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over loci shown for 9 AID).

Identifying specific regulatory elements driving risk to the disease, and the
genes that they control: We called any DHS cluster harboring a CI SNP (⇢d > 0) a
pathogenic DHS cluster. For each lead SNP, we defined a 2 Mbp region centered on it,
and identified all pathogenic DHS clusters and genes overlapping the region using intersect
function of BEDTools [45]. We reasoned that if a DHS cluster controls expression of a gene,
its presence/absence should be correlated to the expression of the target gene over matched
samples. We therefore, measured P value of correlation between all pairs of pathogenic DHS
clusters and genes in the locus using paired expression and DHS data over 22 cell types from
Roadmap Epigenome Project (see supplementary materials), and asked whether expression
of any gene in the locus changed conditional on presence of a pathogenic DHS cluster.

We converted P values of correlation to chi-square test statistics as an intermediate step
required to measure posterior of association transmitted from a pathogenic DHS cluster
to a gene. As shown in Supplementary Figure 4, P values of correlation follow a uniform
distribution; therefore, this conversion is valid. We showed the proportion of association
posterior transmitted from DHS cluster d to Gene g by �d,g, and computed it using the
following formula.

�d,g = e�
2
d,g/2 /

X

gi

e�
2
d,gi

/2

where �2
d,gi

is correlation chi-squared test statistics between DHS cluster d and Gene gi.
The genes with low correlations to a DHS cluster (equivalent to low �d,g) introduce noise
to the calculations; therefore, their corresponding �d,g need to be zeroed out to avoid this
e↵ect. However, we first needed to decide on a reasonable cut-o↵ threshold for �d,g. In
Supplementary Figure 5, we plotted sorted �d,g values (before zero-ing out). The blue vertical
line separates 25% top �d,g values from the rest. As shown in this figure, after this cut-o↵
value, the �d,g curve remains almost flat with small values. This cut-o↵ value is equivalent
to the gene-DHS cluster correlation P value of 0.25. Given this, we assigned 0 to �d,g if
Pd,g > 0.25. If a DHS cluster had zero �d,g values for all genes in the region, it was considered
to be not correlated to any gene in the region and it was removed from downstream analysis.
For each remaining DHS cluster d in the locus, we identified all genes with Pd,g  0.25, and
put them in set Gd. We updated our formula for calculating �d,g as follows.

�d,g =

(
e�

2
d,g/2 /

P
gi2Gd

e�
2
d,gi

/2 if g 2 Gd

0 otherwise

We computed the total posterior of association transmitted from DHS cluster d to Gene
g (shown as �d,g) by multiplying its posterior of association (⇢d) and the proportion of
transmitted association posterior (�d,g). That is,

�d,g = ⇢d ⇥ �d,g

By summing �d,g over all pathogenic DHS clusters, we computed overall posterior probability
of association attributable to each gene (�g) in the region. That is,

�g =
X

d2D

⇢d ⇥ �d,g
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computed posterior probability of association of each SNP in set S as

PPs = e�2
s/2/

X

i2S

e�2
i /2

where �2
i is the association chi-square test statistics of SNP i calculated by converting as-

sociation P value from Immunochip data into chi-square test statistics. We sorted SNPs by
their posterior probability values (i.e. PPs) and selected the n top SNPs with the highest as-
sociation posteriors such that

P
s=1..n PPs � 0.99 and

P
s=1..(n�1) PPs < 0.99. The selected

n top SNPs formed our 99% credible interval set for the risk locus of interest.

Estimating regulatory potential of disease loci: In order to identify pathogenic
regulatory elements, we overlapped credible interval (CI) SNPs with our DHS clusters using
the intersect function of BedTools software suite [49]. We computed posterior probability of
association attributable to each DHS cluster d as the sum of per-SNP posteriors over all CI
SNPs overlapping the DHS. That is,

⇢d =
X

s2CI

PPs ⇥ Od(s)

where PPs is the posterior probability of association for SNP s. Od(s) is equal to one if SNP
s is located on DHS cluster d or the 100 bp flanking region each side of DHS cluster d, and it
is zero otherwise. If one SNP overlapped two or more DHS clusters or their 100 bp flanking
regions, then we split its posterior probability PPs between those DHS clusters equally.

We measured regulatory potential of each disease risk locus by summing per-DHS pos-
teriors over all DHSs in the locus. That is,

⇢ =
X

d2D

⇢d

where D is the set of all DHS clusters in the region, and ⇢ represents overall posterior prob-
ability of association attributable to all DHS clusters in the region. We used ⇢ to rank risk
loci and to identify candidate loci for regulatory e↵ects (See Figure X for distribution of ⇢
over loci shown for 9 AID).

Identifying specific regulatory elements driving risk to the disease, and the
genes that they control: We adopted the following approach to identifying specific regu-
latory elements driving risk to the disease, and the genes that they control. We called any
DHS cluster harboring a CI SNP (⇢d > 0) a pathogenic DHS cluster. For each lead SNP,
we identified all pathogenic DHS clusters and genes overlapping the 2 Mbp region around it
using the intersect function of BEDTools [49].

We then reasoned that if a DHS cluster controls expression of a gene, its presence should
be correlated to the increased expression of the target gene. We therefore measured the
P value of correlation between all pairs of pathogenic DHS clusters and genes in the locus
using paired expression and DHS data over 22 cell types from Roadmap Epigenome Project.
In order to compute P value of correlation, we used two-sided Wilcoxon rank sum test
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and adjusted for the correlation structure in the gene expression data (see supplementary
materials for more details).

