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Abstract

DNA methylation represents an important regulatory event governing gene expression
that is dysregulated in Sjogren’s syndrome (SjS) and a number of
autoimmune/inflammatory  diseases. As  disease-associated single-nucleotide
polymorphisms (SNPs) have relevance in controlling DNA methylation, 94 non-HLA
SjS-SNPs were investigated, among them 57 (60.6%) with widespread effects on 197
individual DNA methylation quantitative trait loci (meQTL) were selected. Typically,
these SNPs are intronic, possess an active promoter histone mark, and control cis-
meQTLs located around transcription start sites. Interplay is independent of the
physical distance between SNPs and meQTLs. Using epigenome-wide association
study datasets, SjS-meQTLs were characterized (41 genes and 13 DNA methylation
CpG motifs) and for the most part map to a pro-inflammatory cytokine pathway,
which is important for the control of DNA methylation in autoimmune diseases. In
conclusion, exploring meQTLs represents a valuable tool to predict and investigate

downstream effects of genetic factors in complex diseases such as SjS.
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1 Introduction
Primary Sjogren’s syndrome (SjS) is a systemic autoimmune disease with female

predominance. It is characterized by epithelitis that affects exocrine glands, mainly
lachrymal and salivary glands, and results in progressive loss of secretory
function(Ramos-Casals, Brito-Zeron et al. 2012, Mavragani and Moutsopoulos 2014,
Ramos-Casals, Brito-Zeron et al. 2015). Clinical manifestations include
xerophthalmia and xerostomia, but also systemic manifestations. Patients have a 20-
to 40-fold increased risk of developing lymphoma(Christodoulou, Kapsogeorgou et
al. 2010, Tobon, Renaudineau et al. 2010, Ramos-Casals, Brito-Zeron et al. 2012,
Ramos-Casals, Brito-Zeron et al. 2015, Mingueneau, Boudaoud et al. 2016).
Histological evaluation shows focal and peri-epithelial T and B cell infiltration in
exocrine glands together with characteristic circulating autoantibodies, including anti-
sicca syndrome type A (SSA/Ro) and type B (SSB/La) antibodies (Christodoulou,
Kapsogeorgou et al. 2010, Tobon, Renaudineau et al. 2010, Capaldo, Carvajal Alegria
et al. 2016, Mingueneau, Boudaoud et al. 2016, Bowman 2018).

Approximately 120 million single nucleotide polymorphisms (SNPs) have been
reported in the human genome, and among them approximately one hundred can
increase the risk of developing SjS(Farh, Marson et al. 2015, Roadmap Epigenomics,
Kundaje et al. 2015). The pathophysiological contribution of genetic factors in SjS is
estimated to be around 35% according to the familial clustering analyses(Reveille,
Wilson et al. 1984, Brito-Zeron, Baldini et al. 2016). However, the genetic impact of
individual risk alleles is usually modest (Odds ratios<2). Exceptions are variants in
the human leucocyte antigen (HLA) cluster that result in moderately increased Odds
ratios of 2-3(Cruz-Tapias, Rojas-Villarraga et al. 2012, Konsta, Le Dantec et al.
2015). Another key challenge in understanding the impact is that up to 90% of genetic
risk variants map to non-coding regions of the human genome, and only a subset co-
localize with regulatory regions(Farh, Marson et al. 2015, Konsta, Le Dantec et al.
2015). These “regulatory SNPs” can control gene expression through direct or indirect
effects on the recruitment and/or assembly of the transcriptional machinery. Direct
effects are mediated when SNPs are present within proximal gene regulatory regions
close to the transcription start site (TSS) where they control transcription factor (TF)
binding(Farh, Marson et al. 2015, Roadmap Epigenomics, Kundaje et al. 2015).

Indirect consequences result from SNPs in cell-specific distal regulatory elements that



can be associated with altered DNA methylation leading to the description of
methylation quantitative trait loci (meQTL)(Banovich, Lan et al. 2014, Brito-Zeron,
Baldini et al. 2016). Associations between genetic risk variants and meQTLs reveal
cis-regulatory effects when SNPs and meQTLs are located within the same locus,
usually at a short distance (<1Mb). However, trans-effects have also been reported
when SNPs and meQTLs are more distal, for example on separate
chromosomes(Ding, Gudjonsson et al. 2010). Cis-regulatory effects explain
transcriptional variance for a majority of genes, underscoring the importance of
adequate control of  cis-genetic variation in epigenome-focused

explorations(Montgomery and Dermitzakis 2011, Chen, Ge et al. 2016).

Methylation QTL studies, which test associations between genetic variants and
epigenetic profiles therefore provide powerful approaches to annotate putative
consequences of disease-associated risk alleles on epigenetic marks. The aim of this
study was to associate genetic risk variants with epigenetic profiles (meQTL) in SjS
by establishing a database of SNPs associated with meQTL. Analysis was completed
by integration of data from epigenome wide association studies (EWAS) obtained

from SjS patients.

2 Materials and Methods

1.1 Genetic variant selection and characterization
To link genetic variants with the epigenetic profile in SjS, we identified disease-

associated SNPs(Konsta, Le Dantec et al. 2015) based on the publicly available
genome wide association studies (GWAS) catalogue (https://www.ebi.ac.uk/gwas/), a
common resource of SNP-trait associations (Figure 1). Non-HLA SNPs were
subjected to subsequent analysis to determine (i) their position on the human genome
38 (hg38) using the dbSNP tool (https://www.ncbi.nlm.nih.gov/snp/); (ii) the location
of variants (transcription start site [TSS], exon, intron, 3'-UTR, and intergenic region)
using the HaploReg v4.1 tool(Ward and Kellis 2012) and the variant effect predictor
tool (VEP, https://www.ensembl.org/Tools/VEP); and (iii) their functional relevance
that was manually completed requesting HaploReg-V4.1 and SNP nexus(Dayem
Ullah, Oscanoa et al. 2018) datasets based on information from the ENCODE and
Roadmap Epigenome Programs in immune cells(Bernstein, Stamatoyannopoulos et al.

2010, Davis, Hitz et al. 2018). The SNP2TFBS database(Kumar, Ambrosini et al.
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2017) was selected to test whether promoter or enhancer SNPs affect TF binding, the
CTCFBSDB 2.0 database to explore for CCTC-binding factor (CTCF)(Ziebarth,
Bhattacharya et al. 2013), and the miRdSNP database(Bruno, Li et al. 2012) to test
3’UTR SNPs capacity to bind microRNAs.

1.2 Integration of meQTL and EWAS data in SjS
The mQTLdb database using peripheral blood from 3,948 individual controls across

human life course was used for the SNPs-meQTL analysis(Gaunt, Shihab et al. 2016).
In addition, we compared the generated meQTL database with EWAS data obtained
from SjS patients’ peripheral blood mononuclear cells (PBMCs), circulating CD4* T
cells, circulating CD19" B cells, and long-term cultured salivary gland epithelial cells
(SGEC)(Altorok, Coit et al. 2014, Imgenberg-Kreuz, Sandling et al. 2016, Miceli-
Richard, Wang-Renault et al. 2016, Charras, Konsta et al. 2017). For target genes that
overlap in both the meQTLs database and EWAS reports, reactome pathway
enrichment analysis and protein-protein-interaction (PPI) analysis were conducted
using STRING V11.0(Szklarczyk, Gable et al. 2019). For SNPs located in or around
the interferon regulatory factor 5 (IRF5) and the Protein Kinase N1 (PKNI), SNPs in
strong linkage disequilibrium (LD) (r> >0.8) were selected using 1,000 genome phase
I datasets(Ward and Kellis 2012). In addition, for these SNPs we used data from the
Genotype-Tissue Expression (GTEx) project, V8 RNA sequencing data across 948
individuals and information regarding expression (e)QTLs, and splicing (s)QTLs

(https://gtexportal.org).

1.3 Statistical analysis
Continuous data are described as the mean + standard error of the mean (SEM). One-

way ANOVA followed by Tukey’s test was used for multiple comparisons; p<0.05
was considered significant. Statistical analyses were performed using GraphPad Prism

7.0a (La Jolla, CA).

3 Results

3.1 Non-HLA SjS-risk variantsand their association with methylation

quantitative trait loci (meQTL)
Data obtained from GWAS were used to update our previously published list of SjS-

SNPs(Konsta, Le Dantec et al. 2015). Based on this update, performed in September
2019, we identified 94 non-HLA SjS-associated SNPs corresponding to 63 genes
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(Supplementary Table 1). The majority of SNPs were found to be located in non-
coding regions, mostly introns (54/94, 57.4%), and include one SNP within a splice
donor site (rs2004640), and others in intergenic regions (23/94, 24.5%) (Figure 2A).
Of the remaining SNPs, SNPs were located close to the TSS and, among these one
has the capacity to provide an additional transcription factor (TF) binding site
(rs77571059), and two have the capacity to disrupt TF recruitment, such as
rs79407237 affecting interferon regulatory factor 1 (/RF/) and rs1800629 affecting
the myeloid zinc finger 1 (MZFI) binding. Five SNPs are located in exons and
represent missense substitutions (mutations). We identified 3 SNPs in 3°’UTRs that

affect micro-RNA target sites (rs10954213, rs3024498 and rs3733346).

Since genetic variation may affect DNA methylation, thereby providing insights into
complex disease phenotypes, the mQTLdb tool was used to link SNPs with
methylation marks(Gaunt, Shihab et al. 2016). As presented in Figure 2B, 54/94
(57.4%) SjS-associated SNPs were associated with meQTLs located in Cis-and/or in
trans, corresponding to 197 individual meQTLs. In contrasts to SjS SNPs, cis-
meQTLs were more frequently retrieved within TSS (60.8%, Figure 2A), where CpG
islands are more frequent. Associations between genomic locations of SjS-associated
SNPs and cis-meQTLs were tested further, with the higher associations were observed
between intronic SjS-associated SNPs and TSS cis-meQTLs (Figure 2C). Similar
genomic area locations were observed between SjS-associated SNPs and their related

trans-meQTLs (Figure 2D).

