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Abstract

Background: There is growing evidence for the inherited basis of susceptibility to childhood acute lymphoblastic leukemia (ALL).
Genome-wide association studies have identified non-coding ALL risk variants at the ARID5B gene locus, but their exact func-
tional effects and the molecular mechanism linking ARID5B to B-cell ALL leukemogenesis remain largely unknown. Methods:
We performed targeted sequencing of ARID5B in germline DNA of 5008 children with ALL. Variants were evaluated for
association with ALL susceptibility using 3644 patients from the UK10K cohort as non-ALL controls, under an additive model.
Cis-regulatory elements in ARID5B were systematically identified using dCas9-KRAB–mediated enhancer interference system
enhancer screen in ALL cells. Disruption of transcription factor binding by ARID5B variant was predicted informatically and
then confirmed using chromatin immunoprecipitation and coimmunoprecipitation. ARID5B variant association with hemato-
logical traits was examined using UK Biobank dataset. All statistical tests were 2-sided. Results: We identified 54 common
variants in ARID5B statistically significantly associated with leukemia risk, all of which were noncoding. Six cis-regulatory
elements at the ARID5B locus were discovered using CRISPR-based high-throughput enhancer screening. Strikingly, the top
ALL risk variant (rs7090445, P¼5.57�10–45) is located precisely within the strongest enhancer element, which is also distally
tethered to the ARID5B promoter. The variant allele disrupts the MEF2C binding motif sequence, resulting in reduced MEF2C
affinity and decreased local chromosome accessibility. MEF2C influences ARID5B expression in ALL, likely via a transcription
factor complex with RUNX1. Using the UK Biobank dataset (n¼349 861), we showed that rs7090445 was also associated with
lymphocyte percentage and count in the general population (P¼8.6�10–22 and 2.1�10–18, respectively). Conclusions: Our
results indicate that ALL risk variants in ARID5B function by modulating cis-regulatory elements at this locus.

Acute lymphoblastic leukemia (ALL) is the most common malig-
nancy in children, with the risk highest between 2 and 5 years
of age (1,2). Although the vast majority of patients can be cured

with combination chemotherapy, the etiology of this cancer
remains incompletely understood. Recent work by us and
others used the Genome-Wide Association Study (GWAS)
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approach to identify genetic variants related to ALL susceptibil-
ity (3-15). In total, at least 20 genomic loci have been reported,
with common polymorphisms conferring 1.17- to 3.7-fold in-
creased risk of developing ALL. Cumulatively, these variants ac-
count for 21% of the estimated inheritability of ALL in children
(16). ARID5B is among the first ALL risk genes identified by
GWAS and consistently exhibited one of the strongest associa-
tion signals across the genome in diverse racial and ethnic pop-
ulations (5,8,12). The effects of ARID5B variants on ALL risk vary
significantly across molecular subtypes and are most pro-
nounced in those with hyperdiploid karyotypes (3,4,8).
However, despite the overwhelming evidence from these epide-
miology studies, the biological mechanisms linking ARID5B to
normal and malignant hematopoiesis remain largely unknown.

ARID5B belongs to the AT-rich interaction domain (ARID)
protein family characterized by a shared DNA-binding ARID do-
main (17-20). The nuclear localization and specific binding af-
finity of ARID5B to the A/T-rich consensus sequence (AATA[C/
T]) (17,21) point to a potential function as a transcription factor.
One of the most prominent phenotypes of Arid5�/�mice is lean-
ness, directly implicating it in adipogenesis (22). ARID5B inter-
acts with PHF2 to form a histone lysine demethylase complex in
hepatocytes, which can activate the expression of target genes
PEPCK and G6PC and thus regulate glucose metabolism (23). In
natural killer (NK) cells, downregulation of ARID5B represses
UQCRB expression and decreases mitochondrial membrane po-
tential and mitochondrial oxidative metabolism, along with
BCL2 downregulation (24). In the hematopoietic compartment,
Arid5b�/� mice exhibit a range of transient defects in lympho-
cyte development, including a reduction of cellularity in bone
marrow, thymus, and spleen and a statistically significant de-
crease in early T- and B-cell progenitors in bone marrow in 3-
week-old mice; most of these abnormalities disappeared at 6
weeks old (25). Interestingly, genetic variants in ARID5B have
been linked to susceptibility to autoimmune diseases (eg, rheu-
matoid arthritis and systemic lupus erythematosus), adding an-
other layer of complexity to its potential functions (26-28).