We converted P values of correlation to chi-square test statistics as an intermediate step
required to measure posterior of association transmitted from a pathogenic DHS cluster to
a gene. As shown in Supplementary Figure 7 34, P values of correlation follow a uniform
distribution; therefore, this conversion is valid. We showed the proportion of association
posterior transmitted from DHS cluster d to gene g by �d,g, and computed it using the
following formula.

�d,g = e�2
d,g/2 /

X

gi

e�2
d,gi

/2

where �2
d,gi

is correlation chi-squared test statistics between DHS cluster d and gene gi. In
the above formula, genes with no correlations to DHS cluster d get non-zero low �d,g values;
however, in order to compute �d,g of the correlated genes with higher accuracy, �d,g of non-
correlated genes should be set zero. To decide on a reasonable cut-o↵ threshold for �d,g, we
considered �d,g of all pairs of pathogenic DHS cluster and genes in all loci, and sorted them
in a decreasing order (See supplementary figure 8, in which the blue vertical line separates
25% top �d,g values from the rest). As shown in this figure, after this cut-o↵ value, the �d,g

curve is flat. This cut-o↵ value is equivalent to the gene-DHS cluster correlation P value of
0.25. We therefore assigned 0 to �d,g if Pd,g > 0.25. If a DHS cluster had zero �d,g values for
all genes in the region, it was considered to be not correlated to any gene in the region and
it was removed from downstream analysis. For each remaining DHS cluster d in the locus,
we identified all genes with Pd,g  0.25, and put them in set Gd. 35

We updated our formula for calculating �d,g as follows.

�d,g =

(
e�2

d,g/2 /
P

gi2Gd
e�2

d,gi
/2 if g 2 Gd

0 otherwise

We computed the total posterior of association transmitted from DHS cluster d to gene
g (shown as �d,g) by multiplying its posterior of association (⇢d) and the proportion of
transmitted association posterior (�d,g). That is,

�d,g = ⇢d ⇥ �d,g

By summing �d,g over all pathogenic DHS clusters, we computed overall posterior probability
of association attributable to each gene (�g) in the region. That is,

�g =
X

d2D

⇢d ⇥ �d,g

where D is the set of all pathogenic DHS clusters in the region. We used �g to prioritize
genes in the disease risk locus. The higher �g, the higher per-gene posterior of association,

34DONE: Comment for Chris: Please take a look at the figure. My question is that, should we generate
the same figure for all traits?

35Comment to Parisa: Edit this paragraph again.
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computed posterior probability of association of each SNP in set S as

PPs = e�2
s/2/

X

i2S

e�2
i /2

where �2
i is the association chi-square test statistics of SNP i calculated by converting as-

sociation P value from Immunochip data into chi-square test statistics. We sorted SNPs by
their posterior probability values (i.e. PPs) and selected the n top SNPs with the highest as-
sociation posteriors such that

P
s=1..n PPs � 0.99 and

P
s=1..(n�1) PPs < 0.99. The selected

n top SNPs formed our 99% credible interval set for the risk locus of interest.

Estimating regulatory potential of disease loci: In order to identify pathogenic
regulatory elements, we overlapped credible interval (CI) SNPs with our DHS clusters using
the intersect function of BedTools software suite [49]. We computed posterior probability of
association attributable to each DHS cluster d as the sum of per-SNP posteriors over all CI
SNPs overlapping the DHS. That is,

⇢d =
X

s2CI

PPs ⇥ Od(s)

where PPs is the posterior probability of association for SNP s. Od(s) is equal to one if SNP
s is located on DHS cluster d or the 100 bp flanking region each side of DHS cluster d, and it
is zero otherwise. If one SNP overlapped two or more DHS clusters or their 100 bp flanking
regions, then we split its posterior probability PPs between those DHS clusters equally.

We measured regulatory potential of each disease risk locus by summing per-DHS pos-
teriors over all DHSs in the locus. That is,

⇢ =
X

d2D

⇢d

where D is the set of all DHS clusters in the region, and ⇢ represents overall posterior prob-
ability of association attributable to all DHS clusters in the region. We used ⇢ to rank risk
loci and to identify candidate loci for regulatory e↵ects (See Figure X for distribution of ⇢
over loci shown for 9 AID).

Identifying specific regulatory elements driving risk to the disease, and the
genes that they control: We adopted the following approach to identifying specific regu-
latory elements driving risk to the disease, and the genes that they control. We called any
DHS cluster harboring a CI SNP (⇢d > 0) a pathogenic DHS cluster. For each lead SNP,
we identified all pathogenic DHS clusters and genes overlapping the 2 Mbp region around it
using the intersect function of BEDTools [49].

We then reasoned that if a DHS cluster controls expression of a gene, its presence should
be correlated to the increased expression of the target gene. We therefore measured the
P value of correlation between all pairs of pathogenic DHS clusters and genes in the locus
using paired expression and DHS data over 22 cell types from Roadmap Epigenome Project.
In order to compute P value of correlation, we used two-sided Wilcoxon rank sum test
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1,079,138/1,994,675 clusters 
(~54%) pass QC 

 
8% of genome (cf. 14% all peaks) 
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Concordance Discordance Jaccard Coefficient 

Most Associated SNPs 6 45 0.12 

CI SNPs (mean) 6.8 31.16 0.21 

Prioritized CI SNPs (mean) 2.2 9.47 0.25 

Prioritized DHS Clusters (mean) 2.47 8.51 0.27 

Prioritized Genes 16 35 0.31 



Concordance Discordance Jaccard Coefficient 

Most Associated SNPs 6 45 0.12 

CI SNPs (mean) 6.8 31.16 0.21 

Prioritized CI SNPs (mean) 2.2 9.47 0.25 

Prioritized DHS Clusters (mean) 2.47 8.51 0.27 

Prioritized Genes 16 35 0.31 

Fisher’s exact test P = 0.001 