3.2 Linking genetic risk factors and meQTL locations
SjS-associated SNPs’ capacity to control TSS cis-meQTLs was related to their

capacity to impact cis-meQTLs over long physical distances (mean distance:
109+14kb). Effects were even more pronounced considering intergenic SNPs when
compared to all other SjS-SNPs (Figure 3A). We further tested the capacity of SjS-
associated SNPs to control several meQTLs. As many as 28 independent meQTLs
associated with one SNP (rs2569190) with a meQTL/SNP ratio of 2.6+/-0.5 for each
SjS-SNP. Again, SjS-associated SNPs’ capacity to control meQTLs was statistically
independent from the genomic location of the risk factor as tested by determining the
cis- and trans-meQTL/SNP position ratios (Figure 3B/C). Altogether, this indicates
that SjS-associated SNPs’ capacity to control qualitatively and quantitatively meQTLs

is independent from the SNPs’ genomic location.
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3.3 Functional activity of genetic risk factors and meQTL location
According to the ENCODE and epigenetic road map programs(Bernstein,

Stamatoyannopoulos et al. 2010, Davis, Hitz et al. 2018), the control of DNA
methylation may be attributed to the chromatin functional activity at individual SNPs.
Accordingly, we ascertained functional activity at SjS-associated SNP in immune-
cells based on histone and CTCF annotation (Figure 4A). H3K4me3 and H3K4mel
(histone 3 lysine 4 tri/mono-methylation) are the predominant histone modifications
found in nucleosomes flanking promoter and enhancer elements, respectively, that are
active when associated with H3K27Ac (histone 3 lysine 27 acetylation). When
present in the gene body, H3K36me3 (histone 3 lysine 36 trimethylation) is associated
with active gene transcription. CTCF (CCCTC-binding factor) is a zinc finger protein
transcription factor that can bind to transcriptional insulator elements, blocking
communication between enhancers and promoters, and its binding is disrupted by

DNA methylation.

We found that SNPs associated with active promoter marks (H3K4me3 and
H3K27Ac, 14% of all SNPs) were strongly associated with cis-meQTL in TSS
(26.5% of all meQTLs), exons (7.6%), and introns (14.2%) but this was not the case
for 3’UTRs and intergenic meQTLs (Figure 4B). The predominant role of SjS-
associated SNPs with active promoter histone marks on meQTLs was further
supported by the observation that these SNPs exhibited higher ratios of cis-meQTL
(p=0.003) and trans-meQTLs (p=0.127). However, statistical significance was not
reached for trans-meQTLs (Figure 4C/D). Of note, the 13 SjS-SNPs associated with
active promoter marks were located within TSS (2/7), introns (10/54), and 3’UTRs

(1/4), which supports again their independence from the genomic location.

3.4 Integration with EWAS data obtained in SjS
To better understand the pathophysiological role of meQTLs in SjS and their

association with differentially methylated CpG (DMC) motifs reported in SjS, the list
of 105 genes obtained from the 197 meQTLs was compared with the data from S;S
EWAS available from the literature (Figure 5SA). We found that 41 genes overlap
between the meQTL database and EWAS datasets. Subsequently gene functional
annotation, reactome pathway analysis and protein-protein interaction (PPI) were
conducted using STRING V11.0 to investigate the functions and predominant

pathways of meQTL target genes. Reactome pathway enrichment analysis



demonstrated enrichment in 13 signaling pathways, including “cytokine activation of
the immune system” (p=9.5x10"; IFN-gamma signaling (p=0.01); and IL-4/IL-13
signaling (p=0.02), the “adaptive immune system” (p=0.01), “effects of
phosphatidylinositol-4,5-bisphosphate (PIP2) hydrolysis” (p=0.001), and ‘“genes
regulated by an elevation of the cytosolic calcium level” (Figure 5B). With the
analysis of the PPI network using a high confidence ratio of 0.700 (Figure 5C), a total
of 23 genes were found to be an important node corresponding to a pro-inflammatory
cytokine and NF-kappa B signaling pathways (HSA-1280215 and HSA-5357956,
p<107) to be controlled by SjS-SNPs through altered DNA methylation (Figure 5C).

Comparing DMCs, analysis revealed that 13 meQTLs belong to DMCs retrieved from
experiments conducted in PBMCs, peripheral CD19* B cells, peripheral CD4* T cells,
and long-term cultured SGECs (Table 1). With the exception of cg04864179 (IRFYS),
that was retrieved in both PBMC and CD19* B cells data sets, associations were
specific and two genomic regions, one covering PKNI and Prostaglandin E Receptor
1 (PKN1/PTGERI), and another one covering IRF5, Transportin 3, Small Cajal body-
specific RNA 17 (IRF5/TNPO3/SnoU12) were retrieved at least twice. Therefore,

these regions were explored further.

3.5 The PKN1/PTGER1 locus
Two out of three previously reported SjS-associated SNPs were linked with meQTLs

in the PKNI/PTGERI locus. We identified 4 additional SNPs in high LD (>0.8) to
update the meQTL list. Information regarding the impact of the minor variant on
DNA methylation was recorded (beta value) from mQTLdb as well as effects of SjS-
SNPs on transcription (eQTLs) and splicing (sQTLs) using the GTExPORTAL
(Figure 6). Two groups of SNPs were highlighted: One composed of 5 members,
including the SjS risk allele rs3786654 (PKN1), which was associated with 3 meQTLs
including one in the second exon of PTGERI (cgl9243826), and two meQTLs
present in the intergenic region between PKNI and PTGERI. For this group, a
negative effect of the minor allele was reported on (i) DNA methylation; (ii)
PTGERI/GIPC1/C190rf53 gene expression; and (iii) splicing of GIPCI. For the
second group with only one member, the intronic SjS-associated risk allele rs2241362
(PKNI), an opposite effect was observed as the minor allele was associated with a
positive effect on DNA methylation, PTGERI gene expression, and splicing of
GIPC] transcripts.



Only one meQTL (cg19243826) was affected by SjS-associated SNPs from groups I
and II and exhibited a positive correlation between DNA methylation and gene
expression. As a negative correlation is usually observed, this supports the presence of
a regulatory element at that location. Accordingly, the presence of a binding site for
the insulator and negative regulator CTCF was tested within the 50 bp of cg19243826
and CTCF binding in this area was retrieved based on ChIP-Seq experiments

performed during the ENCODE project (data not shown).

3.6 The IRF5/TNPO3 locus
Analysis was repeated for the IRF5/TNPO3/SnoUl2 locus showing that (1) 7/14

(50%) DMCs associated with SjS-SNPs were located within the transcription start
sites of the IRF5 gene, which possesses four TSS referred to as 1A-D(Graham,
Kyogoku et al. 2007); (ii) 3/15 (21.4%) DMCs were located within TNPO3 locus; and
(ii1) 3/15 (21.4%) DMCs were present in trans at chromosomes 1, 17 or 19 (Figure 7).

Based on the genomic location of SNPs and the impact of SNP minor alleles on DNA
methylation (B value), eQTLs and sQTLs, three main groups of SNPs were defined.
For the first group, corresponding to SNPs located within the IRF5 locus, the minor
allele was associated with (i) DNA methylation within TSS-1D (cgl12816198), a
pseudo promoter of the IRF5 locus(Clark, Read et al. 2013); (ii) DNA demethylation
at TSS-1A/C of the IRF5 locus; (iii) IRF5 overexpression; (iv) an increase of the IRF5
splice variants; but (v) without effect on TNPO3 and RP11-309L24 gene expression
although SNP group I meQTLs were detected in the TNPO3 locus. Group II was
related to SNPs present within the distal part of IRF5, TNPO3 and SnoUlI2 loci.
Impact on the IRF5 locus was limited to meQTLs located on TSS-1C plus an effect
reported on two trans-meQTL located on chromosomes 17 (cgl7652174) and 19
(cg24748945), respectively.

In contrast to groups I and II, the minor allele of group III (5 SNPs including exon
1B-exon 2 splice polymorphism rs2004640 and 4 SNPs in linkage disequilibrium with
the IRF-5 3’UTR early polyadenylation signal rs10954213) presented opposite effects
on DNA methylation status at pseudo-TSS-1D (demethylation) and at TSS-1C
(hypermethylation). This mediates resting conditions for /RF5 transcripts and splice

variant repression, while increasing RP11-309L24 pseudo-gene expression.



4. Discussion

Characterizing the multifaceted contribution of genetic and epigenetic factors to the
pathophysiology and clinical phenotypes of autoimmune/inflammatory conditions are
major challenges. In this study we investigated links between disease-associated
genotypes and epigenetic profiles in SjS integrating available datasets from targeted
genotyping approaches, GWAS, and EWAS. In silico analysis of 94 SjS-associated
non-HLA risk-factors was highlighted by the finding that 85.1% of selected risk
variants map to promoter, enhancer, transcription, and insulator regulatory elements
located outside coding regions of genes. Among these, SjS risk variants associated
with histone marks of active promoters (H3K4me3 and H3K27Ac) were the most
effective in controlling DNA methylation at multiple sites. DNA methylation, in turn,
regulates transcription by controlling TF binding, or its repression through CTCF
recruitment and, in some cases, RNA splicing as exemplified for the
IRF5/TNPO3/SnoUl2 and PKNI/PTGERI loci. Last but not least, the cross-talk
between genetic and epigenetic modifications impacts predominantly a pro-
inflammatory cytokine pathway known to be important for the control of DNA

demethylation in autoimmune diseases.

Using GWAS approaches, a long list of non-HLA loci, with relatively low impact
(Odds ratio: <2.0), that are involved in a wide variety of innate and adaptive immune
processes, have been described in SjS. These include the type I IFN regulated genes
IRF5 and PKNI(Lessard, Li et al. 2013, Li, Zhang et al. 2013, Song, Chen et al. 2016,
Taylor, Wong et al. 2017). Other genetic associations have been found for SjS and
lies with the regulation and activation pathways of B and T cells (e.g. CXCRS, BLK),
and signaling to NF-kappa B (e.g. TNIP1). However, very little is known about how
the genetic structure of the disease affects the normal biological activity and/or is
involved in the molecular pathophysiology of the disease. In this study, and to provide
arguments for these questions, we expanded the list of SjS-related SNPs and
identified 94 non-HLA SNPs affecting 63 genes. As described in other
autoimmune/inflammatory conditions(Farh, Marson et al. 2015), a majority of SjS-
associated genetic risk variants map to immune-cell regulatory elements containing
histone marks for active promoters and enhancers, active transcription of genes, and
insulators. Regulatory SNPs can interfere with the epigenetic network independent of

their orientation and/or distance from the TSS.