Recently, an imputation-based fine mapping analysis identified
putative functional variants at the ARID5B locus (29). In particular,
rs7090445 was described as the candidate causal variant driving the
association signal with ALL susceptibility by influencing RUNX3-
mediated transcription regulation in-cis. However, the full spectrum
of genetic variation at this locus in children with ALL is unknown,
and their potential overlap with regulatory DNA elements remains
unclear. In this study, we sequenced a multiethnic cohort of 5008
children with ALL to comprehensively describe germline polymor-
phisms in the ARID5B gene and systematically screened sequences
spanning ARID5B gene locus to map cis-regulatory elements (CREs)
and functional genetic variants. Moreover, we identified the tran-
scription factor complex directly interacting with leukemia risk
alleles and thus regulating ARID5B expression in ALL. Our results
provided novel insights into molecular mechanisms by which non-
coding variants contribute to genetic susceptibility to ALL.

Methods

Patients

A total of 5008 patients with childhood ALL were enrolled in
frontline clinical trials conducted by the Children’s Oncology
Group (COG) [AALL0331 (30), AALL0232 (31), and COG9904/9905/
9906 (32)] and St. Jude Children’s Research Hospital (St. Jude)
[Total Therapy XIIIA (33), XIIIB (34), and XV (35) studies;

Supplementary Table 1, available online]. Germline DNA was
extracted from bone marrow or peripheral blood during remis-
sion. This study was approved by the institutional review
boards at St. Jude and COG-affiliated institutions, and informed
consent was obtained from parents, guardians, or patients.

ARID5B Sequencing

Illumina dual-indexed libraries were created from germline DNA
and pooled in sets of 96 before hybridization with customized
Roche NimbleGen SeqCap EZ probes (Roche) to capture a 200-
kb region encompassing the exon and open chromatin regions
in ARID5B (195 kb) and 3 kb up- and 1 kb downstream of the gene.
Quantitative polymerase chain reaction (PCR) was used to define
the appropriate capture product titer necessary to efficiently pop-
ulate an Illumina HiSeq 2000 flow cell for paired-end 2� 100 bp
sequencing. Coverage of greater than 20�depth was achieved
across more than 80% of the targeted regions for nearly all sam-
ples. Sequence reads in the BigWig format were mapped and
aligned using Integrative Genomics Viewer (36), and variants
were called using the GATK pipeline (version 3.1) (37) and anno-
tated using the ANNOVAR program (38) with the annotation data-
bases, including RefSeq (39). All the ARID5B nonsilent variants
were manually reviewed in the Integrative Genomics Viewer.

dCas9-KRAB–Mediated Enhancer Interference System
(CRISPRi) Screen of Regulatory Elements in ARID5B

A total of 10 495 single-guide RNA (sgRNA) oligos targeting po-
tential regulatory elements in ARID5B were designed for array-
based oligonucleotide synthesis, including 10 sgRNAs
targeting ARID5B promoter and untranslated region (UTR) and 10
sgRNAs not targeting any location in human genome as negative
control (Supplementary Table 2, available online). The oligo pool
was amplified by PCR and cloned into LentiGuide-Puro backbone
(Addgene #52963). The ARID5BP2A-mCherry reporter cell line was
overexpressed with lentiviral dCas9-KRAB followed by infection
with virus of pooled sgRNA library at low multiplicity of infection
(0.3), followed by blasticidin and puromycin selection. Genomic
DNA from mCherryHigh (top 10%) and mCherryLow (bottom 10%)
populations was used to amplify sgRNA sequences by PCR, fol-
lowed by sequencing on MiSeq for single-end 150-bp read length
(Illumina). The sequencing primers were: forward:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAATGGACTATC
ATATGCTTACCGTAACTTGAAAGTATTTCG; reverse: GTCTCGTG
GGCTCGGAGATGTGTATAAGAGACAGCTTTAGTTTGTATGTCTG
TTGCTATTATGTCTACTATTCTTTC. The sgRNA library was de-
scribed in Supplementary Table 2 (available online).

The FASTQ data were debarcoded and mapped to the original
reference sgRNA library. The differentially enriched sgRNAs were
identified by comparing normalized counts between the top 10%
and the bottom 10% of mCherry-expressing bulk populations us-
ing DESeq2 (40). Four independent screenings were performed.

Details of other experimental methods and analytical procedures
are provided in the Supplementary Methods (available online).

