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13 Genome-wide association studies in autoimmune and inflammatory diseases (AID)
1+ have uncovered hundreds of loci mediating risk?*?. These associations are preferen-
15 tially located in non-coding DNA regions®# and in particular to tissue—specific DNase
16 1 hypersensitivity sites (DHS)®"®., Whilst these analyses clearly demonstrate the over-
17 all enrichment of disease risk alleles on gene regulatory regions, they are not designed
18 to identify individual regulatory regions mediating risk or the genes under their con-
19 trol, and thus uncover the specific molecular events driving disease risk. To do so we
20 have departed from standard practice by identifying regulatory regions which replicate
21 across samples, and connect them to the genes they control through robust re—analysis
22 of public data. We find substantial evidence of regulatory potential in 132/301 (44%)
23 risk loci across nine autoimmune and inflammatory diseases, and are able to prioritize
2+ a single gene in 104/132 (79%) of these. Thus, we are able to generate testable mech-
25 anistic hypotheses of the molecular changes that drive disease risk.

26

27 The autoimmune and inflammatory diseases (AID) are a group of more than 80 common, com-
28 plex diseases driven by systemic or tissue-specific immunological attack. This pathology is driven by
29 loss of tolerance to self-antigens or chronic inflammatory episodes leading to long-term organ and tis-
30 sue damage. Risk variants identified by genome-wide association studies (GWAS) are preferentially
a1 located in non-coding regions with tissue-specific chromatin accessibility ™% and in transcriptional
s2 enhancer regions active after T cell stimulation®. Formal analyses partitioning the heritability of
ss  disease risk across different genomic regions support this enrichment®, with excess heritability local-
a4 izing to tissue-specific DNase I hypersensitive sites (DHS)®. Cumulatively, these results suggest that
35 AID pathology is mediated by changes to gene regulation in specific cell populations, but are not
36 designed to identify individual regulatory regions mediating risk or the genes under their control.
a7 Several fine-mapping efforts have jointly considered genetic association and epigenetic modification
ss data as a way to identify causal variants!12 However, these efforts use epigenetic mark infor-
ss mation to assess whether associated variants are likely to be causal, rather then to identify the
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1 regulatory sequences that mediate risk, and the genes they affect.

3 We have therefore developed a systematic approach to identify regulatory regions mediating
4 disease risk, and thus generate testable mechanistic hypotheses of the molecular changes that drive
s disease risk (Supplementary Figure 1). For each association, we first calculate posterior probabilities
6 of association from GWAS data and thence the set of markers forming the 99% credible interval
7 (CI)138204 We then overlap CI SNPs with DHS in the region to identify which regulatory regions
s may harbor risk, and from these SNPs calculate the fraction of posterior probability attributable to
s each DHS. We chose DHS as they are general markers of chromatin accessibility and typically only
10 150-250 base pairs long, compared to other histone modifications which can span tens to hundreds
11 of kilobasepairs. Next, we identify genes controlled by each DHS by correlating chromatin accessi-
12 bility state to expression levels of nearby genes. We use the atlas of tissues available at Roadmap
13 Epigenomics Project (REP) data’®1% where both DHS and gene expression have been measured
14 in the same samples. Finally, we combine the posterior probability of disease association of each
15 DHS and the correlation between that DHS and the expression levels of nearby genes to calculate
16 a per—gene posterior probability of disease association. This allows us to estimate the probability
17 that a gene mediates disease risk, and to rank genes in a locus by these values.

19 DHS peaks, as all epigenetic marks, are called in each sample separatelyl”. We therefore clus-
20 tered DHS peaks to identify those corresponding to the same underlying regulatory site, so we could
21 correlate accessibility state of the same site to gene expression data (Supplementary Figure 2). In
22 56 REP tissues with at least two replicate DHS sequencing runs, we called 22,060,505 narrow—
23 sense 150bp peaks at a false discovery rate FDR < 1%, which fell into 1,994,675 DHS clusters of
24 250-400bp each, covering 14.8% of the autosomal genome. Of these, 1,079,138 (54.1%) covering
25 8.5% of the genome passed nominal significance in a statistical replication test (X% test, p < 0.05).
26 'This subset explains essentially all the heritability attributable to all peaks in multiple sclerosis
27 and inflammatory bowel disease GWAS (Supplementary Figure 3), indicating they represent the
28 majority of regulatory regions relevant to AID risk. Of these 56 REP tissues, 22 also have gene
29 expression measurements, from which we calculated the correlation between DHS accessibility state
s and transcript levels. We therefore restricted our present analysis to 1,079,138 DHS clusters and
31 13771 genes across these 22 REP tissues, though we note our framework can be used with any
32 regulatory feature and expression dataset, and is publicly available.

