [15-30]. However, these variants
only explain a small proportion of the estimated heritability for
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Author Summary

Inter-individual variation in genetics and epigenetics
affects biological processes and disease susceptibility.
However, most studies have investigated genetic and
epigenetic mechanisms independently and to uncover
novel mechanisms affecting disease susceptibility there is
a highlighted need to study interactions between these
factors on a genome-wide scale. To identify novel loci
affecting islet function and potentially diabetes, we
performed the first genome-wide methylation quantitative
trait locus (mQTL) analysis in human pancreatic islets
including DNA methylation of 468,787 CpG sites located
throughout the genome. Our results showed that DNA
methylation of 11,735 CpGs in 4,504 unique genes is
regulated by genetic factors located in cis (67,438 SNP-CpG
pairs). Furthermore, significant mQTLs cover previously
reported diabetes loci including KCNJ11, INS, HLA, PDX1
and GRB10. We also found mQTLs associated with gene
expression and insulin secretion in human islets. By
performing causality inference tests (CIT), we identified
CpGs where DNA methylation potentially mediates the
genetic impact on gene expression and insulin secretion.
Our functional follow-up experiments further demonstrat-
ed that identified mQTLs/genes (GPX7, GSTT1 and SNX19)
directly affect pancreatic B-cell function. Together, our
study provides a detailed map of genome-wide associa-
tions between genetic and epigenetic variation, which
affect gene expression and insulin secretion in human
pancreatic islets.

diabetes [31], proposing that there are additional genetic factors
left to be discovered. These may include genetic variants
interacting with epigenetic mechanisms.

To study the interaction between genetics and epigenetics and
to identify novel loci affecting islet function and potentially
diabetes, we performed the first genome-wide DNA methylation
quantitative trait locus (mQTL) analysis in human pancreatic
islets. The specific goals for this study were to: 1) identify single
nucleotide polymorphisms (SNPs) associated with altered DNA
methylation (mQTLs) in human pancreatic islets; 2) test if
identified SNPs in significant mQTLs affect islet gene expression
and diabetes related phenotypes; 3) examine the causal relation-
ship between genotype, DNA methylation and gene expression or
insulin secretion in human pancreatic islets; 4) test if identified
candidate genes, based on our mQTL results, have a functional
role in pancreatic B-cells; 5) examine if mQTLs in human
pancreatic islets also associate with diabetes and its related traits in
GWAS. To reach these goals, we related genome-wide genotype
data of SNPs with genome-wide DNA methylation data of
~470,000 CpG sites covering 21,231 (99%) RefSeq genes and
most genomic regions in pancreatic islets of 89 human donors.
Here, both cis and {rans regulatory effects of SNPs on DNA
methylation were analyzed. SNPs found to be associated with
DNA methylation levels in the mQTL analysis were then
followed-up with an expression quantitative trait locus (eQTL)
analysis in the human islets, and related to islet insulin secretion
data. In addition, we used a causal inference test (CIT) [32] to
model the causal relationships between genotype, DNA methyl-
ation and phenotypic outcome. A number of candidate genes,
where both  DNA methylation and gene expression were
assoclated with genetic variation, were then selected for functional
follow-up analysis in clonal B-cells. Finally, identified mQTLs were
examined for overlap with reported diabetes loci in publicly
available GWAS data. The study design is described in Figure 1.
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Using this approach, we identified significant mQTLs in ¢is and
in {rans. Numerous mQTLs were associated with altered mRNA
expression and insulin secretion in human islets. Notably,
identified mQTLs covered known diabetes loci. Together, our
study highlights the importance of integrating genetic and
epigenetic data in order to identify new loci affecting biological
processes and disease risk.

Results

Associations between genetic variation and DNA
methylation — A genome-wide mQTL analysis in human
pancreatic islets

To examine whether genetic variation is associated with DNA
methylation levels in human pancreatic islets, a genome-wide
mQTL analysis was performed. In total, genotype data of 574,553
SNPs and DNA methylation data of 468,787 CpG sites from
pancreatic islets of 89 human donors (Table S1) were included in
the analysis. A correlation heatmap illustrating the overall
variability in DNA methylation among included samples is
presented in Figure S1. In the mQTL analysis, a total of
111,360,152 SNP-CpG pairs were found to be located in cis and
269,231,617,059 SNP-CpG pairs were located in trans. We
proceeded to calculate the statistical significance threshold for the
cis and trans-mQTL analyses, taking the linkage dependency of
SNPs and number of tests into account. Linkage disequilibrium
(LD) based SNP pruning, which takes into account the linkage
dependency of SNPs that are run against DNA methylation of the
same CpG site in the mQTL analysis, was then used to calculate
the number of independent tests based on r?<0.9 for the SNPs
and thereby the significance threshold after correction for multiple
testing. After LD-based pruning, 102,307,720 SNP-CpG pairs
were identified showing independence based on r*<0.9 in ¢is and
this number was subsequently used as a correction value for
multiple testing in the cis-mQTL analysis (significance threshold in
the ¢is-mQTL: 0.05/102,307,720=4.9x10"'% (Table 1). Fur-
thermore, 200,388,516,440 SNP-CpG pairs were identified
showing independence based on r?<0.9 in #rans and this number
was used as a correction value for multiple testing in the (rans-
mQTL analysis (significance threshold in the trans-mQTL: 0.05/
200,388,516,440 = 2.5x10~ ') (Table 1).