Results

ARID5B Variant Discovery and Association With ALL
Susceptibility

To fully examine genetic variation in ARID5B, we performed tar-
geted sequencing of ARID5B exons, flanking sequences of 50 and
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30UTR, as well as putative CREs at this locus (inferred from assay
of transposase accessible chromatin sequencing (ATAC-seq)
data from lymphoblastoid cell line GM12878, and ALL cell lines
[Nalm6, REH, UOCB-1, and 697 cells]) (Figure 1, A). In 5008 chil-
dren with newly diagnosed B-ALL, we identified 2205 variants,
including 107 coding and 2098 noncoding single nucleotide
polymorphisms (SNPs). Among these, 2 coding and 144 noncod-
ing variants with a minor allele frequency greater than 1% were
subsequently tested for association with ALL. Using an additive
logistic regression model with genetic ancestry as covariates,
we tested the effects of these variants on ALL risk by comparing
genotype frequency in the ALL cohort vs that in 3644 patients in
the UK10K cohort as non-ALL controls (41). We identified 54 leu-
kemia risk variants that met the statistical significance thresh-
old of adjusted P value less than .05 using the Benjamini-
Hochberg procedure (Figure 1, B; Supplementary Table 3, avail-
able online). We also performed the genetic association analysis
in individuals of European descent with similar results
(Supplementary Table 3, available online).

These ALL risk variants are distributed across promoter or
CREs predicted from histone marks and/or ATAC-seq signals
(Supplementary Figure 1, A, available online). We also explored
the National Human Genome Research Institute-European
Bioinformatics Institute GWAS catalog and identified 4 ARID5B
SNPs (rs7090445, rs4245595, rs10821936, rs7089424) reported in
previous ALL GWAS studies (P< 5� 10–8). All of them are located
in intron 3 of ARID5B gene (Supplementary Figure 1, A, available
online). Interestingly, the cluster of ARID5B variants with the
most statistically significant association with ALL, namely,
rs4948492, rs7090445, rs4245595, rs10821936, rs10821937, and
rs7896246, was mapped to a lymphocyte-specific open chroma-
tin region observed only in common lymphoid progenitors, CD4
T cell, CD8 T cell, NK cell, and B cell (hg38 chr10: 61 960 967–
61 962 170) (Supplementary Figure 1, A, available online).

CRISPRi Screen to Identify Regulatory Elements and
Functional Variants in ARID5B

To experimentally evaluate putative enhancers in a scalable
fashion, we engineered a reporter cell line in which predicted
regulatory elements at the ARID5B locus were perturbed sys-
tematically to test their effects on ARID5B transcription. Using

CRISPR/Cas9 genome editing, we first inserted mCherry at the 30

end of the ARID5B coding frame in human ALL cell line Nalm6
(Supplementary Figure 2, available online) such that mCherry
expression directly reflected ARID5B transcription and could be
used to measure the effects of CREs at this locus. Then, we used
the CRISPRi in which transcription repressor KRAB is targeted to
each enhancer by sgRNA, and the effect of enhancer disruption
on ARID5B-mCherry expression is measured by flow cytometry.
To this end, we designed 10 497 sgRNAs tiling across 21 putative
CREs predicted based on H3K27ac marks and ATAC-seq data in
hematopoietic cells (Figure 2, A), with sgRNAs targeting ARID5B
promoter and nonspecific regions as the positive and negative
controls, respectively. This sgRNA library was lentivirally trans-
duced into the Nalm6 reporter cells at a low titer to ensure each
cell expressed no more than 1 sgRNA. After transduction, cells
with the top 10% and bottom 10% with respect to ARID5B-
mCherry expression were harvested by flow cytometry and sub-
jected to massively parallel sequencing to identify sgRNAs pre-
sent in each population (Figure 2, A). A total of 1561 sgRNA
exhibited statistically different prevalence between these 2
groups, 98% of which were enriched in cells with low ARID5B ex-
pression; that is, disruption of these CREs resulted in decreased
transcription (Figure 2, B). As a control, Nalm6 cells in which
mCherry was randomly inserted into the genome were also
transduced with the same sgRNA library, and, not surprisingly,
we did not observe a statistically significant correlation between
any sgRNA and mCherry intensity (Figure 2, C).