33

34 With this framework, we dissected 301 genome—wide significant associations to one of nine AID,
35 using publicly available summary association statistics from samples genotyped on the Immunochip,
s a targeted genotyping array’®!¥ (available at immunobase.org; Table 1). We first collated all re-
a7 ported genome-wide significant associations reported for each disease, then restricted our analysis
s to the loci genotyped at high density on the Immunochip?®34. We excluded the Major Histocom-
so  patibility Locus, where complex LD patterns make credible interval mapping challenging??. For
40 each association, we calculated posterior probabilities of association for all markers and defined
s credible interval SNP sets'34, We find a median of 4 (standard deviation, sd = 7.8) DHS clusters
22 overlap CI SNPs, out of a median 822 (sd = 205.2) DHS clusters in each 2Mb window around an
43 association (Figure 1A), indicating this data integration step alone vastly reduces the number of
4 potentially disease-relevant regulatory regions.

45

46 To assess how likely each association is to be mediated by a variants on a regulatory region, we
47 compute their regulatory potential p, as the proportion of the posterior probability of association
s localizing to DHS clusters. Consistent with previous observations®#*, we find that risk often local-
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1 izes to DHS clusters: over 25% of the posterior is located on DHS clusters in 132/301 (44%) of loci,
2 and over 50% of the posterior in 53/301 loci (18%) (Figure 1C). We reasoned that if DHS clusters
s harboring CI SNPs actually mediate risk, their accessibility state should be perturbed by the vari-
4 ants they harbor, and they should be accessible in disease-relevant cell populations. We find that
s CI SNPs on DHS clusters are more likely to induce allele-specific accessibility®? (Fisher exact test
6 p=T7e % Figure 1E), and that these DHS clusters are more likely to be accessible in immune cell
7 subpopulations (Figure 1F). These results show our approach identifies disease-relevant regulatory
s events, and support the view that common genetic variants influence disease risk by altering the
s accessibility of gene regulatory regions.

11 Having validated that our analysis was identifying genuine regulatory risk effects, we next turned
12 to identifying specific disease—mediating DHS clusters and the genes they control (Supplementary
13 Table 1 and Supplementary Table 2). We focused on the 132 loci where regulatory potential p > 0.25,
14 as these associations may be mediated by genetic perturbation of a regulatory region. We found
15 that an average of two DHS clusters (sd = 4.0) account for > 90% of the total association posterior
16 attributable to all DHS clusters in these loci, indicating we can resolve most loci to a small number
17 of candidate regulators (Supplementary Figure 4). By correlating the accessibility state (open or
18 closed) of each DHS cluster to the expression of nearby genes across 22 REP tissues, we were able
19 to prioritize a median of 3/14 genes per locus (Figure 1B and Supplementary Table 2), and could
20 attribute a gene—wise proportion of posterior probability v > 0.25 to a single gene in 104/132 (79%)
21 loci. Surprisingly, the top—scoring genes are not the closest to the most associated variant in 92/104
22 (88%) of these cases, suggesting that risk-relevant regulatory regions exerting influence over genes
23 at considerable distances (Table 2). The DHS clusters with high p values are more likely to be
2« marked as active enhancers of transcription, which can bind distant promoters through long-range
s DNA looping events?#2%22 further supporting this conclusion (Supplementary Figure 5).

