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Abstract

We previously identified five single nucleotide polymorphisms (SNPs) at four susceptibility loci for diffuse large B-cell
lymphoma (DLBCL) in individuals of European ancestry through a large genome-wide association study (GWAS). To further
elucidate genetic susceptibility to DLBCL, we sought to validate two loci at 3q13.33 and 3p24.1 that were suggestive in the
original GWAS with additional genotyping. In the meta-analysis (5662 cases and 9237 controls) of the four original GWAS
discovery scans and three replication studies, the 3q13.33 locus (rs9831894; minor allele frequency [MAF] = 0.40) was
associated with DLBCL risk [odds ratio (OR) = 0.83, P = 3.62 × 10−13]. rs9831894 is in linkage disequilibrium (LD) with
additional variants that are part of a super-enhancer that physically interacts with promoters of CD86 and ILDR1. In the
meta-analysis (5510 cases and 12 817 controls) of the four GWAS discovery scans and four replication studies, the 3p24.1
locus (rs6773363; MAF = 0.45) was also associated with DLBCL risk (OR = 1.20, P = 2.31 × 10−12). This SNP is 29 426-bp
upstream of the nearest gene EOMES and in LD with additional SNPs that are part of a highly lineage-specific and
tumor-acquired super-enhancer that shows long-range interaction with AZI2 promoter. These loci provide additional
evidence for the role of immune function in the etiology of DLBCL, the most common lymphoma subtype.

Introduction

With an aggressive clinical course, diffuse large B-cell lymphoma
(DLBCL) is the most common non-Hodgkin lymphoma (NHL)
subtype, accounting for ∼ 30% of adult NHL (1,2). Family his-
tory of lymphoma has been consistently associated with risk
of developing lymphoma (3), and in a large pooled study from
the International Lymphoma Epidemiology Consortium (Inter-
Lymph), risk of DLBCL was associated with a family history of
both NHL [odds ratio (OR) = 1.8, 95% confidence intervals (CI)
1.5–2.3] and Hodgkin lymphoma (OR = 2.1, 95%CI 1.4–3.2) (4). In a
population-based registry study, first-degree relatives of DLBCL
cases had a 9.8-fold (95%CI 3.1–31) increased risk of DLBCL (5).

In the first genome-wide association study (GWAS) of DLBCL
of European ancestry, we identified (6) five independent single
nucleotide polymorphisms (SNPs) in four loci at 6p25.3 (EXOC2),
6p21.33 (HLA-B), 2p23.3 (NCOA1) and 8q24.21 (near PVT1 and
MYC). Three of these SNPs (6p25.3, 6p21.33 and 8q24.21) were
also significantly associated with DLBCL in an East Asian pop-
ulation (7). We estimate that common SNPs, both established
and unknown, are likely to explain ∼ 16% of the variance in
DLBCL risk (6). To further elucidate genetic susceptibility to
DLBCL, we sought to validate two loci at 3q13.33 and 3p24.1
that were suggestive in our original GWAS (6). Based on in silico
bioinformatics analysis, both were confirmed as DLBCL risk loci
tagged by rs9831894 and rs6773363, respectively. These two risk
loci were located at super-enhancers that physically interacted
with genes involved in immune response.

Results

In a meta-analysis of the four original GWAS scans, rs9831894
(minor allele frequency [MAF] = 0.40) at 3q13.33 was associated
with DLBCL risk (OR = 0.84, P = 4.52 × 10−9). The SNP replicated
in an independent set of cases and controls (OR = 0.80,
P = 4.17 × 10−5) with the combined discovery and replication

showing an inverse association with DLBCL risk (OR = 0.83,
P = 3.62 × 10−13) (Table 1).

In eQTL analyses with GTEx data, compared to the reference
alleles, alternative alleles at sentinel SNP rs9831894 and three
linked SNPs were associated with increased CD86 expression
in the testis, but no association was detected in the HapMap
lymphoblastoid cell lines (Supplementary Table S1). We used
the R package coloc to perform the colocalization analysis of
GWAS signals and GTEx eQTL signals in testis, which provided
strong evidence for a shared causal variant (posterior probability
PP.H4 = 0.996) underlying the association with both DLBCL risk
and CD86 expression variation at this locus.