Because each regulatory region encompasses multiple
sgRNAs, we estimated a summary P value to indicate each
CRE’s impact on ARID5B expression. Of the 21 predicted CREs, 6
were statistically significant at the P< .0001 level
(Supplementary Table 4, available online). All 6 CREs exhibited
strong chromatin interactions with the ARID5B promoter medi-
ated by RNA polymerase II, as suggested by chromatin interac-
tion analysis by paired-end tag sequencing data from the
lymphoblastoid cell line GM12878 (Figure 2, E). In particular, the
intron 3 CRE (hg38 chr10: 61 957 118– 61 967 424) overlapped with
lymphocyte-specific ATAC-seq peaks (Figure 2, D) and a super-
enhancer defined by ROSE algorithm based on H3K27ac chro-
matin immunoprecipitation sequencing (ChIP-seq) signal (hg38
chr10: 61 959 470–62 003 808) (42) (Figure 2, E), showing the stron-
gest effects on ARID5B expression among all enhancers tested.

ARID5B targeted sequencing
(pair-end 100–bp sequencing Illumina HiSeq)

2205 variants identified
Coding variant: 107

Noncoding variant: 2098

146 variants > 1%

Association between ARID5B genotype and ALL
(54 variants P.adj<.05, 4671 cases vs. 3644 UK10K controls)
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Figure 1. ARID5B targeted sequencing in 5008 children acute lymphoblastic leukemia (ALL) patients. A) Read density and coverage of the ARID5B target region. Regions

3 kb upstream of the 5’ untranslated region (UTR) and 1 kb downstream of the 3’UTR (indicated by arrows and shaded backgroud), all coding regions, and putative open

chromatin regions (based on assay of transposase accessible chromatin sequencing [ATAC-seq] data from GM12878, Nalm6, REH, UOC-B1, and 697 cells) were included

in targeted sequencing. B) CONSORT flow diagram for discovering ARID5B risk variant. All of the common and rare variants of ARID5B were discovered in 5008 children

with ALL by targeted sequencing. A total of 146 variants with sufficient frequency were subjected to association analysis after adjusting ancestry, and 54 variants were

statistically significantly associated with ALL susceptibility (adjusted P< .05, estimated by the Benjamini-Hochberg procedure).
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This CRE also harbored ARID5B variants, with the strongest as-
sociation with ALL development (Figure 2, C; Supplementary
Figure 1, A, available online), with the sgRNA with the most pro-
found disruption of ARID5B transcription only 16 bp away from
the top risk variant, rs7090445. Additionally, among the ARID5B
variants with the most statistically significant association with
ALL (rs4948492, rs7090445, rs4245595, rs10821936, rs10821937,
and rs7896246), rs7090445 was the only one that lies within a
lymphoid-specific open chromatin region identified by ATAC-
seq (Supplementary Figure 1, B, available online).

Because CRISPRi screen does not necessarily provide single-
nucleotide resolution of CRE activity, we performed further vali-
dation experiments focusing on rs7090445. Genomic deletion of
this intron 3 enhancer led to a 1.64-fold and 2.27-fold decrease
in ARID5B expression on transcript and protein levels, respec-
tively (Figure 2, F). Substitution of the reference allele (T) with
the ALL risk allele (C) at rs7090445 reduced its enhancer activity
by 1.43-fold in a luciferase reporter gene assay (Supplementary
Figure 3, A, available online). Together, these results suggest

that rs7090445 is likely the functional variant underlying the
ALL susceptibility association signal at this locus.

To explore the effects of rs7090445 on hematopoiesis gener-
ally, we examined 21 blood cell phenotypes in 349 861 individu-
als in the UK Biobank cohort (43). As shown in Figure 3,
rs7090445 was most statistically significantly associated with
lymphocyte percentage, lymphocytes count, and neutrophile
percentage (P¼ 8.6� 10–22, 2.1� 10–18, and 2.7� 10–13, respec-
tively), and ALL risk allele C was always linked to an expansion
of lymphocytes.