Note that LD-based SNP pruning was used in order to calculate
statistical significance thresholds based on number of independent
tests. Our goal was to detect and present SNPs that show
significant associations with DNA methylation regardless of
linkage dependency and we subsequently included all genotyped
SNPs in the mQTL analysis. In the ¢is-mQTL analysis, 67,438
SNP-CpG pairs were identified showing significant associations
between genotype and DNA methylation levels after correction for
multiple testing. These 67,438 SNP-CpG pairs consist of 36,783
unique SNPs (6.4% of tested SNPs) and 11,735 unique CpG sites
(2.5% of tested CpG sites) which are annotated to 4,504 unique
genes (Table 1). Among the significant cis-mQTLs, there are
31,313 SNP-CpG pairs with a LD threshold of r*<0.9 and 24,963
SNP-CpG pairs with 1?<0.8 (Table 1). These include 20,251
unique SNPs with LD r’<0.9 and 16,557 unique SNPs with
1?<0.8 (Table 1).

Depictions of the most and least significant cis-mQTLs are
shown in Figure 2A-B and all significant ¢is-mQTLs are
presented in Table S$2. Distance analysis of significant cis-
mQTLs showed that the majority of associated SNPs were located
within a short range from CpG sites (Figure 2C). A SNP located
within a cytosine or guanine of a CpG site, a so called CpG-SNP,
can potentially remove or introduce a CpG site. Among SNP-CpG
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Figure 1. Flow-chart showing the analysis pipeline. Direction of the arrows represents the workflow of the study design with performed
analysis indicated. Solid lines indicate analysis performed within data of human pancreatic islets. Dashed lines indicate analysis performed against
external databases. Light grey boxes indicate input data of human pancreatic islets. Dark grey boxes indicate output of significant data. White boxes
indicate follow-up studies for look-up or functional- and biological validation of significant results.

doi:10.1371/journal.pgen.1004735.g001

pairs showing significant associations in the cis-mQTL analysis,
459 pairs were identified as CpG-SNPs. Moreover, the cis-mQTLs
showing the most significant associations were within SNPs located
close to a CpG site (Figure 2D).

In the trans—mQTL analysis, 2,562 SNP-CpG pairs showed
significant associations between genotype and DNA methylation
levels after correction for multiple testing. These 2,562 SNP-CpG
pairs consist of 1,465 unique SNPs (0.3% of tested SNPs) and 383

unique CpG sites (0.08% of tested CpG sites), which are annotated
to 247 unique genes. Among the significant frans-mQTLs, there are
837 SNP-CpG pairs with a LD threshold of r?<0.9 and 629 SNP-
CpG pairs with r*<0.8 (Table 1). These include 620 unique SNPs
with LD r*<0.9 and 492 unique SNPs with r*<0.8 (Table 1).
Depictions of the most and least significant trans-mQTLs are
shown in Figure 2E-F and all significant {rans-mQTLs are
presented in Table S3. Out of the significant trans-mQTLs,

Table 1. Number of significant mQTL results in human pancreatic islets.

cissmQTL trans-mQTL
SNP-CpG pairs 67,438 2,562
SNP-CpG pairs with LD r?<0.9 31,313 837
SNP-CpG pairs with LD r*<0.8 24,963 629
Unique SNPs 36,783 1,465
Unique SNPs with LD r?<0.9 20,251 620
Unique SNPs with LD r?<0.8 16,557 492
Unique CpG sites 11,735 383
Unique genes 4,504 247

Significance threshold <0.05 after correction for multiple testing.
Correction value cis=102,307,720.

Correction value trans =200,388,516,440.