To identify the potential causal variants at the 3q13.33 locus,
we intersected rs9831894 and the variant rs28876421 in linkage
disequilibrium (LD, r2 ≥ 0.5) with publicly available epigenetic
data generated by chromatin immunoprecipitation sequencing
(ChIP-seq), DNase I digestion and sequencing (DNase-seq) and
transposase-accessible chromatin using sequencing (ATAC-seq).
While rs28876421 showed no overlap with the epigenetic marks,
rs9831894 overlapped epigenetic marks in multiple samples, in
a super-enhancer identified in lymphoblastoid cell lines, DLBCL
and high-grade B-cell lymphoma (Fig. 1, Supplementary Fig. S1).
The enhancer spanning GWAS SNP rs9831894 resided in an
open chromatin region in GM12878 with DNase-seq/ATAC-seq
signal and showed binding of 24 TFs in GM12878 (Supplemen-
tary Fig. S1) and two TFs [IRF4 and its cofactor basic leucine
zipper ATF-like transcription factor (BATF)] in DLBCL cell lines
(Supplementary Fig. S1). IRF4 and BATF are known to play a role
in transcriptional regulation of activated B-cell-like DLBCL (8,9).
The alternative C allele at rs9831894 was predicted to disrupt
CBX5 and MYBL2 binding motif (Supplementary Fig. S2).

Active enhancers can transcribe unstable nontranscripts,
namely enhancer RNAs (eRNAs) that are believed to play a role
in mediating enhancer-promoter interaction. To find evidence
for the activity of this super-enhancer, we used a catalogue

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz228#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz228#supplementary-data
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Figure 1. Regional association plot and epigenetic features of rs9831894 at independent loci associated with the risk of diffuse large B-cell lymphoma (DLBCL). At the

top of the figure is the regional association plot of rs9831894; −log10 association P-values from the discovery log-additive genetic model for all SNPs in the region (dots

and triangles). The lead SNPs are shown in purple. Recombination rates estimated from 1000 Genomes are plotted in blue. The SNPs surrounding the most significant

SNP are color coded to reflect their correlation with that SNP. Pairwise r2 values are from 1000 Genomes European data. Locations of recombination hotspots are

depicted by peaks corresponding to the rate of recombination (blue vertical lines). The rest of figure shows the epigenetic features: Epigenetic features at the 3q13.33

risk locus. Tag SNP rs9831894 (red arrow) has only one linked variant (r2 ≥ 0.5). The GWAS SNP rs9831894 is in a super-enhancer in DLBCL patient biopsies. The region

spanning rs9831894 (highlighted in green) showed looping interactions with the promoters of CD86 and ILDR1.

of 43 011 putative transcriptional enhancers supported by the
FANTOM cap analysis of gene expression data (10). The analysis
identified eRNAs transcribed from a 212-bp region (121800469–
121 800 680 bp) within the super-enhancer that covers the GWAS
sentinel SNP rs9831894 (at 121800487 bp) in both B and T cells.
This enhancer was also found to transcribe in GM12878 (11).
In GM12878, this enhancer, like the ILDR1 and CD86 promoter

it interacts with (see below), showed the binding of RNA
polymerase II (RNAPII), P300, RAD21, MED1 and multiple TFs,
as typically seen for a transcribed enhancer. Collectively, our

analysis revealed the possible mechanistic roles of rs9831894
and in the etiology of DLBCL. Finally, we used three chromatin
interaction datasets to infer the target gene(s) for the super-
enhancer, including promoter capture Hi-C (CHi-C) data in
17 primary blood cell types, Hi-C and chromatin interaction
analysis by paired-end tag sequencing (ChIA-PET) with RNAPII
data in GM12878. Within the super-enhancer, the rs9831894-
carrying-enhancer region interacted with the promoters of
CD86 and immunoglobulin-like domain containing receptor 1
(ILDR1), which was supported by ChIA-PET (six supporting read
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Figure 2. Regional association plot and epigenetic features of rs6773363 at independent loci associated with the risk of diffuse large B cell lymphoma (DLBCL). At the top