Transcription Factor (TF) Regulating of the rs7090445
Enhancer Element and ARID5B Transcription

We hypothesized that rs7090445 causes differential TF binding,
which in turn results in deregulation of ARID5B expression.
Through analyzing ENCODE ChIP-seq data, we identified that
ChIP-seq peaks of 10 transcription factors were overlapping
with rs7090445 and also reported in HaploReg (v4.1) (44)
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Figure 2. CRISPR/dCas9-KRAB library screening for the interrogation of CREs of ARID5B. A) An overall schema of the design strategy. A single-guide RNA (sgRNA) library

was designed using GM12878 H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) data and normal human hematopoietic cell assay of transposase acces-

sible chromatin sequencing (ATAC-seq) data for reference. A single-cell clone reporter cell line stably expressing dCas9-KRAB was established then infected with

CRISPR/sgRNA library pool virus at low multiplicity of infection (0.2) to ensure that each cell expressed no more than 1 sgRNA. Flow sorting was used to differentiate

the mCherry-low population (the bottom 10%) and the mCherry-high population (the top 10%). Genomic DNA from these 2 populations was then sequenced to calcu-

late the enrichment of each sgRNA. B) A volcano plot was generated to show the enrichment of sgRNAs in the mCherry-high or the mCherry-low populations. In total,

10 497 sgRNAs were designed, including 10 sgRNAs (open blue circles) that target the ARID5 B’s promoter and untranslated region, and 10 negative sgRNAs (solid blue

circles) that do not target any location in the human genome. P values of .05 and jlog2 FCj ¼ 1 were used as cutoffs. C) The CRISPR/dCas9-KRAB library screening results.

A Nalm6 single-cell clone with random knock-in mCherry was used as a negative control (top). For ARID5B mCherry knock-in cells (middle), sgRNAs were overrepre-

sented mainly in predicted enhancers, including the ARID5B promoter, and were less represented in other regions. In contrast, for the negative control, sgRNAs were

distributed almost equally across the whole ARID5B gene (data were derived in triplicate). Six cis-regulatory elements (CREs) were nominated out of 21 segments tar-

geted by the sgRNA library from upstream to downstream of the ARID5B gene by 2-sided t test (P< .001) via comparing each segment of ARID5BmCherry knock-in with

that of the random knock-in. The highlighted region shown encompasses SNPs having the strongest associations with ALL. In particular, SNP rs7090445 is juxtaposed

with the most highly enriched sgRNA. D) Alignment of CRISPRi screening results with human hematopoietic cells ATAC-seq data. The most statistically significant

CRE overlapped with lymphoid lineages (common lymphoid progenitors, CD4 T cell, CD8 T cell, natural killer cell, and B cell) specific ATAC-seq peaks (highlighted in

the dashed box). E) A public GM12878 chromatin interaction analysis by paired-end tag sequencing (ChIA-PET) dataset was used to interrogate the CRISPR/dCas9-KRAB

library data. There were strong interactions between the ARID5B promoter and CREs nominated based on CRISPRi screening, as shown by the DNA loop generated from

RNA polymerase II ChI A-PET data. The most statistically significant CRE is located in a super enhancer. F) Part of the highlighted region (chr10:61 960 755–61 962 481,

1.7 kb) in panel C was deleted using CRISPR/Cas9, resulting in a statistically significant decrease in ARID5B expression at both the protein and mRNA levels throughout

all 5 single-cell clones.
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(Supplementary Table 5, available online). Among these 10 tran-
scriptional factors, we predicted that MEF2C (myocyte-specific
enhancer factor 2C) shows the highest motif matching score,
and its binding is statistically significantly altered by rs7090445,
with the motif match score changing from 7.3 for reference al-
lele (T) to 2.26 for the risk allele (C) (Figure 4, A). Second, we per-
formed MEF2C ChIP-seq in lymphoblastoid cell line GM12878 as
well as 2 ALL cell lines, Nalm6 and REH, and identified multiple
binding sites at this locus (Figure 4, B), including the intron 3 en-
hancer described above. MEF2C binding to both this enhancer
and the ARID5B promoter was confirmed using ChIP-
quantitative PCR in Nalm6 cells (Figure 4, C). In fact, in DNA
fragments pulled down by the anti-MEF2C antibody, we ob-
served a statistically significant overrepresentation of the refer-
ence allele (T) compared with ALL risk allele (C), suggesting an
allele-biased binding (Figure 4, D). Moreover, exploring the
global expression profile of leukemia blasts in 4 pediatric ALL
cohorts [DCOG (n¼ 190) (45), St. Jude TOTAL XIIIA/XIIIB/XV
(n¼ 533) (46), COG P9906 (n¼ 207) (47), and Ma-Spore ALL 2010
(n¼ 231) (48)], we noted a moderately strong correlation be-
tween MEF2C and ARID5B transcripts (Figure 4, E;
Supplementary Figure 3, C-F, available online). In Nalm6 cells,
knocking out MEF2C using CRISPR editing resulted in a statisti-
cally significant downregulation of ARID5B, again pointing to a
potentially direct regulation from MEF2C to ARID5B (Figure 4, F).
ALL cells devoid of both MEF2C and rs7090445 enhancer showed
the most severe ARID5B downregulation (Supplementary Figure
3, B, available online), although we cannot rule out the contribu-
tion of other CREs at this locus or the role of other TFs. Finally,
we explored allelic chromatin accessibility in 3 ALL patients
with heterozygous genotypes at rs7090445 and other ALL risk
SNPs at this locus. As shown in Figure 4, G, there was a