10



DNA methylation plays an important role in tissue specific silencing of genes and/or
repetitive elements. This is (mainly) attributed to methylation of CpG islands,
genomic regions that contain CpG dinucleotide repeats and co-localize to the TSS in
up to 70% of human genes(Illingworth and Bird 2009, Fali, Le Dantec et al. 2014).
From a mechanistic point of view, the repressive effect of DNA methylation is linked
to the recruitment of methylated DNA binding proteins (e.g. MBD?2), their association
with repressive complexes (e.g. histone deacetylase) and, as a consequence, inhibition
of TF recruitment(Boyes and Bird 1992). A regulatory role of DNA methylation
outside CpG islands and throughout the gene body (in “shores” and “shelves”) has
also been described and they can act: i) as cell-specific and alternative TSS when
demethylated and associated with the promoter H3K4me3 histone mark(Garaud, Le
Dantec et al. 2009, Maunakea, Nagarajan et al. 2010), ii) as splicing regulators
through the recruitment of the methyl-CpG-binding protein MeCP2(Maunakea,
Chepelev et al. 2013), and iii) through the control of chromatin organization and gene
expression through the recruitment of CTCF, a DNA binding partner(Wang, Maurano
et al. 2012). In this study, analysis was exemplified by two loci PKNI/PTGERI and
IRF5/TNPO3/snoUl2. Polymorphism in PKNI of SjS patients is associated with
increased germinal center formation(Reksten, Johnsen et al. 2014), and PKNI knock-
down in mice impacts lymphocyte egress from lymphoid organs by controlling
cytokine pathways(Wang, Wang et al. 2008, Mashud, Nomachi et al. 2017). In
addition to PKNI, this study highlights the prostaglandin receptor PTGERI because
SjS-associated SNPs in PKNI are effective in controlling DNA methylation,
transcription and splicing of the PTGERI locus, possibly through the recruitment of
CTCEF at cg19243826. Increased prostaglandin A2 expression is characteristic of SjS
patients(Tishler, Yaron et al. 1996) but implications of the receptor PTGERI is

currently unknown.

Regarding the second locus explored, IRF5 is under the control of alternate promoters
and a total of four alternate first exons/TSS have been reported(Clark, Read et al.
2013). However, alternate transcripts do not impact the protein sequence since the
(translational) start codon is located in exon 2. In PBMC and SGEC from SjS patients
with IRF5 risk alleles, increased expression of IRF5 and other type I interferon-
induced genes, including MXI and [FITMI, were reported(Miceli-Richard,
Gestermann et al. 2009). The most common /RF5 risk allele (OR: 1.5-2.0) associated
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with SjS is a CGGGG insertion-deletion polymorphism (rs77571059) located -64bp
from the TSS-1A, which confers an additional binding site for the transcription factor
signaling protein (SP-)1(Sigurdsson, Goring et al. 2008, Nordmark, Kristjansdottir et
al. 2011). The methylation level of the CGGGG motif is low (<15% in PBMCs) and
did not differ between SjS patients and controls(Gestermann, Koutero et al. 2012),
supporting independence from DNA methylation, an assertion that was further
substantiated by the absence of meQTLs linked with rs77571059. The second SjS risk
allele in IRF5 (rs2004640) is present in the 3’ end of exon 1B (TSS-1B), within a
splice donor site. It contributes to the production of a new transcript when the minor
allele (T) is present. The third SjS risk factor in IRF5 (rs10954213) is present in the
3’UTR and creates an early polyadenylation site resulting in stable mRNA resistant to
degradation(Rullo, Woo et al. 2010). Both rs2004640 and rs10954213 were referred
to as group III with DNA methylation at TSS-1C, IRF5 transcription and splicing
repression, as reported for the SjS protective allele rs13242262(Clark, Read et al.
2013). This supports a protective mechanism involving DNA methylation at TSS-1C
to counterbalance the exacerbated effects of rs2004640 and rs10954213 on IRF5 at
the RNA level. Moreover, this study provides an additional explanation for the long
list of IRF5/TNPO3-associated autoimmune/inflammatory conditions. Indeed, up to
46 SNPs control DNA methylation at cg04864179 and cg00140447, the former being
characterized in two independent EWAS studies(Imgenberg-Kreuz, Sandling et al.
2016, Miceli-Richard, Wang-Renault et al. 2016). As a consequence, it’s not the SNP
alone that defines DNA methylation, but the balance between protective and risk
alleles for one meQTL that is important, which opens new perspectives. Last but not
least, IRF5 affects multiple target genes, which is in agreement with our observation
that several trans-meQTL were associated with IRF5/TNPO3 polymorphisms(Wang,
Sandling et al. 2013).

The first argument that links pathogenic SNPs with DNA methylation was provided
by reports of significant associations between SjS-associated genetic risk factors and
DMCs from lymphocytes and SGECs(Renaudineau and Ballestar 2016, Charras,
Konsta et al. 2017). The second argument came from the description of meQTLs and
reports of significant associations between genetic variants and DMCs in SjS,
indicating that SjS risk factors potentially affect DNA methylation-sensitive pathways

at target CpG sites(Imgenberg-Kreuz, Sandling et al. 2016, Charras, Konsta et al.
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2017). However such assertion derives from data obtained from long-term cultured
SGEC and peripheral blood lymphocytes, which could not exclude that in situ
variables may be different if ex vivo salivary gland epithelial cells and lymphocytes
were used. The third argument was delivered by the description of a histone-guided
mechanism of DNA methylation, particularly by H3K4me3(Guo, Wang et al. 2015,
Sharifi-Zarchi, Gerovska et al. 2017), through the recruitment of the ten eleven
translocation (TET) enzymes that oxidize 5-methylcytosines (5SmCs) for
demethylation(Deplus, Delatte et al. 2013). Altogether, these arguments are in
agreement with our observation that SjS-associated risk factors that are accompanied
by active promoter marks (H3K4me3) are more effective in controlling meQTLs
when compared to SNPs associated with histone marks of enhancers (H3K4mel) or
active transcription (H3K36me3). As a consequence, studying links between genetic
risk and disease-associated meQTLs may help to develop mechanistic insights into
altered pathways leading to DNA methylation dysregulation in complex diseases such

as SjS.

DNA methylation is not only controlled by genetic variants, but also by
environmental factors. The influence of environmental factors is amplified in
autoimmune/inflammatory diseases as established in disease-discordant monozygotic
twins(Fraga, Ballestar et al. 2005, Javierre, Fernandez et al. 2010). In SjS, reduced
global DNA methylation and increased DNA hydroxymethylation was reported in
salivary glands and linked with disease-associated lymphocyte infiltration(Konsta,
Charras et al. 2016, Konsta, Le Dantec et al. 2016, Lagos, Carvajal et al. 2018).
Cellular interactions with infiltrating B cells are suspected of being pathognomonic
based on co-culture model experiments and on the observation that salivary gland
epithelial cell DNA demethylation can be reversed when treating patients with the B
cell depleting agent rituximab(Thabet, Le Dantec et al. 2013). Moreover, the
Jak/STAT and TNF/TNF-R signaling pathways control DNA demethylation through
induction of TET enzymes that confer DNA demethylation(Cole, Quach et al. 2016,
Charras, Arvaniti et al. 2019). The Jak/STAT pathway can be either activated by pro-
inflammatory cytokines such as type I interferons that are predominantly produced by
infiltrating monocytes in minor salivary glands(Brkic, Maria et al. 2013) or by
epithelial cells themselves in response to oxidative stress(Cole, Quach et al. 2016,

Lagos, Carvajal et al. 2018). We previously demonstrated that this can be reversed
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with the use of JAK inhibitors(Charras, Arvaniti et al. 2019). As a consequence strong
arguments support the concept that TET enzymes could act at the cross-road between
genetic and environmental factors based on the control of TETs by H3K4me3(Deplus,
Delatte et al. 2013) and by the pro-inflammatory Jak/STAT and TNF/TNF-R
pathways, respectively. Another argument for this hypothesis is related to the
characterization of a pro-inflammatory cytokine pathway as a major node controlled
by SjS-associated SNPs through altered DNA methylation. This observation is in
agreement with the pro-inflammatory cytokine-related epigenetic signature reported
in autoimmune diseases including SjS, systemic lupus erythematosus, and rheumatoid
arthritis(Nakano, Whitaker et al. 2013, Ulff-Moller, Asmar et al. 2018, Carnero-
Montoro, Barturen et al. 2019) .

In conclusion, this study establishes a new approach that links genetic and epigenetic
profiles in the pathogenesis of SjS. Results reveal a strong association between
genetic risk, meQTL, and DNA methylation controlling cis- and trans-regulatory
events. This approach may represent a valuable tool to unveil pathogenic mechanisms
in autoimmune/inflammatory diseases, to stratify patients based on molecular events,
and to select and/or propose future therapeutic options. However, additional work
needs to be done to confirm experimentally the cell specificity, interplay with the pro-
inflammatory cytokine signaling pathway and TETs, the functional role of the

characterized regulatory SNPs and their association with meQTL.
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Table 1: DNA methylation CpG motifs (DMC) retrieved from both methylation
quantitative trait loci (meQTLs) associated with Sjogren’s risk alleles, and from cell-
specific epigenome-wide association studies (EWAS) conducted in patients with
Sjogren’s syndrome. Abbreviations: Chr: chromosome; CD4: CD4+ T cells; CD19:
CD19+ B cells; PBMC: peripheral blood mononuclear cells; SGEC: salivary gland
epithelial cells; TSS: transcription start site; MAPKAPK2: MAP kinase-activated
protein kinase 2, NLRP3: NOD-, LRR- and pyrin domain-containing protein 3,
OR2B1 I: Olfactory receptor 2B11, LINCO1117: Long Intergenic Non-Protein Coding
RNA 1117, DGKQ: Diacylglycerol Kinase Theta, LTA: Lymphotoxin-alpha, BAKI:
BCL2-antagonist/killer 1, HLA-C: Human leucocyte antigen-C, IRF5: Interferon
regulatory factor 5, B3GNTLI: beta-1,3-N-acetylglucosaminyltransferase like 1,
PTGERI1/GIPCI: Prostaglandin E Receptor 1/PDZ domain containing family member
1.