of the figure is the regional association plot of rs6773363; −log10 association P-values from the discovery log-additive genetic model for all SNPs in the region (dots and

triangles). The lead SNPs are shown in purple. Recombination rates estimated from 1000 genomes are plotted in blue. The SNPs surrounding the most significant SNP

are color-coded to reflect their correlation with that SNP. Pairwise r2 values are from 1000 Genomes European data. Locations of recombination hotspots are depicted by

peaks corresponding to the rate of recombination (blue vertical lines). The rest of figure shows the epigenetic features: Epigenetic features at the 3p24.1 risk locus. This

74 961-bp risk locus contains 51 variants (r2 ≥ 0.5), with red arrow indicating the tag SNP rs6773363. For simplicity, only 25 of the variants were displayed (bottom panel).

Four variants (highlighted in green, r2 > 0.7) overlapped an 11.6-kb super-enhancer in DLBCL. The 2.3-kb region spanning the four SNPs physically interacted with AZI2.

Promoter, which was identified by Hi-C in GM12878 and by CHi-C in 15 blood cell types, including activated total CD4+, erythroblasts, fetal thymus, macrophages M0,

macrophages M1, macrophages M2, megakaryocytes, monocytes, naïve CD4+, naïve CD8+, naïve B, nonactivated total CD4+, total CD4+, total CD8+ and total B cells.

In addition, rs3806624 (highlighted in light blue), located 417 bp upstream of the transcription start site of EOMES, is in the edge of the super-enhancer with lower levels

of H3K27ac.

pairs) and Hi-C data (false discovery rate [FDR]= 7.51 × 10−4)
(Fig. 1).

In the meta-analysis of the original discovery GWAS scans,
rs6773363 (MAF = 0.45) at 3p24.1 showed a suggestive (but not
genome-wide significant) association with DLBCL risk (OR = 1.17,
P = 3.68 × 10−7). The SNP replicated in an independent set of

cases and controls (OR = 1.27, P = 3.78 × 10−7) with the combined
discovery and replication showing a genome-wide significant
positive association with DLBCL risk (OR = 1.20, P = 2.31 × 10−12)
(Table 1).

In eQTL analyses, rs6773363 alleles were not associated with
gene expression in the HapMap lymphoblastoid cell lines or
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other tissues (Supplementary Table S1). Using two additional
lists of eQTLs identified in whole blood (12,13), we identified the
linked SNP rs12497690 (the last SNP shown in Fig. 2) as an eQTL
association with EOMES expression (P = 1.16 × 10−9). Located
within an intergenic region, rs12497690 overlapped none of the
epigenetic marks. At 3p24.1, 43 of the 49 correlated variants
(r2 ≥ 0.5) starting from rs34269949, including tag SNP rs6773363,
did not overlap any of the active marks in B-cells and DLBCL
(Supplementary Fig. S3). Four (rs2371108, rs2371109, rs2887944
and rs9866625) with r2 > 0.7 with rs6773363 lie in an 11.6-kb
super-enhancer with extensive H3K27ac occupancy (Fig. 2). This
super-enhancer was identified in biopsies from DLBCL (14), high-
grade B-cell lymphoma (15), mantle cell lymphoma (15,16) and
small lymphocytic lymphoma patients (15), although generally
less enriched with H3K27ac in the latter two (Fig. 2, Supplemen-
tary Fig. S3), but depleted in the sorted malignant B cells (CD19+)
from nine follicular lymphoma patient lymph node biopsies (17)
(data not shown). In addition, none of the 11 DLBCL cell lines
(14 datasets) and only one of the nine mantle cell lymphoma
cell lines (JVM2) had the super-enhancer. The presence of this
super-enhancer in the patient biopsies but not in cell lines is
not unexpected, as long-term cell culturing is known to alter the
epigenome (18,19).