statistically significant overrepresentation of the reference al-
lele (T) from the ATAC-seq signal compared with the risk allele
(C), suggesting a reduced transcriptional activity associated
with the risk allele (C). By contrast, at other SNPs in linkage dis-
equilibrium with rs7090445 (rs10821936 and rs4245595), refer-
ence and variant alleles contributed equally to ATAC-seq signal,
as shown in Figure 4, H and I, respectively. Taken together,
these results suggested that rs7090445 genotype influenced
MEF2C binding and thus MEF2C-mediated regulation of ARID5B
transcription.

TFs often form a complex with cofactors to exert regulatory
function to control gene transcription. To explore this, we per-
formed MEF2C ChIP-seq in Nalm6, REH, and GM12878 cells to
map MEF2C binding sites across the genome. In total, we identi-
fied 3620 regions consistently occupied by MEF2C in all 3 cell
lines. As expected, the MEF2C/MEF2D motif was most statisti-
cally significantly enriched within these regions (TTATCGATAG,
P¼ 1� 10–427). Interestingly, sequences within MEF2C binding
sites also exhibited marked overrepresentation of motifs for
ETS-domain TFs (P¼ 1� 10–290) and RUNX1 (TACCACAG,
P¼ 1� 10–220), suggesting possible cooccupancy of these TFs
(Figure 5, A). Focusing on the CRE encompassing rs7090445, we
indeed identified a putative RUNX1 binding site 50 bp from the
MEF2C binding site (Figure 5, B). Performing ChIP-qPCR in
GM12878, Nalm6, and REH cells using primers targeting this en-
hancer element, we confirmed direct binding of RUNX1, along
with MEF2C (Figure 5, C). However, the proximal colocalization
of these 2 proteins at rs7090445 does not necessarily result in TF
interaction. To validate the presence of MEF2C and RUNX1 in
the same protein complex, we conducted co-immunoprecipita-
tion with MEF2C antibody using total proteins extracted from
GM12878, Nalm6, and REH cells. As shown in Figure 5, D, RUNX1
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was statistically significantly enriched in the MEF2C protein
complex compared with either IgG control consistently across 3
cell line models. Collectively, these results pointed to RUNX1 as
a potential cofactor of MEF2C to regulate transcription of
ARID5B.

Discussion

The hypothesis of a genetic basis for leukemia susceptibility in
children originally arose from familial studies (49-51). However,
the impact of common genetic variants on ALL risk was not de-
finitively established until GWAS was applied to systematically
identify risk loci (3,4). Among these, the genomic region encom-
passing the ARID5B gene on 10q21.2 is one of the strongest

GWAS hits (5,6,8,9,16). Despite the overwhelming evidence from
these molecular epidemiology studies, the mechanisms by
which genetic polymorphism transcriptionally influences
ARID5B expression remain poorly understood. Therefore, our
study addressed this knowledge gap by comprehensively map-
ping CREs and thus annotating ALL risk variant function in
ARID5B. Our results pointed to rs7090445 as the likely causal
variant responsible for the association signal at this locus, and
this polymorphism leads to ablated transcriptional activation of
ARID5B by MEF2C.

Previous fine-mapping studies of the ARID5B locus
highlighted rs7090445 as the potential causal variant for ALL
susceptibility (29), focusing on the hyperdiploid subtype. It was
shown that the CRE encompassing this variant is tethered to-
gether with the ARID5B promoter, but the molecular machinery
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D) Sanger sequencing was performed on MEF2C antibody-ChIPed DNA, demonstrating statistically significant overrepresentation of the reference allele (T) compared

with the ALL risk allele (C). E) Positive correlation between the expression of MEF2C and ARID5B in ALL blasts, as determined by gene expression array from cohorts and

presented as a meta-analysis based on a random effect model using the inverse-variance method. The correlation coeffecient was estimated using Pearson correlation.