DMC Chr | position location Loci CD4 | CD19 | PBMC | SGEC
cgl0336193 | 1 206848389 | intergenic | MAPKAPK?2 0 + 0 0
€g22494876 | 1 247618161 | intergenic | NLRP3-OR2B11 0 0 + 0
cg22386008 | 2 177737177 | intergenic | LINCOI1117 0 + 0 0
cg22718636 | 4 961658 intronic DGKQ + 0 0 0
cg21699330 | 6 31540313 | intronic LTA 0 0 + 0
cg19869469 | 6 33561266 | TSS BAK1 0 0 0 +
cg10409680 | 6 31239320 | intronic HLA-C + 0 0 0
cgl2816198 | 7 128577593 | TSS IRF5 0 3 0 0
cgl3914531 | 7 128579876 | TSS IRF5 0 0 + 0
cg04864179 | 7 128579964 | TSS IRF5 0 + + 0
cgl7652174 | 17 81008971 | Intronic B3GNTLI 0 + 0 0
cg19243826 | 19 14584926 | exonic PTGERI/GIPCI 0 0 0 +
cg20742389 | 19 14591033 | intronic PTGERI/GIPCI 0 + 0 0

16




Figures

Figure 1 : Summary of bioinformatic analysis conducted. A- Out of the 94 non-
HLA Sjogren’s syndrome (SjS) single nucleotide polymorphisms (SNPs) were
selected and among them 54 SNPs were associated with methylation quantitative trait
loci (meQTLs) using the GWAS catalog (https://www.ebi.ac.uk/gwas/) and mQTLdb
(http://www.mqtldb.org/) tools, respectively. SNPs and meQTLs were annotated
according to their genomic position and to their respective distance. The functional
relevance of SNPs in immune cells was collected following manual annotation using
HaploReg v4.1, SNP nexus and VEP tools
(https://pubs.broadinstitute.org/mammals/haploreg; https://www.snp-nexus.org;
https://www.ensembl.org/Tools/VEP). B- Comparison of the generated meQTL
database with epigenome-wide association studies (EWAS) obtained from SjS
patients to define SjS-meQTLs genes and DNA methylation CpGs (DMC). C- The
SjS-meQTL gene dataset was tested for reactome pathway enrichment and for
protein-protein interaction network (https://string-db.org). D- From the SjS-meQTL
DMC data set 10 loci were highlighted and among them the two main loci were
further analyzed to test SjS SNP/meQTLs influence on transcription and RNA

splicing (https://gtexportal.org). The bioinformatic webtools are indicated.

Figure 2: Identification of epigenetically controlled genetic risk factors for
Sjogren’s syndrome and relation with single nucleotide polymorphisms (SNP)
genomic location. A- Genomic location of the 94 non-human leucocyte antigen (non-
HLA) SjS-SNPs, annotated to 63 genes, the 211 cis-meQTLs, and the 32 trans-
meQTLs. B- Proportion of SjS-risk factors associated with cis- and/or trans-
methylation quantitative trait loci (meQTL). C- Heatmap showing that SjS-SNPs are
predominantly associated with cis-meQTL located in a transcription start site (TSS:
54.5% of all cis-meQTLs), and the higher association is retrieved with intronic SjS-
SNPs (36.0% of all cis-meQTLs). D- SjS SNPs and associated trans-meQTL are
located at the same genomic location, although not on the same chromosome.

Abbreviations: 3’UTR: 3’ untranslated region; IG: intergenic.

Figure 3: Distance and quantitative interplay between SjS-associated SNPs and
meQTLs are independent from SNP genomic location. A- The importance of SNP

genomic location on its distance from cis-meQTLs is tested, by definition cis-
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meQTLs are located in an area ranging from 1bp to 1Mb from SNPs. Longer
distances are reported for SNPs located within intergenic areas when compared to
others (ANOVA test with Tukey’s correction). B- The number of cis-meQTLs
associated per SNP is statistically independent from the genomic location of the risk
factor, results are expressed as ratios. C- The number of trans-meQTLs associated per
SNP according to its genomic location. Abbreviations: SNP: single nucleotide

polymorphism; TSS: transcription start site; 3’UTR: 3 untranslated region.

Figure 4: Functional activity at single nucleotide polymorphisms (SNPs) is
critical for its association with meQTLs. A- Chromatin states used to define
functional activity at SNPs, adapted from Ernst & Kellis**. The prevalence is
reported. B- Heatmap showing cis-meQTL genomic location according to SjS-
associated SNP functional annotation variations. The stronger activity on cis-meQTLs
is reported for SjS-SNPs located in active promoters. C- Cis-meQTL number per SNP
according to its functional activity results are expressed as ratios. D- Trans-meQTL
number per SNP. Abbreviations: SNP: single nucleotide polymorphism; TSS:

transcription start site; 3’ UTR: 3’ untranslated region; IG: intergenic.

Figure 5: Search for pathophysiological pathways controlled by SjS-associated
SNPs through altered DNA methylation. A-Venn diagram to compare genes
obtained from the SjS-associated SNP meQTL gene database and EWAS gene data
(http://bioinformatics.psb.ugent.be/webtools/Venn/). ~ B-  Reactome  pathway
enrichment of the 41 SjS-SNP meQTL genes reveals 13 statistically significant
pathways. The number of genes per pathway is indicated as well as the Logl0 of p
values. C- Protein-protein-interaction analysis of the 41 SjS-SNP meQTL genes using
STRING VI11.0. Network nodes represent proteins and edges represent protein-

protein association (a high confidence score of 0.7 was used)

Figure 6: Genetic control of DNA methylation and gene expression at the
PKN1/PTGERI1/GIPCI locus (chromosome 19p13.12). Genomic organization of the
12 cis-meQTLs controlled by Sjogren’s syndrome (SjS) risk factors at PKN1 locus
(n=2 in bold, rs3786654 and rs2241362). To complete this analysis, 4 single
nucleotide polymorphisms (SNPs) in strong linkage disequilibrium (r>>0.8) with SjS
risk factors were added. Collected from the mQTLdb, the beta value reflects SNP

minor allele up- (>0.2) or down-regulation (<-0.2) on DNA methylation, and a semi-
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quantitative colored scale was used. According to the impact of SNP minor allele on
transcription (eQTL) and splicing (sQTL) in cis, SNPs were subdivided in two groups
(I and II). Methylation levels (eQTL), splicing rate (sQTLs) and methylation levels
(meQTLs) are positively correlated in each group at cgl19243826, which is in
agreement with the presence of a CTCF binding site controlled by SNP-meQTLs at
cg19243826 (CTCFBSDB 2.0 database and ENCODE).

Figure 7: Genetic control of DNA methylation and gene expression at the
IRF5/TNPO3 locus (Chromosome 7q32.1). Genomic organization of the 11 cis-
meQTLs and 3 frans-meQTLs controlled by Sjogren’s syndrome (SjS) risk factors at
IRF5/TNPO3 locus (in bold). To complete this analysis, single nucleotide
polymorphisms (SNPs) in strong linkage disequilibrium (r>>0.8) with the 6 SjS risk
factors were added (in bold). Collected from the mQTLdb, the beta value reflects SNP
minor allele up- (>0.2) or down-regulation (<-0.2) on DNA methylation, and a semi-
quantitative colored scale was used. According to the impact of the SNP minor allele
on transcription (eQTL) and splicing (sQTL) in cis, SNPs were subdivided in three
groups (I negative effect limited to IRFS, II negative effect on IRF5/TNPO3/RP11-
309L24, and in blue group III positive effect on IRFS and TNPO3). Methylation
levels (eQTL) and splicing rate (sQTLs) are negatively correlated with methylation
levels (meQTLs) in each group, supporting the concept that DNA methylation is a
repressive epigenetic mark at IRFS transcription start sites (TSS)-1D/B/C. IRFS is

under the control of four alternative promoters (TSS-1A to TSS-1D).

19



References

1. Altorok, N., P. Coit, T. Hughes, K. A. Koelsch, D. U. Stone, A. Rasmussen, L. Radfar, R.
H. Scofield, K. L. Sivils, A. D. Farris and A. H. Sawalha (2014). "Genome-wide DNA
methylation patterns in naive CD4+ T cells from patients with primary Sjogren's syndrome."
Arthritis Rheumatol 66(3): 731-739.

2. Banovich, N. E., X. Lan, G. McVicker, B. van de Geijn, J. F. Degner, J. D. Blischak, J.
Roux, J. K. Pritchard and Y. Gilad (2014). "Methylation QTLs are associated with coordinated
changes in transcription factor binding, histone modifications, and gene expression levels."
PLoS Genet 10(9): e1004663.

3. Bernstein, B. E., J. A. Stamatoyannopoulos, J. F. Costello, B. Ren, A. Milosavljevic, A.
Meissner, M. Kellis, M. A. Marra, A. L. Beaudet, J. R. Ecker, P. J. Farnham, M. Hirst, E. S.
Lander, T. S. Mikkelsen and J. A. Thomson (2010). "The NIH Roadmap Epigenomics Mapping
Consortium." Nat Biotechnol 28(10): 1045-1048.

4. Bowman, S. J. (2018). "Primary Sjogren's syndrome." Lupus 27(1_suppl): 32-35.
5. Boyes, J. and A. Bird (1992). "Repression of genes by DNA methylation depends on

CpG density and promoter strength: evidence for involvement of a methyl-CpG binding
protein." EMBO J 11(1): 327-333.

6. Brito-Zeron, P., C. Baldini, H. Bootsma, S. J. Bowman, R. Jonsson, X. Mariette, K.
Sivils, E. Theander, A. Tzioufas and M. Ramos-Casals (2016). "Sjogren syndrome." Nat Rev Dis
Primers 2: 16047.

7. Brkic, Z., N. I. Maria, C. G. van Helden-Meeuwsen, J. P. van de Merwe, P. L. van
Daele, V. A. Dalm, M. E. Wildenberg, W. Beumer, H. A. Drexhage and M. A. Versnel (2013).
"Prevalence of interferon type | signature in CD14 monocytes of patients with Sjogren's
syndrome and association with disease activity and BAFF gene expression." Ann Rheum Dis
72(5): 728-735.