To better understand the chromatin dynamics in this region,
we examined the 127 reference epigenomes, of which 98 had
H3K27ac data (20), a catalog of super-enhancers identified in
86 tissue and cell types (21), and H3K27ac profiles from 19
lymphoblastoid cell lines and seven primary B-cell samples.
Only H1 BMP4-derived mesendoderm cultured cells (EID: E004)
and primary natural killer cells from peripheral blood (E046)
showed this super-enhancer. Rather, in the 127 epigenomes, 99
had a broad H3K27me3 signal extending over 10–26.6 kb (e.g.
CD14+ monocyte reference E124), often forming two distinct
subdomains (up to 3.6 and 4.1 kb in size) together with H3K4me1,
H3K4me3 or both. These analyses suggested the presence of
an activated, poised or repressed chromatin state in this broad
region depending on cell type. For example, the primary B-
cells are in a poised chromatin state within the two subdo-
mains, showing DNase-seq signal, H3K4me1/3 and H3K27me3,
and in a repressed state elsewhere with H3K27me3 alone. There-
fore, this super-enhancer is highly lineage-specific and tumor-
acquired, reflecting a phenomenon observed in many other
cancer types.

Using ATAC-seq data from 14 blood cell types (22), we found
that SNP rs2371108 is located within an open chromatin region
in nine blood cell types (Supplementary Fig. S4). The alternative
T allele at this SNP was predicted to disrupt the binding motifs
for six TFs, including FOX3, GLI1, KLF3, PKNX2, ZIC1 and ZIC3
(Supplementary Fig. S4).

Lastly, we used Hi-C data in GM12878 and CHi-C data from
17 blood cell types to identify the potential target gene(s) for
the 2.3-kb region that represents part of the super-enhancer in
DLBCL and harbors the four linked SNPs with r2 > 0.7 (high-
lighted in green, Fig. 2). The strongest long-range interactions
were revealed with the region covering the promoters of 5-
azacytidine induced 2 (AZI2) and ZCWPW2 located ∼ 630 kb away
in GM12878 (supported by 40 pairs of reads, FDR = 0) and in 15
of the 17 blood cell types (CHiCAGO scores = 5.3–22.9, except
neutrophils and endothelial precursors), most notably in total
B, naive B and all six types of T cells. To support the inferred
physical interaction, CHi-C data from both GM12878 and Jurkat
cell lines suggested the interaction between the same enhancer
region harboring rheumatoid arthritis associated SNPs with the
promoter of AZI2 (23). AZI2 is involved in the activation of the NF-

κB signaling pathway (24). GWAS SNP rs6773363 is also in LD with
rs3806624 (r2 = 0.94), which is located −417 bp upstream of the
transcription start site of eomesodermin (EOMES), an autoim-
mune disease-associated transcription factor. SNP rs3806624 is
located in an open chromatin region in hematopoietic stem cell
(Supplementary Fig. S4). As indicated by the ChromHMM profile,
rs3806624 overlaps a bivalent enhancer in B-cells enriched with
H3K4me1/3 and H3K27me3; it also overlaps the super-enhancer
in some of the DLBCL and high-grade B-cell lymphoma patients
that shows interaction with the promoter of AZI2. Finally, we cal-
culated the enrichment of DLBCL SNPs in H3K27ac peaks across
different cell types, which indicates that DLBCL risk variants are
enriched in enhancers from DLBCL patients, H1 BMP4-derived
mesendoderm and three types of blood cells (CD3+, CD4+ and
CD56+) (P < 0.01, Supplementary Fig. S5).

Discussion

GWAS-identified risk variants are highly enriched in gene
regulatory regions, particularly within enhancers, of disease-
relevant cell types (21,25). The molecular mechanisms by which
they perturb target gene expression often involve alteration of TF
recruitment, enhancer-promoter looping interaction and higher
order chromatin structure (26,27). In this large meta-analysis,
we were able to identify two novel SNPs that are associated
with DLBCL risk. At both risk loci, we mapped the candidate
casual variants to lineage-restricted super-enhancers that
showed long-range interactions with genes involved in immune
response. The rs9831894-defined risk locus at 3q13.33 interacted
with CD86 and ILDR1. CD86 is a member of the immunoglobulin
superfamily that encodes a type I membrane protein, is
expressed by antigen-presenting cells and is the ligand for
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and CD28
antigen, two proteins at the cell surface of T-cells. Binding of
CD86 with CTLA-4 negatively regulates T-cell activation and
diminishes the immune response, while binding of CD86 with
CD28 antigen is a costimulatory signal for activation of T-cells
(28,29). Costimulation through CD86 can lead to proliferation
and secretion of antibodies that may help lymphomas to
evade immune surveillance (30). Moreover, stimulation through
CD86 can modulate the humoral response by transducing
positive and negative signals in B-cells, which may control the
progression of B-cell lymphomas (30). Loss of CD86 expression
in DLBCL samples has been associated with decreased tumor-
infiltrating lymphocytes and subsequently shorter relapse-free
survival (31).