26

27 In several cases, we found evidence supporting a previous hypothesis for a causal gene in a
28 locus. For example, we were able to resolve an association to multiple sclerosis (MS) risk on chro-
20 mosome 1 to two DHS clusters, both of which implicate the CD58 gene (v = 0.49, Figure 2).
30 (D58 encodes lymophocyte—function associated antigen 3 (LFA3), a co—stimulatory molecule ex-
st pressed by antigen presenting cells, mediating their interaction with circulating T cells by binding
2 lymophocyte-function associated antigen 2 (LFA2)2Y. The latter is encoded by the CD2 gene im-
33 mediately proximal to CD58, but does not show strong evidence of control by risk—mediating DHS
s clusters (7 = 0.12). The protective MS effect in this region is associated with an increase in CD58
35 expression, leading to an up-regulation of the transcription factor FoxP3 via CD2. This results
ss in enhanced functioning of CD4TCD25"9" regulatory T cells, thought to be defective in MS pa-
57 tients?Y. Similarly, we are able to prioritize ETS2 for an inflammatory bowel disease association
ss (IBD) on chromosome 21 (y = 0.92, Supplementary Figure 6), CD40 for another MS association
s on chromosome 20 (y = 0.31, Supplementary Figure 7), and IRF8 for a rheumatoid arthritis (RA)
a0 association on chromosome 16 (v = 0.43, Supplementary Figure 8).

41

42 Many Immunochip loci harbor associations to multiple diseases, suggesting that a portion of risk
s is shared?™8, Consistent with this observation, we found that 24 Immunochip loci had p > 0.25
42 for more than one disease, representing 59 of the 301 initially considered associations. Of these,
45 17/24 loci showed regulatory potential in two AID, with four, two, and a single locus showing
4 regulatory potential to three, four and five AID, respectively. Due to the correlation imposed by
47 linkage disequilibrium, it remains challenging to conclude that associations to different traits in the
45 same locus represent a true shared effect, where the same underlying causal variant drives risk for
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1+ multiple diseases®?. We therefore sought to establish if associations to different diseases in these 24
2 loci identify the same DHS clusters and prioritize the same genes, indicating a shared effect. We
s found striking examples of shared and distinct effects across these 24 loci. For example, five diseases
4 show association to a region of chromosome 6, with the most significant SNPs residing in the coding
s region of BACH2. We are able to prioritize the associations for autoimmune thyroid disease (AITD),
s MS and type I diabetes (T1D) to a single DHS cluster each, and independently prioritize MDNI as
7 the most likely target gene for these effects (yarrp = 0.81, yars = 0.42, and ypr1p = 0.73, Figure 3).
s Our model only attributes a small proportion of the overall posterior probability of association to
s BACH?2 for these diseases (yarrp = 0.14, vars = 0.09, and y71p = 0.13). In contrast, we find that
10 the associations for IBD and celiac disease (CEL) each identify different DHS clusters and prioritize
11 MAP3K7 (vigp = 0.59) and GABBR2 (ycpr = 0.13), respectively, despite the credible intervals
12 for these diseases essentially overlapping those for AITD, MS and T1D (Figure 3). We note that the
13 most associated SNPs for MS, AITD, and T1D are the same (rs72928038), and the R? between this
14 SNP and the most associated SNPs of IBD (rs1847472) and CEL (rs7753008) are 0.34 and 0.25,
15 respectively. Similarly, we identify the same DHS cluster and prioritize CTLA4 (yarrp = 0.47,
16 YrA = 0.38, and yr1p = 0.52) and ICOS (yarrp = 0.41, yra = 0.33, and y71p = 0.46) for AITD,
17 RA and T1D associations on chromosome 2 (Supplementary Figure 9). We are thus able to begin
18 resolving associations across multiple diseases into shared and distinct effects in the same locus.

19

20 To more generally assess how our approach resolves shared associations, we assessed the overlap
21 between shared signals in the 24 loci. We compared the overlap between 51 pairs of associations in
22 terms of most associated markers, credible interval sets, DHS clusters harboring CI variants, and
23 genes identified (Table 3). We found that, whilst the overlap between lead variants was low, we
24 could more often identify the same DHS clusters and prioritize the same genes (Fisher exact test
25 between proportion of lead SNPs and prioritized genes p = 0.014). We found the rate of prioritized
26 gene overlap is correlated to linkage disequilibrium between lead variants (Supplementary Figure
27 10), suggesting that though GWAS may not identify the same variant representing a shared associ-
28 ation, shared effects can clearly be identified by considering the likely functional effects in a locus.
29 These observations hold true when we only consider the 17 loci harboring two disease associations
30 (Supplementary Table 3 and Supplementary Figure 10), indicating our conclusions are not based on
31 biases in a minority of loci harboring many associations. Thus, our approach can uncover biological
sz pleiotropy™! across diseases even when the identity of the causal variant remains unknown, beyond
33 the comparison of credible interval sets.