LD =linkage disequilibrium.
doi:10.1371/journal.pgen.1004735.t001
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Figure 2. Depiction and distance analysis of associations between genotype and DNA methylation of significant mQTLs in human
pancreatic islets. Depiction of (A) the most significant cis-mQTL; rs1771445 vs. cg02372404, and (B) the least significant cis-mQTL; rs196489 vs.
cg06433283, among all identified cis-mQTLs in human pancreatic islets. Data is presented as Box and Whisker plots with P-values adjusted for
multiple testing. (C) Distance analysis between SNPs and CpG sites of significant cis-mQTLs plotted as the number of identified mQTLs within each
distance bin. Distance summary: minimum=0 kb, 10%ile=1.88 kb, 25%ile=7.62 kb, 50%ile=26.31 kb, 75%ile =74.76 kb, 90%ile=164.5 kb,
maximum =499.6 kb. (D) The strength of associations plotted against the distance between SNPs and CpG sites of significant cis-mQTLs after
correction for multiple testing. Depiction of (E) the most significant trans-mQTL; rs17660464 vs. cg22968622, and (F) the least significant trans-mQTL;
rs6440971 vs. cg10438649, among all identified trans-mQTLs in human pancreatic islets. Data is presented as Box and Whisker plots with P-values
adjusted for multiple testing. (G) Quantile-Quantile plots (Q-Q plots) of -log10 (P-values) illustrating the distribution of P-values for all analyzed SNP-
CpG pairs in the cis- (red dots) and trans- (blue dots) mQTL analysis in relation to a theoretical null distribution (grey diagonal line). Bold dots indicate
significant mQTLs identified in the cis- (red dots) and trans-(blue dots) mQTL analysis after correction for multiple testing.
doi:10.1371/journal.pgen.1004735.9g002

1,564 (61.0%) SNP-CpG pairs, which consist of 970 unique SNPs probes used to detect significant frans-mQ)T'Ls, were demonstrated

and 229 unique CpG sites, are located on different chromosomes. to have a perfect match elsewhere in the human genome (Table
Additionally, for the significant trans-mQTLs where the SNP and $2, 83). Additionally, all significant probes with a 47-50 bp match
CpG are located on the same chromosome, the median distance elsewhere in the genome and possible cross-reactivity based on

between SNP and CpG is 1.2 Mb and these are potentially Chen et al [33] have been indicated in Table S2, S3.
corresponding to long-range cis-effects.
We next generated quantile-quantile (Q-Q) plots of all —log10 Genomic distribution of mQTLs in human pancreatic

(P-values) for the c¢is and trans mQTL analyses to illustrate the islets
distribution of the P-values as compared to a theoretical null Although previous cancer studies have described the genomic
distribution (Figure 2G). The Q-Q plots illustrate that cis effects  Jocation of CpG sites that exhibit differential DNA methylation in
are stronger compared to trans effects. tumor versus normal cells [34,35], to our knowledge, no previous
A recent study reports that some probes on Illumina’s DNA study has examined the genomic distribution of CpG sites in
methylation chip can cross-react to multiple locations in the genome-wide mQTLs. Moreover, while there is an accumulation
genome [33]. However, only 14 out of the 11,735 probes used to of genetic variation on certain chromosomes associated with
detect significant ¢is-mQTLs in human islets, and five out of 383 disease [23,36], it remains unknown if there is an over- or
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underrepresentation of significant mQTLs on certain chromo-
somes linked to islet function. Here, we describe the genomic
distribution of significant mQTLs in human pancreatic islets.
When analyzing the chromosomal distribution of CpG sites
among significant ¢is-mQTLs, an overrepresentation of CpG sites
on chromosomes 6, 7, 8 and 21 together with an underrepresen-
tation of CpG sites on chromosomes 1, 2, 3, 12, 14, 15, 16, 17, 19
and 20 were found in comparison to the chromosomal distribution
of all analyzed sites on the Infinium HumanMethylation450
BeadChip based on chi-squared-tests (Figure 3A and Table
S4A). In the trans-mQTL analysis, an overrepresentation of CpGs
was found on chromosomes 6 and 17 together with an
underrepresentation on chromosomes 1, 9 and 14 (Figure 3A
and Table S4A). Chromosome 6, which possess the HLA region

a gene region known to be involved in diabetes and autoimmune
reaction [37,38], was found to show the highest enrichment when
comparing the chromosomal distribution of CpG sites among
significant mQTLs for both the ¢is- and trans-analysis compared
with all analyzed CpG sites (Figure 3A and Table S4A).

Moreover, the CpG sites analyzed using the Infinium
HumanMethylation 450 BeadChip have been annotated based
on their genomic location in relation to the nearest gene
(TSS1500, TSS200, 5'UTR, 1% exon, gene body, 3'UTR or
intergenic regions) [39] (Figure 3B). When comparing the
distribution of CpG sites of significant ¢is-mQTLs with all
analyzed sites on the Infinium array, CpG sites in the gene body
and intergenic regions were found to be overrepresented
meanwhile CpG sites in TSS1500, TSS200, 5'UTR, 1% exon
and 3'UTR were found to be underrepresented (Figure 3C and
Table S$4B). Among significant {rans-mQTLs, overrepresenta-
tions of CpG sites were found in the 1* exon and intergenic
regions while an underrepresentation of CpG sites was found in
the T'SS1500 (Figure 3C and Table S4B).