The rs67733633-tagged risk locus 3p24.1 resides near EOMES
and interacts with AZI2. EOMES is a member of the T-box gene
family (32), and is a key regulator in cell-mediated immunity
and CD8+ T-cell differentiation, which is involved in defense
against viral infections (33). Inherited lymphoproliferative dis-
orders associated with autoimmunity have demonstrated that
EOMES is crucial for lymphoproliferation due to Fas-deficiency
(34–36). Extranodal natural killer/T (NK/T)-cell and peripheral
T-cell lymphomas have shown overexpression of EOMES (37).
EOMES was also found to be differentially methylated in specific
cell lineages and stages of hematopoietic cascade, whose expres-
sion was inversely correlated with methylation of 5′ untrans-
lated region, suggesting that this gene is also regulated by DNA
methylation (38). Aberrant methylation of transcription factor
genes, such as EOMES, is frequently observed in DLBCL and
might have a functional role during tumorigenesis (38). AZI2
contributes to the activation of NF-κB signaling pathway and
antiviral innate immunity. Interestingly, this DLBCL risk locus

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz228#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz228#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz228#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz228#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz228#supplementary-data
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also harbors SNPs associated with another two B-cell malig-
nancies, chronic lymphocytic leukemia (rs9880772, r2 = 0.90)
and Hodgkin lymphoma (rs3806624, r2 = 0.91) (39), and with
rheumatoid arthritis (rs3806624, r2 = 0.91) (23). The regulatory
SNPs are predicted to target EOMES and AZI2 promoter in these
diseases. The identification of pleiotropic risk locus suggests
a shared genetic susceptibility at 3p24.1 and common gene
targets involved in immune response and risk of several B-cell
malignancies and rheumatoid arthritis.

We identified two or more candidate regulatory variants at
each of the two risk loci. The establishment of disease causality
at single variant level has been particularly challenging (40).
Further work is needed to verify which of the linked regulatory
variants are causal in DLBCL, for example, by examining allele-
specific protein binding/histone modifications or by sequen-
tially deleting the enhancer region via CRISPR/Cas9 systems
(26,41). Future studies in DLBCL also need to consider molecular
subtypes, such as cell of origin. In summary, in this follow-up
analysis of our initial GWAS, we have identified two additional
loci associated with risk of DLBCL. In particular, we identified
key immune-related genes targeted by the two risk loci and the
binding of several immune-related TFs to the super-enhancer
at 3q13.33 locus. These loci provide additional evidence for the
role of dysregulation of immune function in susceptibility to
DLBCL.

Materials and Methods

This analysis builds off a previously published GWAS (6).
Briefly, the prior GWAS study consisted of four scans (3857
cases and 7666 controls) of European ancestry conducted on
different genotyping platforms (Supplementary Table S2). We
imputed common SNPs for each study on the basis of 1000
Genomes Project release version 3 using IMPUTE2, conducted
a meta-analysis, followed by additional genotyping of nine
promising SNPs in 1359 cases and 4557 controls. Each genotyping
array underwent rigorous quality-control metrics as previously
detailed (6).

rs9831894 was the most significant SNP at the 3q13.33 locus
(P = 4.52 × 10−9); however, the SNP failed design with Taqman
and was unable to be analyzed in the replication stage. Here, we
were able to genotype this SNP using the Sequenom platform
on an independent set of 1806 DLBCL cases and 1571 controls
from studies at Mayo Clinic, MD Anderson, and Memorial Sloan
Kettering (Supplementary Fig. S6). For the 3p24.1 locus, rs6773363
failed to be replicated in the original study; however, we later
found that this was due to an analytic coding error in one of
the four replication studies, where the reference allele and risk
allele were switched. Here, we corrected the error and conducted
genotyping on an additional 659 DLBCL cases and 1059 controls
from the Mayo Clinic, enlarging the sample size of the indepen-
dent replication to 1656 cases and 5154 controls (Supplementary
Table S3, Supplementary Fig. S6).