34

35 We have described an approach to detect gene regulatory regions driving disease risk and through
36 them, the genes likely to mediate pathogenesis, through robust re—analysis of public data. We find
37 substantial evidence of regulatory potential in a substantial proportion (44%) of loci across nine
ss  AID, and resolve these to a single gene in 104/132 (79%) controlled by regulatory regions active in
39 immune cells. In the majority of loci we examine, we do not prioritize the gene closest to the maxi-
40 mally associated marker. This suggests that risk-mediating regulatory elements act at considerable
41 distances, either by influencing the overall transcriptional landscape of the region or by acting on in-
.2 dividual genes at a distance through DNA looping events mediated by DNA-protein interactions®'.
43 These competing explanations make different predictions: the former implies many genes will be
44 controlled by the risk-mediating regulator, whereas the latter predicts a limited number of targets.
45 As we are able to prioritize a single gene in the majority of cases, our results strongly suggest that
46 risk is mediated by changes to specific gene regulatory programs affecting particular genes, which
47 must be involved in pathogenesis.

48
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1 More broadly, the observation that most common, complex disease risk aggregates in gene regu-
2 latory regions® has made the translation of genetic association results into molecular and cellular
3 mechanisms challenging. Fine—mapping is limited in resolution by linkage disequilibrium, making
4 association data alone insufficient to identify a causal variant driving risk in a locus. For exam-
s ple, in a recent Immunochip study of multiple sclerosis®?, we were able to reduce 14/66 (21%)
s Immunochip regions to 90% credible interval sets of fewer than 15 variants, and 5/66 to fewer than
7 5 variants, though increases in sample size will raise the resolution of these approaches?®. Unlike
s coding variants, inferring function of non—coding polymorphisms remains challenging, though efforts
o to integrate functional genomics and population genetics data into composite functional scores™3:34
10 or integrating genetic and epigenetic datall are gaining some traction on this problem. Our own
11 work complements these efforts by focusing on identifying individual regulators and the genes they
12 control to generate testable hypotheses of the molecular basis of disease mechanism.

1« Methods

15 DNase I Hypersensitivity data peak—calling, clustering, and quality control We ob-
16 tained processed DNase I hypersensitivity (BED format) sequencing reads for 350 Roadmap Epige-
17 nomics Project (REP) samplest®!Y corresponding to 73 cell types from http: //www.genboree.org/
18 EdaccData/Current-Release/experiment-sample/Chromatin_Accessibility/. For each sam-
19 ple, we called 150bp DNase I hypersensitive sites (DHS) passing a 1% FDR. threshold™. We found
20 56 tissues with at least two replicates, which our statistical replication design requires, and limited
21 our analysis to these. Where more than two replicates were available, we chose the two replicates
22 with the smallest Jaccard distance between their DHS peaks positions on the genome.

23

24 To identify corresponding DHS across samples, we calculated the overlap between neighboring
25 peaks across the 112 replicate samples as:

Sij = Om/ma:c(li, lj)

26 where, O; ; is the number of base pairs shared by DHS i and j, and I; and [; are the length of DHS
27 4 and j respectively. We then grouped DHS with a graph-based approach, the Markov Clustering
28 Algorithm®® (MCL) using the default parameters, and defined the coordinates of a DHS cluster as
29 the extreme positions covered by DHS peaks included in that cluster. Finally, we define each clus-
30 ter as accessible in a sample if we observe at least one DHS peak within its boundaries in that sample.
31

32 Both peak calling and MCL clustering are naive to sample labels, so we can test for evidence that
33 DHS clusters replicate in this analysis. We expect that DHS clusters representing true regulatory
a4 regions should be consistently accessible or unaccessible in replicate samples. We can thus calculate
35 a replication statistic for DHS cluster d as:

(p2n1 X (2pq)n2 X q2n3

Sd =-2xlIn
a™ x b2 x c"s

); S ~ X3

36 where ni is the number of cell types where DHS cluster d is active in both replicates; ngy is the
sz number of cell types where the cluster is active in only one of the two replicates; and ng is the
ss  number of cell types where the cluster is inactive in both replicates. For N = 56 tissues in our data
3 a=n1/N,b=mng/N and ¢ = ng/N. Further, if r is the number of samples where DHS cluster is
40 active, then p = /(2 x N), and ¢ is 1 — p. Note that we distinguish between the number of cell
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1 types (N = 56) and number of samples considered (2 x N = 112). We expect Sy to follow a x?
2 distribution, and selected DHS clusters passing a nominal significance threshold of pg < 0.05. To
3 assess if DHS clusters capture the majority of disease-relevant signal, we compared the proportion
« of disease heritability (h?g) explained by all DHS detected peaks in a tissue to that explained by the
s active DHS clusters we annotated®. For this we used genome-wide association summary statistics
s for MSH9 and IBDS.