8. Bruno, A. E., L. Li, J. L. Kalabus, Y. Pan, A. Yu and Z. Hu (2012). "miRdSNP: a database
of disease-associated SNPs and microRNA target sites on 3'UTRs of human genes." BMC
Genomics 13: 44,

9. Capaldo, C., G. Carvajal Alegria, D. Cornec, S. Jousse-Joulin, V. Devauchelle-Pensec
and Y. Renaudineau (2016). "The active immunological profile in patients with primary
Sjogren's syndrome is restricted to typically encountered autoantibodies." Clin Exp
Rheumatol 34(4): 722.

10. Carnero-Montoro, E., G. Barturen, E. Povedano, M. Kerick, M. Martinez-Bueno, P. C.
Consortium, E. Ballestar, J. Martin, M. Teruel and M. E. Alarcon-Riquelme (2019).
"Epigenome-Wide Comparative Study Reveals Key Differences Between Mixed Connective
Tissue Disease and Related Systemic Autoimmune Diseases." Front Immunol 10: 1880.

11. Charras, A., P. Arvaniti, C. Le Dantec, M. I. Arleevskaya, K. Zachou, G. N. Dalekos, A.
Bordon and Y. Renaudineau (2019). "JAK Inhibitors Suppress Innate Epigenetic
Reprogramming: a Promise for Patients with Sjogren's Syndrome." Clin Rev Allergy Immunol.
12. Charras, A., O. D. Konsta, C. Le Dantec, C. Bagacean, E. K. Kapsogeorgou, A. G.
Tzioufas, J. O. Pers, A. Bordron and Y. Renaudineau (2017). "Cell-specific epigenome-wide
DNA methylation profile in long-term cultured minor salivary gland epithelial cells from
patients with Sjogren's syndrome." Ann Rheum Dis 76(3): 625-628.

13. Chen, L., B. Ge, F. P. Casale, L. Vasquez, T. Kwan, D. Garrido-Martin, S. Watt, Y. Yan,
K. Kundu, S. Ecker, A. Datta, D. Richardson, F. Burden, D. Mead, A. L. Mann, J. M. Fernandez,
S. Rowlston, S. P. Wilder, S. Farrow, X. Shao, J. J. Lambourne, A. Redensek, C. A. Albers, V.
Amstislavskiy, S. Ashford, K. Berentsen, L. Bomba, G. Bourque, D. Bujold, S. Busche, M.
Caron, S. H. Chen, W. Cheung, O. Delaneau, E. T. Dermitzakis, H. Elding, I. Colgiu, F. O.
Bagger, P. Flicek, E. Habibi, V. lotchkova, E. Janssen-Megens, B. Kim, H. Lehrach, E. Lowy, A.
Mandoli, F. Matarese, M. T. Maurano, J. A. Morris, V. Pancaldi, F. Pourfarzad, K. Rehnstrom,
A. Rendon, T. Risch, N. Sharifi, M. M. Simon, M. Sultan, A. Valencia, K. Walter, S. Y. Wang, M.

20



Frontini, S. E. Antonarakis, L. Clarke, M. L. Yaspo, S. Beck, R. Guigo, D. Rico, J. H. A. Martens,
W. H. Ouwehand, T. W. Kuijpers, D. S. Paul, H. G. Stunnenberg, O. Stegle, K. Downes, T.
Pastinen and N. Soranzo (2016). "Genetic Drivers of Epigenetic and Transcriptional Variation
in Human Immune Cells." Cell 167(5): 1398-1414 e1324.

14. Christodoulou, M. I., E. K. Kapsogeorgou and H. M. Moutsopoulos (2010).
"Characteristics of the minor salivary gland infiltrates in Sjogren's syndrome." J Autoimmun
34(4): 400-407.

15. Clark, D. N., R. D. Read, V. Mayhew, S. C. Petersen, L. B. Argueta, L. A. Stutz, R. E. Till,
S. M. Bergsten, B. S. Robinson, D. G. Baumann, J. C. Heap and B. D. Poole (2013). "Four
Promoters of IRF5 Respond Distinctly to Stimuli and are Affected by Autoimmune-Risk
Polymorphisms." Front Immunol 4: 360.

16. Cole, M. B., H. Quach, D. Quach, A. Baker, K. E. Taylor, L. F. Barcellos and L. A.
Criswell (2016). "Epigenetic Signatures of Salivary Gland Inflammation in Sjogren's
Syndrome." Arthritis Rheumatol 68(12): 2936-2944.

17. Cruz-Tapias, P., A. Rojas-Villarraga, S. Maier-Moore and J. M. Anaya (2012). "HLA and
Sjogren's syndrome susceptibility. A meta-analysis of worldwide studies." Autoimmun Rev
11(4): 281-287.

18. Davis, C. A., B. C. Hitz, C. A. Sloan, E. T. Chan, J. M. Davidson, I. Gabdank, J. A. Hilton,
K. Jain, U. K. Baymuradov, A. K. Narayanan, K. C. Onate, K. Graham, S. R. Miyasato, T. R.
Dreszer, J. S. Strattan, O. Jolanki, F. Y. Tanaka and J. M. Cherry (2018). "The Encyclopedia of
DNA elements (ENCODE): data portal update." Nucleic Acids Res 46(D1): D794-D801.

19. Dayem Ullah, A. Z., J. Oscanoa, J. Wang, A. Nagano, N. R. Lemoine and C. Chelala
(2018). "SNPnexus: assessing the functional relevance of genetic variation to facilitate the
promise of precision medicine." Nucleic Acids Res 46(W1): W109-W113.

20. Deplus, R., B. Delatte, M. K. Schwinn, M. Defrance, J. Mendez, N. Murphy, M. A.
Dawson, M. Volkmar, P. Putmans, E. Calonne, A. H. Shih, R. L. Levine, O. Bernard, T. Mercher,
E. Solary, M. Urh, D. L. Daniels and F. Fuks (2013). "TET2 and TET3 regulate GlcNAcylation
and H3K4 methylation through OGT and SET1/COMPASS." EMBO J 32(5): 645-655.

21. Ding, J., J. E. Gudjonsson, L. Liang, P. E. Stuart, Y. Li, W. Chen, M. Weichenthal, E.
Ellinghaus, A. Franke, W. Cookson, R. P. Nair, J. T. Elder and G. R. Abecasis (2010). "Gene
expression in skin and lymphoblastoid cells: Refined statistical method reveals extensive
overlap in cis-eQTL signals." Am J Hum Genet 87(6): 779-789.

22. Fali, T., C. Le Dantec, Y. Thabet, S. Jousse, C. Hanrotel, P. Youinou, W. H. Brooks, A.
Perl and Y. Renaudineau (2014). "DNA methylation modulates HRES1/p28 expression in B
cells from patients with Lupus." Autoimmunity 47(4): 265-271.

23. Farh, K. K., A. Marson, J. Zhu, M. Kleinewietfeld, W. J. Housley, S. Beik, N. Shoresh, H.
Whitton, R. J. Ryan, A. A. Shishkin, M. Hatan, M. J. Carrasco-Alfonso, D. Mayer, C. J. Luckey,
N. A. Patsopoulos, P. L. De Jager, V. K. Kuchroo, C. B. Epstein, M. J. Daly, D. A. Hafler and B. E.
Bernstein (2015). "Genetic and epigenetic fine mapping of causal autoimmune disease
variants." Nature 518(7539): 337-343.

24. Fraga, M. F., E. Ballestar, M. F. Paz, S. Ropero, F. Setien, M. L. Ballestar, D. Heine-
Suner, J. C. Cigudosa, M. Urioste, J. Benitez, M. Boix-Chornet, A. Sanchez-Aguilera, C. Ling, E.
Carlsson, P. Poulsen, A. Vaag, Z. Stephan, T. D. Spector, Y. Z. Wu, C. Plass and M. Esteller
(2005). "Epigenetic differences arise during the lifetime of monozygotic twins." Proc Natl
Acad Sci U S A 102(30): 10604-10609.

25. Garaud, S., C. Le Dantec, S. Jousse-Joulin, C. Hanrotel-Saliou, A. Saraux, R. A.
Mageed, P. Youinou and Y. Renaudineau (2009). "IL-6 modulates CD5 expression in B cells
from patients with lupus by regulating DNA methylation." ) Immunol 182(9): 5623-5632.

26. Gaunt, T. R, H. A. Shihab, G. Hemani, J. L. Min, G. Woodward, O. Lyttleton, J. Zheng,
A. Duggirala, W. L. McArdle, K. Ho, S. M. Ring, D. M. Evans, G. Davey Smith and C. L. Relton

21



(2016). "Systematic identification of genetic influences on methylation across the human life
course." Genome Biol 17: 61.

27. Gestermann, N., M. Koutero, R. Belkhir, J. Tost, X. Mariette and C. Miceli-Richard
(2012). "Methylation profile of the promoter region of IRF5 in primary Sjogren's syndrome."
Eur Cytokine Netw 23(4): 166-172.

28. Graham, R. R., C. Kyogoku, S. Sigurdsson, I. A. Vlasova, L. R. Davies, E. C. Baechler, R.
M. Plenge, T. Koeuth, W. A. Ortmann, G. Hom, J. W. Bauer, C. Gillett, N. Burtt, D. S.
Cunninghame Graham, R. Onofrio, M. Petri, . Gunnarsson, E. Svenungsson, L. Ronnblom, G.
Nordmark, P. K. Gregersen, K. Moser, P. M. Gaffney, L. A. Criswell, T. J. Vyse, A. C. Syvanen,
P. R. Bohjanen, M. J. Daly, T. W. Behrens and D. Altshuler (2007). "Three functional variants
of IFN regulatory factor 5 (IRF5) define risk and protective haplotypes for human lupus."
Proc Natl Acad Sci U S A 104(16): 6758-6763.

29. Guo, X., L. Wang, J. Li, Z. Ding, J. Xiao, X. Yin, S. He, P. Shi, L. Dong, G. Li, C. Tian, J.
Wang, Y. Cong and Y. Xu (2015). "Structural insight into autoinhibition and histone H3-
induced activation of DNMT3A." Nature 517(7536): 640-644.

30. lllingworth, R. S. and A. P. Bird (2009). "CpG islands--'a rough guide'." FEBS Lett
583(11): 1713-1720.
31. Imgenberg-Kreuz, J., J. K. Sandling, J. C. Almlof, J. Nordlund, L. Signer, K. B. Norheim,

R. Omdal, L. Ronnblom, M. L. Eloranta, A. C. Syvanen and G. Nordmark (2016). "Genome-
wide DNA methylation analysis in multiple tissues in primary Sjogren's syndrome reveals
regulatory effects at interferon-induced genes." Ann Rheum Dis 75(11): 2029-2036.