The CpG sites analyzed using the Infinium HumanMethylation
450 BeadChip have also been annotated based on their genomic
location in relation to CpG islands (CpG island, northern- and
southern shores, northern- and southern shelves or open sea) [39]
(Figure 3B). Overrepresentations of CpG sites were found in
northern- and southern shores, southern shelf and open sea while
an underrepresentation was found in CpG islands when compar-
ing the location of CpG sites of significant ¢is-mQTLs with all
analyzed sites on the Infinium array (Figure 3D and Table
$4C). CpG sites of significant {rans-mQTLs were found to be
overrepresented in CpG islands and underrepresented in northern
shores (Figure 3D and Table $S4C).

Epigenetic variation in enhancer regions has been proposed to
play a key role in the regulation of gene expression in pancreatic
islets [40-43]. We therefore proceeded to test if CpG sites in our
significant mQT'Ls are located in long stretch enhancers based on
publicly available data for human pancreatic islets [42]. These
stretch enhancers are referred to as large gene elements (=3 kb) of
enhancer states that are cell type specific [42]. Here, we found that
993 (8.5%) CpG sites in our significant ¢is-mQTLs and 11 (2.9%)
CpG sites in our significant frans-mQTLs are located in long
stretch enhancers specific for pancreatic islets (Table S2 and
Table S3), which is not more than expected by chance (P>0.05).
Additionally, we found that 139 (1.2%) CpG sites in our significant
cis-mQTLs and only two CpG sites in the significant {rans-
mQTLs are located in active enhancer regions of pancreatic islets
identified by Pasquali et al [43] (Table S2 and Table S3).

Moreover, we tested if the genomic distribution of the
significant mQTLs found in human islets in our study could be
replicated in publicly available data. Here, we took advantage of
published mQTL data in adipose tissue from Grundberg et al and
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we analyzed the genomic distribution of their significant cis-
mQTLs [12]. In agreement with the genomic distribution of
significant ¢is-mQTLs in human islets, we found that significant
cis-mQTLs in human adipose tissue were overrepresented in the
intergenic region, the gene body, the open sea as well as the shore
and shelf regions, while underrepresented in regions close to the
TSS and CpG island regions (Figure S2A-B). On the other hand,
we found differences between human islets and adipose tissue
regarding the chromosomal distribution of significant cis-mQTLs
(Figure 3A and Figure S2C). Of note, differences in the study
design and filtering of CpG probes between the two studies may
influence these results.

Association of identified mQTL-SNPs with mRNA
expression — A follow-up eQTL analysis in human
pancreatic islets

Both genetic variation and DNA methylation have been shown
to regulate gene expression [44,45]. Therefore, SNPs identified to
significantly affect DNA methylation in the mQTL analysis were
followed-up and related to mRINA expression levels in human
pancreatic islets. To calculate the number of independent tests to
be used for correction for multiple testing in this analysis, we first
connected SNPs of significant ¢is-mQTLs (n=36,783) with all
mRNA transcripts on the Affymetrix array located within 500 kb
of respective SNP — the set c¢is boundary distance. With this
setting, 895,764 SNP-mRNA transcript combinations were found
in ¢is. However, after LD-based pruning of these SNPs, 692,616
SNP-mRNA transcript combinations remained showing inde-
pendence of SNPs (based on r?<0.9) and this number was
subsequently used as a correction value for multiple testing
(significance threshold in the cis-eQTL: 0.05/692,616 =
7.2x107%) (Table 2). In this cis-ecQTL analysis, 302 SNP-
mRNA transcript pairs were identified showing significant
associations between genotypes and mRINA expression levels
after correction for multiple testing (Table 2 and Table S5).
These 302 significant pairs consist of 243 unique SNPs (0.7% of
the significant cis-mQTL SNPs) and 46 unique mRNA
transcripts (0.2% of tested mRNA transcripts). Among the
significant ¢is-eQTLS, there are 117 SNP-mRNA transcript
pairs with a LD threshold of r?<0.9 and 86 SNP-mRNA
transcript pairs with r*<0.8 (Table 2). These include 99 unique
SNPs with LD r’<0.9 and 76 unique SNPs with r°<0.8
(Table 2).

The SNPs of significant trans-mQTLs (n=1,465) were then
related to mRNA expression levels of all transcripts included on
the Affymetrix array, giving rise to 40,127,815 SNP-mRNA
transcript combinations. The correction value for multiple testing
was calculated to 16,982,420 after LD-based pruning of SNPs
(based on r?<0.9) (significance threshold in the frans-eQTL: 0.05/
16,982,420 =2.9x10" %) (Table 2). In the trans-cQTL, 32 SNP-
mRNA transcript pairs consisting of 22 unique SNPs (1.5% of the
significant frans-mQTL SNPs) and 8 unique mRNA transcripts
(0.02% of tested mRNA transcripts) were found to show
significance (Table 2 and Table S$6). Among the significant
trans-eQTLs, there are 16 SNP-mRNA transcript pairs with a LD
threshold of r?<0.9 and 10 SNP-mRNA transcript pairs with r?<
0.8 (Table 2). These include 10 unique SNPs with LD r’<0.9
and 7 unique SNPs with r°<0.8 (Table 2).