8 Expression profile processing and analysis across REP tissues There are 8 Roadmap
s Epigenomics Project (REP) samples corresponding to 27 cell types profiled on the Affymetrix HuEx-
10 1 0-st-v2 exon array, which we downloaded as raw CEL files on 9/25/2013 from http://www.
11 |genboree.org/EdaccData/Current-Release/experiment-sample/Expression_Array/. We pro-
12 cessed these data using standard methods available from the BioConductor project®8. Briefly,
13 we filtered cross-hybridizing probesets, corrected background intensities with RMA and quantile
14 normalizated the remaining probeset intensities across samples. We then collapsed probesets to
15 transcript-level intensities, and mapped transcripts to genes using the current Gencode annotations
16 for human genes (version 12), removing any transcripts without a single exact match to a gene
17 annotation. We then identified the 22 tissues with matched DHS data, averaged measurements
18 over all replicates of each tissue, and quantile normalized the resulting dataset, comprising 13822
19 transcripts mapping to 13771 unique genelDs.

20

21 Credible interval mapping for Immunochip loci We obtained publicly available sum-
22 mary association statistics from case/control cohorts profiled on the Immunochip (Immunobase,
23 http://www.immunobase.org; accessed May 2015) for autoimmune thyroid disease (ATD)%?, celiac
24 disease (CEL)%), inflammatory bowel disease (IBD)*L, juvenile idiopathic arthritis (JIA)%4, mul-
25 tiple sclerosis (MS)%2, primary biliary cirrhosis (PBC)%3, psoriasis (PSO)“%, rheumatoid arthritis
26 (RA)“? and type 1 diabetes (T1D)4% (Table 1). For each of the nine diseases, we compiled a list
27 of genome-wide significant associations from the largest published GWASB#40S2ATA0M2M4TTAS - e
28 then pruned this list of lead SNPs to include only those that overlap densely genotyped regions of
20 Immunochip data and were present in the 1000 Genomes European ancestry cohorts®. We excluded
30 the Major Histocompatibility Complex (MHC) region on chromosome 6, where fine-mapping has
st been previously reported?’. As summary statistics for conditional associations are not available, we
32 limited our analyses to primary reported signals in each disease.

33

34 We identified credible interval SNPs explaining 99% of the posterior probability of association
s for the remaining lead SNPs*#4  For each lead SNP, we identified SNPs within 2Mb in linkage
ss disequilibrium 72 > 0.1 in the non-Finnish European 1000 Genomes reference panels®®. For each
a7 set S of these SNPs, we calculated posterior probabilities of association as

PP, = eX3/2) Z eXi/2
€S

ss Where X? is the Immunochip association chi-square test statistics of SNP i. We then selected the
39 smallest number of SNPs required to explain 99% of the posterior probability.
40
41 Calculating regulatory potential of disease loci We first overlapped credible interval (CI)
42 SNPs with our DHS clusters, then computed the posterior probability of association attributable
43 to each DHS cluster d as

Pd = Z PPS X Od(s)

seClIl
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1 where PPy is the posterior probability of association for SNP s. Oy4(s) is equal to one if SNP s is
2 located on DHS cluster d or the 100 bp flanking region each side of DHS cluster d, and it is zero
s otherwise. For SNPs overlapping two or more DHS clusters or their 100 bp flanking regions, we
4 divided its posterior probability PP; between those DHS clusters equally. We then calculated the
5 regulatory potential of each disease risk locus over all DHSs in the locus as

p=> pa

deD

6 where D is the set of all DHS clusters in the region.