32. Javierre, B. M., A. F. Fernandez, J. Richter, F. Al-Shahrour, J. I. Martin-Subero, J.
Rodriguez-Ubreva, M. Berdasco, M. F. Fraga, T. P. O'Hanlon, L. G. Rider, F. V. Jacinto, F. J.
Lopez-Longo, J. Dopazo, M. Forn, M. A. Peinado, L. Carreno, A. H. Sawalha, J. B. Harley, R.
Siebert, M. Esteller, F. W. Miller and E. Ballestar (2010). "Changes in the pattern of DNA
methylation associate with twin discordance in systemic lupus erythematosus." Genome Res
20(2): 170-179.

33. Konsta, O. D., A. Charras, C. Le Dantec, E. Kapsogeorgeou, A. Bordron, W. H. Brooks,
A. G. Tzioufas, J. O. Pers and Y. Renaudineau (2016). "Epigenetic modifications in salivary
glands from patients with Sjogren's syndrome affect cytokeratin 19 expression." Bull Group
Int Rech Sci Stomatol Odontol 53(1): e01.

34. Konsta, O. D., C. Le Dantec, A. Charras, W. H. Brooks, M. |. Arleevskaya, A. Bordron
and Y. Renaudineau (2015). "An in silico Approach Reveals Associations between Genetic
and Epigenetic Factors within Regulatory Elements in B Cells from Primary Sjogren's
Syndrome Patients." Front Immunol 6: 437.

35. Konsta, O. D., C. Le Dantec, A. Charras, D. Cornec, E. K. Kapsogeorgou, A. G. Tzioufas,
J. O. Pers and Y. Renaudineau (2016). "Defective DNA methylation in salivary gland epithelial
acini from patients with Sjogren's syndrome is associated with SSB gene expression, anti-
SSB/LA detection, and lymphocyte infiltration." ) Autoimmun 68: 30-38.

36. Kumar, S., G. Ambrosini and P. Bucher (2017). "SNP2TFBS - a database of regulatory
SNPs affecting predicted transcription factor binding site affinity." Nucleic Acids Res 45(D1):
D139-D144.

37. Lagos, C., P. Carvajal, I. Castro, D. Jara, S. Gonzalez, S. Aguilera, M. J. Barrera, A. F. G.
Quest, V. Bahamondes, C. Molina, U. Urzua, M. A. Hermoso, C. Leyton and M. J. Gonzalez
(2018). "Association of high 5-hydroxymethylcytosine levels with Ten Eleven Translocation 2
overexpression and inflammation in Sjogren's syndrome patients." Clin Immunol 196: 85-96.
38. Lessard, C. J., H. Li, . Adrianto, J. A. Ice, A. Rasmussen, K. M. Grundahl, J. A. Kelly, M.
G. Dozmorov, C. Miceli-Richard, S. Bowman, S. Lester, P. Eriksson, M. L. Eloranta, J. G. Brun,
L. G. Goransson, E. Harboe, J. M. Guthridge, K. M. Kaufman, M. Kvarnstrom, H. Jazebi, D. S.
Cunninghame Graham, M. E. Grandits, A. N. Nazmul-Hossain, K. Patel, A. J. Adler, J. S. Maier-
Moore, A. D. Farris, M. T. Brennan, J. A. Lessard, J. Chodosh, R. Gopalakrishnan, K. S. Hefner,

22



G. D. Houston, A. J. Huang, P. J. Hughes, D. M. Lewis, L. Radfar, M. D. Rohrer, D. U. Stone, J.
D. Wren, T. J. Vyse, P. M. Gaffney, J. A. James, R. Omdal, M. Wahren-Herlenius, G. G. lllei, T.
Witte, R. Jonsson, M. Rischmueller, L. Ronnblom, G. Nordmark, W. F. Ng, U. K. P. S. s. S.
Registry, X. Mariette, J. M. Anaya, N. L. Rhodus, B. M. Segal, R. H. Scofield, C. G.
Montgomery, J. B. Harley and K. L. Sivils (2013). "Variants at multiple loci implicated in both
innate and adaptive immune responses are associated with Sjogren's syndrome." Nat Genet
45(11): 1284-1292.

39. Li, Y., K. Zhang, H. Chen, F. Sun, J. Xu, Z. Wu, P. Li, L. Zhang, Y. Du, H. Luan, X. Li, L.
Wu, H. Li, H. Wu, X. Li, X. Li, X. Zhang, L. Gong, L. Dai, L. Sun, X. Zuo, J. Xu, H. Gong, Z. Li, S.
Tong, M. Wu, X. Li, W. Xiao, G. Wang, P. Zhu, M. Shen, S. Liu, D. Zhao, W. Liu, Y. Wang, C.
Huang, Q. Jiang, G. Liu, B. Liu, S. Hu, W. Zhang, Z. Zhang, X. You, M. Li, W. Hao, C. Zhao, X.
Leng, L. Bi, Y. Wang, F. Zhang, Q. Shi, W. Qi, X. Zhang, Y. Jia, J. Su, Q. Li, Y. Hou, Q. Wu, D. Xu,
W. Zheng, M. Zhang, Q. Wang, Y. Fei, X. Zhang, J. Li, Y. Jiang, X. Tian, L. Zhao, L. Wang, B.
Zhou, Y. Li, Y. Zhao, X. Zeng, J. Ott, J. Wang and F. Zhang (2013). "A genome-wide association
study in Han Chinese identifies a susceptibility locus for primary Sjogren's syndrome at
7911.23." Nat Genet 45(11): 1361-1365.

40. Mashud, R., A. Nomachi, A. Hayakawa, K. Kubouchi, S. Danno, T. Hirata, K. Matsuo,
T. Nakayama, R. Satoh, R. Sugiura, M. Abe, K. Sakimura, S. Wakana, H. Ohsaki, S. Kamoshida
and H. Mukai (2017). "Impaired lymphocyte trafficking in mice deficient in the kinase activity
of PKN1." Sci Rep 7(1): 7663.

41. Maunakea, A. K., I. Chepelev, K. Cui and K. Zhao (2013). "Intragenic DNA methylation
modulates alternative splicing by recruiting MeCP2 to promote exon recognition." Cell Res
23(11): 1256-1269.

42, Maunakea, A. K., R. P. Nagarajan, M. Bilenky, T. J. Ballinger, C. D'Souza, S. D. Fouse,
B. E. Johnson, C. Hong, C. Nielsen, Y. Zhao, G. Turecki, A. Delaney, R. Varhol, N. Thiessen, K.
Shchors, V. M. Heine, D. H. Rowitch, X. Xing, C. Fiore, M. Schillebeeckx, S. J. Jones, D.
Haussler, M. A. Marra, M. Hirst, T. Wang and J. F. Costello (2010). "Conserved role of
intragenic DNA methylation in regulating alternative promoters." Nature 466(7303): 253-
257.

43. Mavragani, C. P. and H. M. Moutsopoulos (2014). "Sjogren's syndrome." Annu Rev
Pathol 9: 273-285.

44, Miceli-Richard, C., N. Gestermann, M. Ittah, E. Comets, P. Loiseau, X. Puechal, E.
Hachulla, J. E. Gottenberg, P. Lebon, L. Becquemont and X. Mariette (2009). "The CGGGG
insertion/deletion polymorphism of the IRF5 promoter is a strong risk factor for primary
Sjogren's syndrome." Arthritis Rheum 60(7): 1991-1997.

45, Miceli-Richard, C., S. F. Wang-Renault, S. Boudaoud, F. Busato, C. Lallemand, K.
Bethune, R. Belkhir, G. Nocturne, X. Mariette and J. Tost (2016). "Overlap between
differentially methylated DNA regions in blood B lymphocytes and genetic at-risk loci in
primary Sjogren's syndrome." Ann Rheum Dis 75(5): 933-940.

46. Mingueneau, M., S. Boudaoud, S. Haskett, T. L. Reynolds, G. Nocturne, E. Norton, X.
Zhang, M. Constant, D. Park, W. Wang, T. Lazure, C. Le Pajolec, A. Ergun and X. Mariette
(2016). "Cytometry by time-of-flight immunophenotyping identifies a blood Sjogren's
signature correlating with disease activity and glandular inflammation." J Allergy Clin
Immunol 137(6): 1809-1821 e1812.

47. Montgomery, S. B. and E. T. Dermitzakis (2011). "From expression QTLs to
personalized transcriptomics.”" Nat Rev Genet 12(4): 277-282.

48, Nakano, K., J. W. Whitaker, D. L. Boyle, W. Wang and G. S. Firestein (2013). "DNA
methylome signature in rheumatoid arthritis." Ann Rheum Dis 72(1): 110-117.

49, Nordmark, G., G. Kristjansdottir, E. Theander, S. Appel, P. Eriksson, L. Vasaitis, M.
Kvarnstrom, N. Delaleu, P. Lundmark, A. Lundmark, C. Sjowall, J. G. Brun, M. V. Jonsson, E.
Harboe, L. G. Goransson, S. J. Johnsen, P. Soderkvist, M. L. Eloranta, G. Alm, E. Baecklund, M.

23



Wahren-Herlenius, R. Omdal, L. Ronnblom, R. Jonsson and A. C. Syvanen (2011). "Association
of EBF1, FAM167A(C80rf13)-BLK and TNFSF4 gene variants with primary Sjogren's
syndrome." Genes Immun 12(2): 100-109.

50. Ramos-Casals, M., P. Brito-Zeron, B. Kostov, A. Siso-Almirall, X. Bosch, D. Buss, A.
Trilla, J. H. Stone, M. A. Khamashta and Y. Shoenfeld (2015). "Google-driven search for big
data in autoimmune geoepidemiology: analysis of 394,827 patients with systemic
autoimmune diseases." Autoimmun Rev 14(8): 670-679.

51. Ramos-Casals, M., P. Brito-Zeron, A. Siso-Almirall and X. Bosch (2012). "Primary
Sjogren syndrome." BMJ 344: e3821.

52. Reksten, T. R., S. J. Johnsen, M. V. Jonsson, R. Omdal, J. G. Brun, E. Theander, P.
Eriksson, M. Wahren-Herlenius, R. Jonsson and G. Nordmark (2014). "Genetic associations to
germinal centre formation in primary Sjogren's syndrome." Ann Rheum Dis 73(6): 1253-
1258.