Moreover, a correlation heatmap illustrating the overall
variability in mRINA expression among included samples is
presented in Figure S3. We next used Mantel’s test [46] to
compare the hierarchical clustering results for mRNA expression
(Figure S3) and DNA methylation (Figure S1) and obtained a
correlation coefficient of 0.21 (P =10.005).
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Figure 3. Genomic distribution of CpG sites of significantly identified mQTLs in human pancreatic islets. (A) Chromosomal distribution
of CpG sites of significant cis- and trans-mQTLs in comparison to all analyzed CpG sites on the Infinium Human Methylation450 BeadChip. (B) All
analyzed CpG sites on the Infinium Human Methylation450 BeadChip have been annotated to genomic regions based on their relation to the nearest
gene (TSS: proximal promoter, defined as 200 bp or 1500 bp upstream of transcription start site; UTR: untranslated region) or in relation to the
nearest CpG island (CpG island: DNA stretch of 200 bp or more with a C+G content of >50% and an observed CpG/expected CpG in excess of 0.6;
Shore: the flanking region of CpG islands, 0-2000 bp; Shelf: regions flanking island shores, i.e., covering 2000-4000 bp distant from the CpG island).
Distribution of CpG sites of significant mQTLs in relation to (C) the nearest gene and (D) in relation to CpG islands. *Significantly different distribution
(P<<0.05) of CpGs of significant cis- or trans-mQTLs from what is expected by chance based on a Chi-squared-test when compared with all analyzed

CpG sites on the Infinium HumanMethylation450 BeadChip.
doi:10.1371/journal.pgen.1004735.g003

Causality inference test (CIT) - DNA methylation
potentially mediates the genetic impact on mRNA
expression

We further used CIT [32] to examine if relationships between
genotypes and phenotype (gene expression) are potentially
mediated through DNA methylation of CpG sites in significant
mQTLs. In this CIT approach, we consider SNPs identified in the
mQTL/eQTL analysis as causal factors (G), DNA methylation of
CpG sites identified in the mQTL analysis as potential mediators
(M) and mRNA expression identified in the eQTL analysis as a
phenotypic outcome (E). The possible relationships between these
three factors are shown in Figure 4A. Significant SNP-CpG pairs
from the mQTL analysis (Step I Figure 4B), where the mQTL-
SNPs also show significant association with mRINA expression in
the eQTL analysis (Step 2 Figure 4B), were included in the CIT.
In the CIT analysis of cis-mQTLs/eQTLs, we identified 28 SNP-
CpG-mRNA combinations (1.0%) consisting of 17 unique SNPs,
14 unique CpG sites and 5 unique mRNA transcripts that were
significantly called as causal (causal hypothesis Q-value<<0.05
based on FDR) and these represent potential methylation-
mediated relationships between SNPs and mRNA expression (left
panel Figure 4A, step 3 Figure 4B and Table 3). All hypothesis
tests of the CIT for ¢is interactions are presented in Table S7.
Interestingly, several identified relationships where DNA methyl-
ation potentially mediates the causal association between SNP and
mRNA expression were annotated to HLA genes (Table 3), a
gene region strongly linked to type 1 diabetes [37]. Moreover, a
causal relationship between SNPs, DNA methylation and mRNA
expression of genes involved in glutathione metabolism, including
GSTT2 (Q<0.05, Table 3) and GSTT1 (P<<0.05, Table S7),

were also identified in the CIT analysis. Glutathione metabolism is

known to protect against oxidative stress [47-49] and thereby has
a potential role in islet function.

In the CIT analysis of trans-mQTLs/eQTLs, we identified 4
SNP-CpG-mRNA combinations (10.8%) showing a causal rela-
tionship with FDR<5% (step 3 Figure 4B and Table S8).

Biological features of genes identified in the mQTL/eQTL
analyses

Next, we performed gene ontology and KEGG pathway
analyses to identify cellular components or biological pathways
with enrichment of genes that were significant in the mQT'L and/
or eQTL analyses in human pancreatic islets.