Logistic regression was used to estimate ORs, using the addi-
tive model and adjusting for age and gender (and significant
eigenvectors in the discovery set). Meta-analysis of the discovery
and replication was conducted using the fixed-effects inverse
variance method based on the β estimates and standard errors
from each study.

To understand the possible functional roles of the two risk
loci, we performed in silico analyses of lists of eQTL data from
GTEx release V7 (42), and two additional lists of eQTLs identified
by RNA-seq of whole blood. The first list is from 463 cases
of major depressive disorder and 459 healthy individuals of

European ancestry (12). The case/control structure introduces no
noticeable bias in eQTL detection. The second list is from 2116
healthy adults in four Dutch cohorts (13). To understand whether
a single casual variant exists at the 3q13.33 risk locus, we per-
formed colocalization analysis of GWAS summary statistics and
GTEx eQTL signals using the coloc.abf function in the R package
coloc (43). This function uses Bayes test to estimate the posterior
probability (PP.H4) of a shared casual variant associated with the
two traits. We included the common variants between GWAS and
CD86 eQTLs within the 400-kb region centered on the tag SNP
rs9831894 in the test. PP.H4 ≥ 0.8 was considered significant (43).
We also analyzed chromatin accessibility, chromatin interaction
and ChIP-seq data (Supplemental Table S4, more details below).

We extracted 48 and 1 variants from the 1000 Genomes
Project phase 3 release (r2 ≥ 0.5, EUR ethnic group) that were in
LD with rs6773363 and rs9831894, respectively. A majority (92.2%)
of the variants were in intergenic regions, with the remainder
in introns or three prime untranslated regions, suggesting that
their roles in the etiology of DLBCL are likely regulatory. To
test this hypothesis, we examined the overlap between the 51
variants and a collection of publicly available DNase-seq, ATAC-
seq and ChIP-seq data and further identified the potential target
genes using chromatin interaction data from Hi-C, CHi-C and
ChIA-PET with RNAPII.

Chromatin accessibility and ChIP-seq data in lymphoblastoid
cell lines, primary B-cells, and five types of B-cell lymphomas
(Supplemental Table S4), ATAC-seq data for 14 blood cell types
from healthy donors, as well as the 127 reference epigenomes
were obtained from publicly available data. For histone
modifications, we focused on those that preferentially occur in
promoters (H3 lysine 4 trimethylation, H3K4me3), enhancers (H3
lysine 4 monomethylation and lysine 27 acetylation, H3K4me1
and H3K27ac) or repressed regions (H3 lysine 27 trimethylation,
H3K27me3). The 127 reference epigenome data were generated
by the Roadmap and ENCODE epigenomics projects (20,44)
and downloaded from http://egg2.wustl.edu/roadmap/data/
byFileType. GM12878 DNase-seq data and ChIP-seq data for the
four histone modifications, chromatin regulators (CHD1, CHD2
and EP300), as well as for 74 TFs and DNA-binding proteins,
were from the ENCODE project (44), which are available at
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/.
GM12878 ATAC-seq data (GSM1155959) was from Buenrostro
et al. (45). In addition, H3K4me1, H3K4me3 and H3K27ac ChIP-
seq data from 19 lymphoblastoid cell lines (GSE50893) (46) were
used. B-cell epigenetic data (Supplemental Table S4) included
DNase-seq data (1 dataset) and ChIP-seq data for CREBBP (1
dataset), H3K4me1 (2 datasets), H3K4me3 (2 datasets), H3K27ac
(7 datasets) and H3K27me3 (3 datasets). The paired-end ATAC-
seq data (sra files) for 14 blood cell types from healthy donors
were downloaded from NCBI Gene Expression Omnibus under
the accession GSE74912 (22). For the same donor and cell type,
data from replicates were combined. Finally, we used two DNase-
seq datasets and 38 ChIP-seq datasets for BRD4, H3K4me3,
H3K27me3, and TFs and DNA-binding proteins in DLBCL cell
lines, as well as 55 H3K27ac datasets from lymphoma cell
lines and patient samples (Supplemental Table S4). ATAC-seq,
DNase-seq and ChIP-seq data were processed with the Hi-ChIP
pipeline (47). In brief, reads were mapped to the hg19 reference
genome using Burrows–Wheeler Alignment tool (BWA, v0.7.10)
(48). For paired-end reads, only properly mapped pairs with one
or both ends uniquely mapped (mapping quality score ≥20)
were retained; for single-end reads, only uniquely mapped
reads with a minimum mapping quality score of 20 were
kept. Duplicates were removed using Picard MarkDuplicates
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command (http://broadinstitute.github.io/picard/). Peaks were
called using model-based analysis of ChIP-Seq (MACS, v2.0.10)
(49), with the parameter settings ‘-f BAM -g hs –keep-dup all -q
0.01 –nomodel’. To identify whether variants were present in
peak regions, the two tag SNPs and their linked SNPs/INDELs
from the 1000 Genomes Project (r2 ≥ 0.5, EUR ethnic group) were
intersected with the above epigenetic marks using BEDTools (50).