53. Renaudineau, Y. and E. Ballestar (2016). "Epigenetics: DNA methylation signatures in
Sjogren syndrome." Nat Rev Rheumatol 12(10): 565-566.

54. Reveille, J. D., R. W. Wilson, T. T. Provost, W. B. Bias and F. C. Arnett (1984). "Primary
Sjogren's syndrome and other autoimmune diseases in families. Prevalence and
immunogenetic studies in six kindreds." Ann Intern Med 101(6): 748-756.

55. Roadmap Epigenomics, C., A. Kundaje, W. Meuleman, J. Ernst, M. Bilenky, A. Yen, A.
Heravi-Moussavi, P. Kheradpour, Z. Zhang, J. Wang, M. J. Ziller, V. Amin, J. W. Whitaker, M.
D. Schultz, L. D. Ward, A. Sarkar, G. Quon, R. S. Sandstrom, M. L. Eaton, Y. C. Wu, A. R.
Pfenning, X. Wang, M. Claussnitzer, Y. Liu, C. Coarfa, R. A. Harris, N. Shoresh, C. B. Epstein, E.
Gjoneska, D. Leung, W. Xie, R. D. Hawkins, R. Lister, C. Hong, P. Gascard, A. J. Mungall, R.
Moore, E. Chuah, A. Tam, T. K. Canfield, R. S. Hansen, R. Kaul, P. J. Sabo, M. S. Bansal, A.
Carles, J. R. Dixon, K. H. Farh, S. Feizi, R. Karlic, A. R. Kim, A. Kulkarni, D. Li, R. Lowdon, G.
Elliott, T. R. Mercer, S. J. Neph, V. Onuchic, P. Polak, N. Rajagopal, P. Ray, R. C. Sallari, K. T.
Siebenthall, N. A. Sinnott-Armstrong, M. Stevens, R. E. Thurman, J. Wu, B. Zhang, X. Zhou, A.
E. Beaudet, L. A. Boyer, P. L. De Jager, P. ). Farnham, S. J. Fisher, D. Haussler, S. J. Jones, W.
Li, M. A. Marra, M. T. McManus, S. Sunyaeyv, J. A. Thomson, T. D. Tlsty, L. H. Tsai, W. Wang, R.
A. Waterland, M. Q. Zhang, L. H. Chadwick, B. E. Bernstein, J. F. Costello, J. R. Ecker, M. Hirst,
A. Meissner, A. Milosavljevic, B. Ren, J. A. Stamatoyannopoulos, T. Wang and M. Kellis
(2015). "Integrative analysis of 111 reference human epigenomes." Nature 518(7539): 317-
330.

56. Rullo, O. J., J. M. Woo, H. Wu, A. D. Hoftman, P. Maranian, B. A. Brahn, D. McCurdy,
R. M. Cantor and B. P. Tsao (2010). "Association of IRF5 polymorphisms with activation of
the interferon alpha pathway." Ann Rheum Dis 69(3): 611-617.

57. Sharifi-Zarchi, A., D. Gerovska, K. Adachi, M. Totonchi, H. Pezeshk, R. J. Taft, H. R.
Scholer, H. Chitsaz, M. Sadeghi, H. Baharvand and M. J. Arauzo-Bravo (2017). "DNA
methylation regulates discrimination of enhancers from promoters through a H3K4mel-
H3K4me3 seesaw mechanism." BMC Genomics 18(1): 964.

58. Sigurdsson, S., H. H. Goring, G. Kristjansdottir, L. Milani, G. Nordmark, J. K. Sandling,
M. L. Eloranta, D. Feng, N. Sangster-Guity, I. Gunnarsson, E. Svenungsson, G. Sturfelt, A.
Jonsen, L. Truedsson, B. J. Barnes, G. Alm, L. Ronnblom and A. C. Syvanen (2008).
"Comprehensive evaluation of the genetic variants of interferon regulatory factor 5 (IRF5)
reveals a novel 5 bp length polymorphism as strong risk factor for systemic lupus
erythematosus." Hum Mol Genet 17(6): 872-881.

59. Song, I. W., H. C. Chen, Y. F. Lin, J. H. Yang, C. C. Chang, C. T. Chou, M. M. Lee, Y. C.
Chou, C. H. Chen, Y. T. Chen, C. H. Chen and J. Y. Wu (2016). "ldentification of susceptibility
gene associated with female primary Sjogren's syndrome in Han Chinese by genome-wide
association study." Hum Genet 135(11): 1287-1294.

24



60. Szklarczyk, D., A. L. Gable, D. Lyon, A. Junge, S. Wyder, J. Huerta-Cepas, M.
Simonovic, N. T. Doncheva, J. H. Morris, P. Bork, L. J. Jensen and C. V. Mering (2019).
"STRING v11: protein-protein association networks with increased coverage, supporting
functional discovery in genome-wide experimental datasets." Nucleic Acids Res 47(D1):
D607-D613.
61. Taylor, K. E., Q. Wong, D. M. Levine, C. McHugh, C. Laurie, K. Doheny, M. Y. Lam, A.
N. Baer, S. Challacombe, H. Lanfranchi, M. Schiodt, M. Srinivasan, H. Umehara, F. B. Vivino,
Y. Zhao, S. C. Shiboski, T. E. Daniels, J. S. Greenspan, C. H. Shiboski and L. A. Criswell (2017).
"Genome-Wide Association Analysis Reveals Genetic Heterogeneity of Sjogren's Syndrome
According to Ancestry." Arthritis Rheumatol 69(6): 1294-1305.
62. Thabet, Y., C. Le Dantec, |. Ghedira, V. Devauchelle, D. Cornec, J. O. Pers and Y.
Renaudineau (2013). "Epigenetic dysregulation in salivary glands from patients with primary
Sjogren's syndrome may be ascribed to infiltrating B cells." ) Autoimmun 41: 175-181.
63. Tishler, M., I. Yaron, A. Raz, F. A. Meyer and M. Yaron (1996). "Salivary eicosanoid
concentration in patients with Sjogren's syndrome." Ann Rheum Dis 55(3): 202-204.
64. Tobon, G. J., Y. Renaudineau, S. Hillion, D. Cornec, V. Devauchelle-Pensec, P. Youinou
and J. O. Pers (2010). "The Fms-like tyrosine kinase 3 ligand, a mediator of B cell survival, is
also a marker of lymphoma in primary Sjogren's syndrome." Arthritis Rheum 62(11): 3447-
3456.
65. Ulff-Moller, C. J., F. Asmar, Y. Liu, A. J. Svendsen, F. Busato, K. Gronbaek, J. Tost and
S. Jacobsen (2018). "Twin DNA Methylation Profiling Reveals Flare-Dependent Interferon
Signature and B Cell Promoter Hypermethylation in Systemic Lupus Erythematosus."
Arthritis Rheumatol 70(6): 878-890.
66. Wang, C., J. K. Sandling, N. Hagberg, O. Berggren, S. Sigurdsson, O. Karlberg, L.
Ronnblom, M. L. Eloranta and A. C. Syvanen (2013). "Genome-wide profiling of target genes
for the systemic lupus erythematosus-associated transcription factors IRF5 and STAT4." Ann
Rheum Dis 72(1): 96-103.
67. Wang, H., M. T. Maurano, H. Qu, K. E. Varley, J. Gertz, F. Pauli, K. Lee, T. Canfield, M.
Weaver, R. Sandstrom, R. E. Thurman, R. Kaul, R. M. Myers and J. A. Stamatoyannopoulos
(2012). "Widespread plasticity in CTCF occupancy linked to DNA methylation." Genome Res
22(9): 1680-1688.
68. Wang, L., Y. Wang, T. Sato, S. Yamagata and T. Yamagata (2008). "Ganglioside GD1a
suppresses TNFalpha expression via Pknl at the transcriptional level in mouse
osteosarcoma-derived FBJ cells." Biochem Biophys Res Commun 371(2): 230-235.
69. Ward, L. D. and M. Kellis (2012). "HaploReg: a resource for exploring chromatin
states, conservation, and regulatory motif alterations within sets of genetically linked
variants." Nucleic Acids Res 40(Database issue): D930-934.

70. Ziebarth, J. D., A. Bhattacharya and Y. Cui (2013). "CTCFBSDB 2.0: a database for

CTCF-binding sites and genome organization." Nucleic Acids Res 41(Database issue):
D188-194.

25



Figure 1

A :

Search for SjS-SNPs
GWAS

@Catalog (n=94)

Ve.,p \l, SjS-SNP annotation B

SNP SjS-meQTLs
nexus Search for meQTLs — EWAS data
HaploRe
SNIF;ZTFBgS Nrcﬂf meQTL annotation Genes (n=44)
miRdSNP W Interplay SNP/meQTL DMCs (n=10 loci)
mQTLdb
CTCFBSDB
C D
SjS-meQTL gene dataset (Fig. 5) DMCs (Tabl & Fig. 6-7)
Identification Protein- SjS-meQTL
of enriched protein DMC risk
biological interaction factors and
process network transcription