In the gene ontology analysis of significant cis-mQTLs, genes
annotated to identified CpG sites were enriched in biological
processes of relevance to human pancreatic islets, including the
MHC protein complex (Padj=5.8><10_7) and the endoplasmic
reticulum (ER) to golgi transport (P4 = 1.6x10™?) (Figure $4,
includes all enriched biological processes). Moreover, in the KEGG
pathway analysis, type 1 diabetes (Padj:?).?)Xqu), phagosome
(Pagi= 3.0x10™ %, cell adhesion molecules (Pag; =5.0x107%,
extracellular-receptor matrix (ECM) interaction (P,q;=2.7 x 1077
and folate biosynthesis (P,qj=0.011) were found among the
enriched pathways (Table 4, includes all enriched KEGG
pathways).

In the gene ontology analysis of genes showing differential
expression between genotype groups in the eQTL analysis of
significant ¢is-mQTL-SNPs, we again found enrichment of genes
in the MHC protein complex (P,qj = 1.6 X 10"%) and in ER to golgi
transport (P,q;=1.4X 10~%). Moreover, genes involved in glutathi-
one peroxidase activity (Pagy=1.1 x107?% and glutathione trans-
ferase activity (P,q=1.1 x107?%) were enriched in the gene

Table 2. Number of significant eQTL results in the human pancreatic islets.

eQTLs of ¢issmQTL-SNPs

eQTLs of trans-mQTL-SNPs

SNP-mRNA transcript pairs 302
SNP-mRNA transcript pairs with LD r?<0.9 117
SNP-mRNA transcript pairs with LD r’<0.8 86
Unique SNPs 243
Unique SNPs with LD r’<0.9 99
Unique SNPs with LD r?<0.8 76
Unique mRNA transcripts 46
Unique genes 42

Only SNPs of significant mQTLs are included in the eQTL analysis.

Significance threshold <0.05 after correction for multiple testing.
Correction value of eQTL analysis for cis-mQTL-SNPs =692, 616.
Correction value of eQTL analysis for trans-mQTL-SNPs = 16,982,420.
LD =linkage disequilibrium.

doi:10.1371/journal.pgen.1004735.t002
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SNPs of significant cis-mQTLs are regressed against mRNA expression of transcripts located in cis (=500 kb).
SNPs of significant trans-mQTLs are regressed against mRNA expression of all transcripts.
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cis-mQTLs:
67,438 SNP-CpG pairs
(36,783 unique SNPs and
11,735 unique CpGs)

trans-mQTLs:
2,562 SNP-CpG pairs
(1,465 unique SNPs and
383 unique CpGs)

cis-mQTLs/eQTLs:
2,805 SNP-CpG-mRNA
combinations
(243 unique SNPs,
276 unique CpGs and
46 unique mRNA
transcripts)

trans-mQTLs/eQTLs:
37 SNP-CpG-mRNA
combinations
(22 unique SNPs,
12 unique CpGs and
8 unique mMRNA
transcripts)

cis-mQTLs/eQTLs:
28 SNP-CpG-mRNA
combinations
(17 unique SNPs,
14 unique CpGs and
5 unique mRNA
transcripts)

trans-mQTLs/eQTLs:
4 SNP-CpG-mRNA
combinations
(2 unique SNPs,
4 unique CpGs and
1 unique mRNA
transcript)

Figure 4. CIT analysis identifies mQTLs where DNA methylation potentially mediates genetic associations with mRNA expression in
human pancreatic islets. (A) Depiction of possible relationship models between genotype as a causal factor (G), DNA methylation as a potential
mediator (M) and islet mRNA expression as a phenotypic outcome (E). Left diagram: The causal or methylation mediated model. Middle diagram: The
reactive or methylation-consequential model (reverse causality). Right diagram: The independent model. (B) lllustration of the study approach to
identify if DNA methylation of CpG sites potentially mediates the causal association between SNPs and islet mRNA expression. Left: Workflow steps.
Middle: Tested relationships between G, M and E in the different steps. Right: Number of identified sites in each step. Bottom: Conditions that must
be fulfilled to conclude a mathematical definition of a causal relationship between G, M and E. Significantly called as causal at 5% FDR (causal
hypothesis Q<0.05).

doi:10.1371/journal.pgen.1004735.g004
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Table 4. KEGG pathways with enrichment of genes annotated to CpG sites of significant cis-mQTLs in human pancreatic islets.

Pathway (total
number of genes in
pathway)

Observed
number of
genes

Expected
number of
genes

Ratio of
enrichm

ent Raw P-value

Adjusted
P-value

Observed genes

Type 1 Diabetes (41)

Autoimmune thyroid
disease (41)

Allograft rejection (34)

Graft versus host

disease (37)

Viral myocarditis (66)

Phagosome (143)

Cell adhesion molecules -
CAMs (125)

Extracellular matrix (ECM)
receptor interaction (83)