8 Calculating posterior probabilities of association for each gene in a risk locus We
o identified all genes within 1Mb of the lead SNP for each locus, and for all DHS clusters with (pg >
10 0), computed the correlation between transcript levels and DHS accessibility across the 22 REP
11 tissues with a two—sided Wilcoxon rank sum test. To account for the correlation structure between
12 expression levels, we estimated the expected null empirically. We first decorrelate the matrix of
13 gene expression levels to (Wpc4) using PCA whitening, then use the Cholesky decomposition of
12 the covariance matrix (L) to obtain the expected null as G = L'Wpea (Supplementary Figures
15 11 and 12). For any given DHS cluster d, we computed the Wilcoxon rank sum test statistics
16 between d and all genes of G . This formed our null Wilcoxon rank sum test statistics (W]C\l,u”).
17 From this null, we computed empirical P-values of significance of correlation between DHS cluster
18 d and gene g as

2% (14 [Wiy > wyl + Wiy = wyl/2)

P, =
o L+ (Wil

19 Where wg is the Wilcoxon rank sum test statistics between DHS cluster d and gene g, and |.| denotes
20 the number of events satisfying the enclosed criterion. This formulation accounts for the two—sided
21 test. We used a permutation-based approach to assess the significance of the correlation between
22 DHS clusters and gene expression using a random set of 2000 genes from across the genome. We
23 correlated each random gene to each DHS cluster, and compared test genes against this expected
24 distribution of correlation coefficients to obtain an empirical P value (Supplementary Figure 12).
25

26 We next calculated the proportion of posterior probability of association transmitted from DHS

27 cluster d to gene g as
2 2 2
Bug = eXaal® |3 Mo/
Gi

2s  where X¢217 g; 18 the chi-squared test statistic corresponding to the empirical correlation P value for
29 DHS cluster d and gene g;. From this we computed the total posterior transmitted from DHS cluster
30 d to gene g as

Vd,g = Pd X Bdg

st For each gene, we then sum over all DHS clusters D to obtain the overall posterior probability of

32 association:
Yg = Z pd X /Bd,g
deD

ss In practice, if Py, > 0.25 we set 344 to zero to control noise from small values (Supplementary
s Figure 13)

35
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1 Enrichment of allele—specific accessibility, tissue specificity and functional class for
2 DHS clusters From Maurano et. al.?? we obtained a list of 64,597/362,284 SNPs across the
s genome associated to allele-specific DHS accessibility in heterozygous individuals at 5% FDR. For
4 each disease, we calculated if credible interval SNPs overlapping DHS are likelier to show allelic
5 imbalance than expected by chance using Fisher’s exact test. We also calculated this for all CI
6 SNPs from all diseases as a joint set. We found this enrichment to be consistent across minor allele
7 frequency bins (Supplementary Figure 14).

9 We used Fisher’s exact test to determine if DHS clusters harboring credible interval SNPs are
10 preferentially active in each tissue. For each tissue, we compare the proportion of active DHS
11 clusters to the genome—wide expectation of active DHS clusters in that tissue. We used the same
12 process to determine enrichment for functional categories defined by ChromHMM? | and identified
13 genomic functions of DHS clusters through overlapping them with annotated ChromHMM regions
14 (Supplementary Figure 5).
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Figure 1: evidence that disease risk is driven by perturbation to specific gene reg-
ulatory regions in 301 loci across nine autoimmune diseases. By integrating disease
association and DNse I hypersensitivity site (DHS) clusters in a posterior probability frame-
work, we find that 132/301 (44%) of loci have > 25% probability of risk being mediated by
variants on specific regulatory sequences (53/301, 18% have >50% probability). Our framework
is able to substantially resolve many autoimmune and inflammatory disease loci from (A) a
median of 822 DHS clusters to 4; and (B) from a median of 14 genes to 3. (C) A substantial
fraction of the total posterior probability of association in each locus (regulatory potential) local-
izes to DHS clusters; 132/301 (44%) have >25% regulatory potential, making them reasonable
candidate loci for regulatory effects. (D) This regulatory potential can be attributed to limited
number of genes in each locus. The genes with the most regulatory potential, shown here, often
account for the majority of signal in the locus making them the only plausible candidate for
disease causality in that region. (E) Credible interval variants that localize to DHS clusters are
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DHS clusters with high regulatory potential are preferentially accessible in immune cell types.


https://doi.org/10.1101/054361
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/054361; this version posted May 19, 2016. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

Posterior
I 0.77
0
CASQ2 SLC22A15 ATP1A1 IGSF3 PTGFRN  TRIM45
VANGLL  NHLH2 MAB21L3 CD58 cD2 TTF2 MAN1A2

Gene«{ VANGL1 H CASQ2 HSLCZZAlSH MAB21L3H ATP1A1 m CD2 H PTGFRN H TTF2 H MAN1A2 }»