5> STRING ®IGTEXPortal


https://www.google.com/url?sa=i&url=https://monarchinitiative.org/gene&psig=AOvVaw3s6NUME2oQz7NYb5XBKYqT&ust=1570622999214000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCJjUhuLQjOUCFQAAAAAdAAAAABAL
https://www.google.com/url?sa=i&url=https://monarchinitiative.org/gene&psig=AOvVaw3s6NUME2oQz7NYb5XBKYqT&ust=1570622999214000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCJjUhuLQjOUCFQAAAAAdAAAAABAL
https://www.google.com/url?sa=i&url=https://twitter.com/nih_commonfund/status/659769126936821760&psig=AOvVaw0SRXiFJ3dFxHDL0csFjSej&ust=1570623083973000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLjkkIrRjOUCFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=https://twitter.com/nih_commonfund/status/659769126936821760&psig=AOvVaw0SRXiFJ3dFxHDL0csFjSej&ust=1570623083973000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLjkkIrRjOUCFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=http://www.altopredict.com/resources/databases/&psig=AOvVaw3W8jt4IT44pcYNufx_ejGW&ust=1570623187992000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCOC88rvRjOUCFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=http://www.altopredict.com/resources/databases/&psig=AOvVaw3W8jt4IT44pcYNufx_ejGW&ust=1570623187992000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCOC88rvRjOUCFQAAAAAdAAAAABAE
https://www.google.com/url?sa=i&url=http://www.ensembl.info/2012/05/25/sift-and-polyphen-predictions-for-human-ensembl-and-refseq-proteins/&psig=AOvVaw3aSCWGSNx0DdBB3g2JHy87&ust=1570623257420000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKCzpN3RjOUCFQAAAAAdAAAAABAM
https://www.google.com/url?sa=i&url=http://www.ensembl.info/2012/05/25/sift-and-polyphen-predictions-for-human-ensembl-and-refseq-proteins/&psig=AOvVaw3aSCWGSNx0DdBB3g2JHy87&ust=1570623257420000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKCzpN3RjOUCFQAAAAAdAAAAABAM
https://www.google.com/url?sa=i&url=https://ccg.epfl.ch/&psig=AOvVaw1rxXPAE91Dmfx9gXPAgkOE&ust=1570623307017000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCMiyyvTRjOUCFQAAAAAdAAAAABAU
https://www.google.com/url?sa=i&url=https://ccg.epfl.ch/&psig=AOvVaw1rxXPAE91Dmfx9gXPAgkOE&ust=1570623307017000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCMiyyvTRjOUCFQAAAAAdAAAAABAU
https://www.google.com/url?sa=i&url=https://labworm.com/tool/snpnexus&psig=AOvVaw2MIqb0ac8X3xJ0Hi35Wn-O&ust=1570623387730000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLCPjZvSjOUCFQAAAAAdAAAAABAM
https://www.google.com/url?sa=i&url=https://labworm.com/tool/snpnexus&psig=AOvVaw2MIqb0ac8X3xJ0Hi35Wn-O&ust=1570623387730000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLCPjZvSjOUCFQAAAAAdAAAAABAM

Figure 2

SNP and meQTL location (%)

100~
B 7SS 94 non-HLA SjS-SNPs
Bl Exons [1 42.6% No meQTL
3 Introns Bl 41.5% Cis-meQTL
Bl 3UTR

Bl 9.6% Cis- and Trans-meQTL

Il Intergenic (IG) B 6.4% Trans-meQTL

Percentage (%)
g

SjS- Cis- Trans-
SNP meQTL meQTL

Cis-meQTL Trans-meQTL
TSS Exon Intron 3'UTR IG TSS Exon Intron 3'UTR IG
— 60% — 60%
SNPin TSS| 5.7 0.5 9.5 0.0 0.0 SNP in TSS| 15.6 0.0 0.0 0.0 0.0
SNP in Exons| 00 00 00 00 14 L a0% SNPinExons| 00 00 00 00 00 1 20%
SNPin Introns 7.6 10.9 0.5 4.3 SNPin Introns | 3.1 0.0 . 0.0 0.0
SNPin3UTR| 57 o5 71 o0 o5 | [ 129% o L 20%
: ] ] . . SNP in 3'UTR| 0.0 0.0 00 156 0.0
SNP Intergenic| 7.1 24 28 05 57 SNP Intergenic| 00 00 00 00 | 375
— 0%

— 0%



B

SNP in TSS
SNP in exons

SNP in introns-

Figure 3

SNP location and distance with Cis meQTL

SNP in 3'UTR

SNP in intergenic

7 p=0.05
10 p=0.01
108 . aaaald vy ®e0®
°
5 105 °%e® @ Y e
Q ]
- o® v
o 10 ° EEE w v .....
0 ° ° A og0®
c 3, o000
s 10 A A, v
@ At
S 102
10°
100 T T T T T
SNP in SNP in SNP in SNP in SNP
TSS Exon Intron 3'UTR  intergenic
Ratio Cis-meQTL/SNP c Ratio Trans-meQTL/SNP
SNP in exonsA
|—1 SNP in introns-j—{
SNP in 3'UTR:
SNP in intergenic
0 5 10 15 00 05 10 15 20

Cis-meQTL Trans-meQTL



Figure 4

E \;E'J Q E E . B Cis-meQTL
< < S N 2 = '
x [ x [ 3 < o o TSS Exon Intron 3'UTR IG
T | T T e e — 30%
SNP in active promoter - 7.6 14.2 0.0 0.0
SNP in weak promoter| 3.8 0.0 0.0 0.0 0.0
SNP in strong enhancer| 9.0 2.4 2.4 0.0 2.4 r 120%
SNP in weak enhancer| 4.7 0.9 3.8 0.5 0.9
SNP in transcription | 4.7 0.0 0.5 0.0 2.4 L 1 10%
Transcription (8.6%) SNP in insulator| 238 0.0 05 0.5 1.4
Insulator (5.4%) SNP in heterochromatin| 2.8 0.0 0.5 0.0 4.7
— 0%
Heterochromatin
(15.1%)
C Ratio Cis-meQTL/SNP D Ratio Trans-meQTL/SNP
SNP in active promoter p=0.003 SNP in active promoter-_—l
SNP in weak promoter: SNP in weak promoter-
SNP in strong enhancer- |—| SNP in strong enhancer—D—|
SNP in weak enhancer-:li SNP in weak enhancer-:l-l
Transcription Transcription-—|
SNP in insulator SNP in insulator4
SNP in heterochromatin SNP in heterochromatin-'—l
I I I 1 I I I I I 1
0 5 10 15 00 05 10 15 20 25

Cis-meQTL Trans-meQTL



Figure 5

A C

GCSAML RASSF5

MBL2 EBF1 OR2B11

TNFSF4 ITPR3

PCDHA4

PCDHA8 CPEB4

MICB@ e =

ENSG00000255819 Kep
IDUA
Interleukin-4 and Interleukin-13 signaling
Adaptive Inmune System: PGS
G alpha (q) signalling events
- . KLRG1
Interferon gamma signaling GERiGS SR
TNF receptor non-canonical NF-kB pathway: @
Elevation of cytosolic Ca2+ levels Il observed gene count SH28B3
PCDHA6 KIFC1
Interleukin-10 signaling Bl -LOG10(adj P) @ @ @

TNFR2 non-canonical NF-kB pathway
TNFs bind their physiological receptors
Effects of PIP2 hydrolysis
Immunoregulatory interactions

Immune System:

Cytokine Signaling in Immune system:

15 20



cg03971521
cg01397939

W

€g27524460

cg02952703
cg05697695
€g19243826

!

g20742389
cg04164838

cg10064322
€g19517476

ll

€g13150596

Figure 6

\
Chr 19: — PKN1> < PTGER1 < GIPC1 |—
H [ DNA methylation \
rs:;:gg:g = . 0.4< B value< 0.6
rs 0.2< B value< 0.4
rs12973696
rs12975525
-0.3 I -0.2
rs11673475 D: ¢ﬁ -0 4: E :ZIEE : -0.3
52241362 B0 L__IEI BEEO O VB os<puaie< 0a
L Cctfcb T
5’- CGGCCGCCACCTTCCTGCTGTTCGTGGCCAGCCTGCTGGCCACCGACCTG-3’
eQTL (PTGER1) eQTL (GIPC11) eQTL (C190rf53) splice QTL (GIPC1)
Group | 2 20
rs3786654 _ e 5/5 g 0 5/5 § os 3/5 E1G 5/5
rs3786652 7§ .. 2 os 2 _vY 8" -
rs12973696 & oo - g 0o N g A 4 g o " = 0
512975525 Do - €. LA | g 05 B10 0
rs11673475 570 5‘;ﬂ 2 10 € 20
MM Mm mm MM Mm mm MM Mm mm MM Mm mm
15 '% 20
Group Il % 05 m b § " [ | -
g8 0o H B n B
152241362 & os - Not reported Not reported ge = |
5 -1.0 £-10
1.5 Ei.ﬂ
MM Mm mm 2

MM Mm mm



&Syl

€0dNL >

ZIn
ous

cg00796821

Chr7

rs4731532
Rs4728142
rs3778754
rs3757387
rs2004640
rs3807307
rs3823536
Rs3778753
rs3778752
rs79775079
rs3807306

rs35000415
rs2070197
rs10954213
rs13242262
rs10488631
rs12539741
rs10229001
rs4731533
rs4731534

Il I DD o -]

rs12536266, rs12706861, rs12531711
rs17338998, rs12534421, rs12535158
rs35023245, rs34725944, rs13227075
rs12531054, rs13238352, rs35234849
rs36073657, rs12539476, rs13236009
rs71581958, rs34381587, rs34871361
rs17339836, rs35188261, rs62478615
rs17424602

rs13239597,rs117944677,rs117473643,
rs34748780, rs13246321, rs17424921,
rs17340351, rs13242075, rs34420397,

rs80086012

€g25907594
cg16287740 ¢g02193925

Lo

cg[14349538
226616347

\cg 6630958
cg33914531
cg03864179
cg00140447

‘\oC

\

- < TNPO3

\

|, cg12816198

\

[EEY
[y
[y

>
w
@]

H

5 E8
i |:

MNorm. Exprassion

Trans-effect

¢g13910040
(Chr1)

Cgl17652174
(Chr17)

Cg24748945
(chr19)

O

‘g

DNA methylation

0.4< B value< 0.6
0.2< B value< 0.4

Norm. Expression

-0.3< B value< -0.2
-0.4< B value < -0.3
-0.5< B value< -0.4

O rm O 0O
O O 0O

Norm. Expression

Figure 7

Group land Il
eQTL (IRF5) Splice QTL (IRF5)
0 43/45 5., 43/45
0.5 ] § .
u ] E 1.0
o0 m - £ 00 | =
0.5 = E ] l
E. -1.0 -
1.0 'E
MM Mm mm MM Mm mm
Group Il
eQTL (RP11-309L24) eQTL (TNPO3)
: 1s 35/45 5 cE 35/45
E 1.0 EC-: 0.0 = =
& 05 ] %
& 00 | | W .5
E '0.5 . - = E 1.0
MM Mm mm MM Mm mm
Group Il (rs2004640, rs10954213
rs13242262, rs10229001, rs4731533, rs4731534)
eQTL (IRF5) Splice QTL (IRF5)
*0 6/6 5/6
e = E 10 u
w WE s WIS R
® i+ TVE
MM Mm mm MM Mm mm

eQTL (RP11-309L24)
6/6

=

s

e
5

&

=

Ml\/ili l\/ilrm mm