27

27

22

23

31

55

49

34
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9.16

9.16

8.26

14.74

31.94

27.92

18.54

295

2.10

1.72

1.75

3.02x107°

3.02x107°

1.43x107°

2.19%1077

8.44x10°°

9.28x107°

1.54x107°

0.0001

10

3.32x10°7

332x1077

1.05%x107°

1.20x107°

0.0003

0.0003

0.0005

0.0027

HLA-DRA, HLA-DQA2, CD86, HLA-DQA1,
HLA-E, HLA-F, HLA-DMB, CD80, IL1A,
GZMB, HLA-DPB1, INS, HLA-A, FAS, HLA-
DMA, HLA-DPAT1, HLA-DRB1, HLA-B,
ICA-1, HLA-DQB1, HLA-G, PTPRN2,
HLA-C, HLA-DOA, GAD1, HLA-DOB,
HLA-DRB5

HLA-DRA, HLA-DQA2, CTLA4, CD86,
HLA-DQAT, HLA-E, HLA-F, HLA-DMB,
CD80, TPO, GZMB, HLA-DPB1, HLA-A,
FAS, HLA-DMA, HLA-DPA1, HLA-DRBIT,
HLA-B, HLA-DQBI1, HLA-G, TG, HLA-C,
HLA-DOA, TSHR, HLA-DOB, HLA-DRBS,
IFNA4

HLA-DRA, HLA-DQA2, CD86, HLA-DQAT,
HLA-E, HLA-F, HLA-DMB,CD80, GZMB,
HLA-DPBT, HLA-A, FAS, HLA-DPAT, HLA-
DRB1, HLA-DMA, HLA-B, HLA-DQBI,
HLA-G, HLA-C, HLA-DOA, HLA-DRBS,
HLA-DOB

HLA-DRA, HLA-DQA2, CD86, HLA-DQAT,
HLA-E, HLA-F, HLA-DMB, CD80, IL1A,
GZMB, HLA-DPB1, HLA-A, FAS, HLA-
DPAT1, HLA-DRB1, HLA-DMA, HLA-B,
HLA-DQB1, HLA-G, HLA-C, HLA-DOA,
HLA-DRB5, HLA-DOB

HLA-DRA, HLA-DQA2, CASP3, CD55,

MYH13, CD86, HLA-DQA1, HLA-E, HLA-
F, CASP9, SGCD, HLA-DMB, CD80, CAV1,
LAMA2, HLA-DPBT, HLA-A, MYHT1,

ITGB2, HLA-DPA1, HLA-DRB1, HLA-DMA,
HLA-B, FYN, HLA-DQBI, HLA-G, MYH15,
HLA-C, HLA-DOA, HLA-DOB, HLA-DRB5

HLA-DRA, DYNC1I2, TUBB2A, ATP6V1A,
HLA-E, HLA-F, TAP1, TUBB6, DYNCTI1,
ITGB5, HLA-DPB1, NCF2, HLA-A, HLA-
DRB1, MBL2, HLA-DPA1, PLA2R1, HLA-
DQBT, ITGB3, ATP6V0A4, ATP6V0A2,
TAP2, TUBAL3, HLA-C, DYNC2H]T,
TUBBS, TUBA3D, COMP, ATP6V0D1,
ATP6VOE2, ATP6V1G1, C3, HLA-DQA2,
PIK3C3, SEC61B, TUBAI1A, THBS2, HLA-
DQA1, RAB7A, VAMP3, HLA-DMB,
TUBA3E, FCGR3B, COLECT1, TLR6, CD36,
ITGB2, HLA-DMA, HLA-B, TLR2, HLA-G,
SCARB1, HLA-DOA, HLA-DOB,
HLA-DRB5

HLA-DRA, CDH4, CLDN15, CD86, HLA-E,
HLA-F, CD276, SDC2, SELL, CNTNAP2,
NRXN1, CLDN14, HLA-DPB1, HLA-A,
HLA-DRB1, HLA-DPA1, CDH15, CDH1,
HLA-DQB1, CD6, CLDN14, HLA-C,
CLDN3, NCAM1, ITGA9, CLDN18, HLA-
DQA2, CTLA4, CLDN23, HLA-DQAT,
HLA-DMB, ICAM3, CD80, MAG, JAM3,
NEGRI, ITGB2, CNTNAP1, PTPRF, HLA-
DMA, HLA-B, MPZ, CDH5, HLA-G,
NFASC, HLA-DOA, HLA-DOB, SIGLECT,
HLA-DRB5

COL-4A2, AGRN, HSPG2, TNXB, SDC2,
ITGB5, COL6A3, ITGA3, GP5, COL6AT,
ITGB3, COL5A1, COL2A1, ITGATI,
COL4A1, COL5A3, ITGA1, CD44, ITGAS,
COMP, LAMA4, SV2C, COL6A2, LAMCI,
THBS2, COL11A2, COL1A1, RELN,
LAMA2, CD36, LAMB1, VWF, GP6,
LAMAS
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presentation (68)