DHS State
Absent
Present

o o o R o > e 9 A SR a
RS RS & 3 &S G IS &

o
%%

© A © O L
0<? Q{'I/ Q'D Q‘? Q‘h b§

Figure 2: Two DHS clusters identify changes to CD58 regulation as mediating mul-
tiple sclerosis risk on chromosome 1. (A) A strong association peak on chromosome 1
localizes to the CD58 locus. (B) Credible interval mapping identifies two DHS clusters explain-
ing a total of 98.8% of the posterior probability of association. (C) The accessibility of these
DHS clusters is correlated to expression levels of several genes in the region. By partitioning
the posterior probability of association attributable to each DHS cluster by the strength of this
correlation, we find that 48.2% can be attributed to CD58, with the next-highest scoring genes
MAB21L3 and CD2 being attributed 27.2% and 12% respectively. (D) Note that the correlation
between DHS1 accessibility and CD58 expression level is particularly strong across tissues.
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Figure 3: A locus on chromosome 6 harboring association to five diseases identifies
MDN1, not BACH2, as driving risk to autoimmune thyroid disease, multiple scle-
rosis and type 1 diabetes. Association to (A) autoimmune thyroid disease; (B) celiac diease;
(C) inflammatory bowel disease; (D) multiple sclerosis; and (E) type 1 diabetes localizes over the
coding region of BACH2. However, we can attribute the majority of regulatory potential to a
single DHS cluster (DHS12) in (A), (D) and (E), which is correlated to the expression of MDN1,
encoded > 500kb from the most associated variant. We find a much weaker correlation to BACH2
expression. In celiac disease, DHS12 receives the second—highest p in the locus, but GABBR2
receives a higher overall posterior (vappy1 = 0.074 and ygappr2 = 0.134, respectively). In
contrast, the strongest IBD posterior is attributed to DHS9, which implicates MAP3K?7. (F)
These differences are consistent with differing LD levels between the most associated SNPs for
each disease in the region.
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Dense Immunochip loci | Regulatory fine-mapping
1 ibl
Disease Genome-wide g cre.dlb € Posterioron  DHS (genes) | Posterior on DHS (genes)
significant SNPina e s 0.25 rioritized | DHS>0.5  prioritized
8 DHS cluster ' P ' P
Autoimmune thyr0|d g 6 5 6(5) 1 3(2)
disease
Celiac disease 31 28 14 68 (42) 3 13 (9)
Inflammatory bowel 125 97 48 263 (153) 24 101 (78)
disease
Juvenila |d|opat_h|_c 29 17 7 110 (19) 5 19 (6)
arthritis
Multiple sclerosis 54 48 23 177 (68) 8 56 (24)
Primary b|I|ar.y 15 12 1 3 (4) 0 0(0)
sclerosis
Psoriasis 24 19 9 64 (29) 2 5(6)
Rheumatoid arthritis 47 40 16 193 (43) 6 21(17)
Type 1 diabetes 45 34 12 62 (34) 7 29 (19)

Table 1: regulatory fine mapping resolves 132/301 loci to DHS clusters and 104/132 to single genes across nine
autoimmune and inflammatory diseases. We find a substantial proportion of the posterior probability of disease
association localizes to DHS clusters in 132/301 (44%) loci. In 104/132 (79%) of these we can prioritize a single gene
controlled by the risk-mediating DHS.
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Disease  Lead SNP® Chr Position > from lead ° attributable i prop
gene locus locus | SNPs on DHS regulatory potential attributable to gene)
SNP ¢ to DHS
Autoimmune
thyroid rs72928038 6 90,976,768 BACH2 29,693 742 695| 13 4 0.95 MDN1 (0.852), BACH2 (0.144)
disease
rs55743914 6 128,293,562 C6orf58 380,600 1,879  482| 3 3 0.994 RSPO3 (0.567), RNF146 (0.287)
o WTAP (0.302), GTF2H5 (0.232), SERAC1 (0.13),
Celiac disease  rs182429 6 159,469,574 TAGAP 3,390 1,602 893 | 4 3 0.968  Rb3'(0.192) PNLDC (0.117)
rs58911644 21 45,629,121 1COSLG 13,752 2,024 1,127 | 14 9 0.634  AP001053.11 (0.118), RRP1 (0.104)
rs3024505 1 206,939,904 IL10 1042 1395  712| 3 3 1 :kg((Eo(%“%szz (0.175), FCAMR (0.173),