To identify whether the alterative allele alters a TF bind-
ing motif, we used the Find Individual Motif Occurrences
(FIMO) program (P = 1 × 10−4) to scan the 100-bp sequence
spanning each SNP (51). The position weight matrix was
compiled from four TF motif databases that include JASPAR
(http://jaspar.binf.ku.dk/html/DOWNLOAD/JASPAR_CORE/pfm/
nonredundant/), ENCODE motifs (http://compbio.mit.edu/
encode-motifs/) (52), UniPROBE (http://thebrain.bwh.harvard.
edu/uniprobe/downloads.php/) (53) and HOCOMOCO (http://
hocomoco.autosome.ru/downloads) (54).

To calculate the enrichment of SNPs in H3K27ac peaks across
different cell types, we performed a permutation test with
100 000 iterations, as described by (55) with minor modifications.
We used the four SNPs on the DLBCL H3K27ac peak at the 3p24.1
risk locus and the two SNPs at the 3q13.33 risk locus. The same
number of EUR MAF-matched SNPs was randomly sampled from
the 1000 Genomes Project phase 3 release, excluding those in
the coding exons and in the TSS +/−2 kb regions. The sampled
SNPs were intersected with H3K27ac peaks from DLBCL patient
biopsy and 98 of the 127 reference epigenomes with H3K27ac
data. The P-value was estimated as the number of permutations
with overlap greater than or equal to the observed value plus
one divided by 100 001.

To understand the dynamics of super-enhancers identified
in both risk loci, we compared the H3K27ac peaks in lymphoma
with those from the 127 reference epigenomes (20) and with a
catalog of super-enhancers from 86 cell and tissue types (21).
As eRNAs are proposed to reflect enhancer activity, we further
compared the enhancers to a list of 43 011 putative transcrip-
tional enhancers derived from the FANTOM cap analysis of gene
expression data across 808 human samples (10). Three chro-
matin interaction datasets were used to infer the potential target
genes for the risk variants. Of those, GM12878 Hi-C reads (MboI,
GSE63525) (56) were mapped to the hg19 reference genome using
Bowtie 2 (57) and significant interactions were identified with
HOMER (http://homer.ucsd.edu/homer/interactions/) using a 5-
kb bin size and FDR ≤ 0.01. For promoter CHi-C data in 17 primary
blood cell types (58), regions of significant interactions with
CHiCAGO scores ≥5 were downloaded from https://osf.io/u8tzp/.
Finally, a list of RNAPII-mediated chromatin interaction regions
identified by ChIA-PET in GM12878 were downloaded from Gene
Expression Omnibus (GSM1872887) (59).
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Supplementary Material is available at HMG online.
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