Pathway (total Observed Expected

number of genes in number of number of Ratio of Adjusted

pathway) genes genes enrichment Raw P-value P-value Observed genes

Other types of O-glycan 20 9.61 2.08 0.0004 0.0098 UGTI1A1, GXYLT2, UGT1A4, GXYLTI,

biosynthesis (43) UGT2B15, UGT1A10, ST6GALI,
GLT25D2, UGT1A7, MGAT5B, POMGNT],
UGTI1AS5, ST3GAL3, UGT1A3, UGTIA9,
UGT2B17, FUT9, UGT1A6, UGT1AS,
ST6GAL2

Folate biosynthesis (11) 8 2.46 3.26 0.0005 0.0110 ALPPL2, ALPP, GCH1, QDPR, ALPL, PTS,
DHFR, GGH

Antigene processing and 27 15.19 1.78 0.0009 0.0180 HLA-DRA, HLA-DQA2, HLA-DQA1, HLA-

E, HLA-F, HSP90AB1, TAP1, HLA-DMB,
HLA-DPB1, HLA-A, HSPA1B, HLA-DPAT,
HSPATL, HLA-DRB1, HLA-DMA, HLA-B,
TAPBP, NFYA, HLA-DQBT, HLA-G, TAP2,
HSP90AA1, HLA-C, HLA-DOA, HLA-DOB,
KLRC2, HLA-DRB5

P-values have been adjusted for multiple testing using Benjamini-Hochberg.
doi:10.1371/journal.pgen.1004735.t004

ontology analysis of the cis-eQTLs (Figure S5). In the KEGG
pathway analysis of differentially expressed genes in the cis-eQTL
(Table 89), genes involved in the glutathione metabolism pathway
which is of relevance to islet function were enriched including the
following identified genes: GSTTI, GSTM3 and GPX7
(Pqj=3.0x107%.

Furthermore, genes annotated to CpG sites of significant trans-
mQTLs were also found to be enriched in the MHC protein
complex (P,q;=1.1x107%) and the ER part (P,q=3.8x1077)
when performing a gene ontology analysis (Figure $6). This was
also reflected in the KEGG pathway analysis of trans-mQTLs
(Table S10) where type 1 diabetes was found to be an enriched
pathway of relevance in human pancreatic islets, including the
following genes: PTPRN2, HLA-DRBI, HLA-B, HLA-C,
HSPDI and HLA-DRB5 (P,qj=6.0x 1074,

In the gene ontology analysis of genes showing differential
expression between genotype groups in the eQTL analysis of
significant {rans-mQTL-SNPs, the carboxylic acid metabolic
process was found to be enriched (P.qj = 8.4x107°) (Figure S7).
However, no significant enrichment was found in the KEGG
pathway analysis including the same dataset.

Knockdown of Gpx7, Gstt1 and Snx719 alters B-cell

proliferation and cell death signaling

To examine whether altered expression of some of the identified
candidate genes in the islet mQTL/eQTL analyses affect B-cell
function and thereby potentially the development of diabetes, we
silenced the expression of three selected genes; Gpx7, Gsttl and
Snx19, in clonal B-cells. These genes were selected based on their
potential role in diabetes and islet function [47,49-51] and
because they showed both differential DNA methylation and gene
expression between genotype groups in the mQTL and eQTL
analyses (Table S2 and Table S3). One representative mQTL
and eQTL for GPX7,, GSTTI and SNXI9, respectively, is
presented in Figure 5A-C. Morcover, GPX7 and GSTTI
belong to the genes that were enriched in the glutathione
metabolism KEGG pathway of significant cis-eQTLs. The
knock-down experiments were performed to establish if identified
genes in our mQTL analysis have a biological function in
pancreatic B-cells. While both GPX7 and GSTT! encode proteins
that are known to protect against oxidative stress [48,52,53], sortin

PLOS Genetics | www.plosgenetics.org
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nexin 19, encoded by SNX19, may put cells into a pre-apoptotic
state [50]. We therefore studied cell number and cell death
signaling, measured as caspase-3/7 activities, under control and
lipotoxic stress conditions when silencing selected candidate genes
in clonal B-cells. The expression level of Gpx7, Gsttl and Snx19
respectively, was significantly reduced in the siRNA knockdown
experiments (P<<0.05, Figure 5D). Interestingly, both under
control and lipotoxic conditions, we found increased caspase-3/7
activities in P-cells with silenced Gpx7 or Gsitl expression
compared to negative control siRNA transfected (siNC) B-cells
(P<0.05, Figure 5E). Moreover, when crystal violet staining was
used to measure B-cell number, knockdown of Snx19 resulted in
increased cell number compared to negative control cells under
both normal and lipotoxic conditions (P<<0.05, Figure 5F).

Associations of identified mQTLs with insulin secretion in
human pancreatic 