BLOC1S2 (0.342), PKD2L1 (0.273), HPSE2
rs4409764 10 101,284,237 NKX2 8452 2,930 521 1 1 0.994 (0.229) (Y)V%“J%BM% 180 o 188, 005 (017
rs11230563 11 60,776,209 CD6 11,640 2,408  895| 1 1 0.994 7 (0 150) MSAA14 (0.15). SOHARD (0.144)
rs13300483 9 117,643,362 TNFSF8 21,761 1597  842| 7 5 0.981  TNC (0.539), AKNA (0.113)
rs7954567 12 6,491,125 LTBR 2,073 2279 865 3 1 0.943 ENO2 (0.249), LTBR (0.221)
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CDK19 (0.197), AMD1 (0.18), GTF3C6 (0.155),
rs3851228 6 111,848,191 TRAF3IP2 29465 2,117  940| 20 9 0.834 " Vit (0115) WISP3 (0103}
rs4728142 7 128,573,967 IRF5 4303 2539  768| 22 4 0.792 UBE2H (0.361), RBM28 (0.287), SND1 (0.28)
rs2111485 2 163,110,536 *FAP 10,491 883  440| 5 2 0.791  FAP (0.537), PSMD14 (0.253), GCG (0.204)

CBY1 (0.425), APOBEC3A (0.203), DDX17
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Inflammatory  r$1456896 7 50,304,461 IKZF1 39,916 4,787  622| 8 6 0.718  VWC2 (0.305), DDC (0.269), COBL (0.226)
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rs35667974 2 163,124,637 IFIH1 1,049 572 440 | 1 1 1 FAP (0.537), PSMD14 (0.254), GCG (0.209)
IKBKE (0.209), CR2 (0.189), IL19 (0.158),
rs3024505 1 206,939,904 IL10 1,042 1,188 712| 5 3 O8I o in o
rs61839660 10 6,094,697 IL2RA 9,591 2,037 858 | 5 2 0.891 IL15RA (0.33), UCN3 (0.237), CALML5 (0.111)
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Type 1

JYPel 1572928038 6 90,976,768 BACH2 20693 963 695| 30 4 0.857 MDN1 (0.847), BACH2 (0.151)
6518350 21 45621817 ICOSLG 21,066 2358 1,125| 15 6 0.729  AP001053.11 (0.148), RRP1 (0.132)
rs56994000 14 101,306,447 DLK1 104,908 2362 916| 8 2 0538 o \0-489), PPP2RSC (0.273), SLC25A4T
917911 12 9005851 *CLECL1 19,956 2282  515| 49 11 0505 CLECL1 (0.582), A2M (0.362)

Table 2: 53 risk loci with strong regulatory potential (p>0.5) in nine autoimmune diseases. We find that >50% of the posterior probability of association is
attributed to SNPs in DHS clusters in 53/301 risk loci. In 19/53, we can attribute the majority (> 50%) of the locus regulatory potential to a single gene. Cl:
credible interval13, CHR: chromosome; DHS: DNase | hypersensitivity cluster. (a) We define loci as a 2Mb window around the lead SNP, which are (b) associated
to disease risk at genome-wide significance in a large meta-analysis, overlap a densely genotyped region of the Immunochip, and are not in the Major
Histocompatibility Locus. (c) distance measured between lead SNP and closest gene boundary. Stars indicate genes to which we attribute the highest posterior
probability of association. Results for all loci are shown in Supplementary Table 2.
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Concordance Discordance Jaccard Coefficient
Most Associated SNPs 6 45 0.12
ClI SNPs (mean) 6.8 31.16 0.21
Prioritized Cl SNPs (mean) 2.2 9.47 0.25
rioritized DHS Clusters (mean) 247 8.51 0.27
Prioritized Genes 16 35 0.31

Table 3: regulatory fine-mapping resolves associations to multiple diseases in the same
loci. When different diseases are associated to the same locus, we find that lead SNPs
are often different, credible interval sets and DHS clusters within those sets overlap to a
greater extent, and regulatory fine mapping prioritizes the same genes across diseases.
Thus, identifying risk-mediating genes partially overcomes the limited resolution of fine-
mapping due to linkage disequilibrium.
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