F) CRISPR/Cas9 was used to knock down MEF2C, and a concomitant decrease of ARID5B expression was confirmed by real-time PCR (RT-PCR). ***P< .001. Error bar ¼
mean þ SD. P value was estimated by 2-sided t test. G) ATAC-seq data for ALL PDX samples that were heterozygous for rs7090445 were interrogated. There were far

fewer read counts for the risk allele (left bars) compared with the reference allele (right bars). Two SNPs in linkage disequilibrium (LD) with rs7090445 (rs10821936 and

rs4245595) were also analyzed in the same way, but these SNPs showed no statistically significant difference in the read counts between the risk (left bars) and refer-
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Figure 5. RUNX1 as a cofactor of MEF2C in regulating ARID5B transcription. A) MEF2C chromatin immunoprecipitation sequencing (ChIP-seq) was performed in

GM12878, Nalm6, and REH cell lines to identify MEF2C binding sites across the genome. In the heatmap, each row represents a genomic region with MEF2C binding cen-

tering around the summit of the ChIP-seq peak, with the color indicating signal intensity. The aggregation plot (top) shows the average of MEF2C binding signal for all

peaks identified in that cell line. The Venn diagram indicates overlap of MEF2C binding sites among 3 cell lines. The right panel describes motif enrichment analysis in

MEF2C ChIP-seq peaks common in 3 cell lines, with enrichment P value for the top 10 motif (P value was estimated by Fisher Exact test). B) Examining assay of transpo-

sase accessible chromatin sequencing (ATAC-seq) signal around rs7090445 in GM12878, Nalm6, and REH cells (top), we identified a putative RUNX1 binding site signi-

fied by the TACCACAG motif, which is 50 bp from that of MEF2C (TTATCGATAG), as shown in the bottom panel. C) RUNX1 binding to the cis-regulatory element (CRE)

encompassing rs70904455 was confirmed using ChIP-quantitative PCR. Across 3 cell lines (GM12878, Nalm6, and REH), DNA sequence specific to this cis-regulatory ele-

ment (CRE) was enriched in the pull-down lysates using RUNX1 or MEF2C antibodies compared with sequences outside of this CRE (negative controls). All values

shown were normalized to IgG control. For each experiment (one cell line, RUNX1 or MEF2C binding), we compared the binding between 2 groups, that is, negative con-

trol (region outside of CRE) vs the rs7090445 region, using a 2-sample 2-sided t test. Error bar ¼ mean þ SD. The significance threshold was set as .0083 considering 6

experiments and multiple testing. ***P< .001. D) Direct interaction between MEF2C and RUNX1 was confirmed by co-immunoprecipitation experiments. Antibody spe-

cific for MEF2C was used to pull down its interacting proteins, and the presence of RUNX1 in this complex was determined using immunoblotting, with IgG as control.

This was done in GM12878, Nalm6, and REH cell lines (top, middle, and bottom panels).
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responsible for maintaining the 3-dimensional chromatin inter-
action at this locus was unclear. The same study also pointed to
RUNX3 as the transcription factor with differential activity, with
the risk vs reference allele at this variant using reporter gene as-
say (29). However, our data pointed to MEF2C as the TF whose
binding affinity is most greatly affected by rs7090445. We also
showed that knocking down MEF2C directly led to ARID5B
downregulation, and the expression of these 2 genes is highly
correlated in ALL blasts; there is initial evidence that MEF2C
may recruit RUNX1 in regulating ARID5B transcription in B cells.
That said, we could not definitively rule out the involvement of
RUNX3 in ARID5B regulation given the similarity in binding
motifs of different RUNX paralogs. Future work is needed to sys-
tematically identify the members of this complex and their rela-
tive contribution to the enhancer activity at this locus. Recently,
Kachuri et al. (52) reported that ARID5B variant rs4245597 (which
is in very strong linkage disequilibrium with rs7090445) was
also associated with ratios of lymphocytes to other blood cell
types. However, only a very small proportion of the effect on
leukemia susceptibility was mediated by blood cell traits, sup-
porting the potential pleiotropic effects of the ARID5B locus.

MEF2C belongs to the myocyte enhancer factor 2 family of
TFs involved in a wide spectrum of physiological processes, par-
ticularly developmental differentiation (53,54). MEF2C expres-
sion varies statistically significantly across hematopoietic
compartments, with the highest level in common lymphoid
progenitor cells, and remains high during B-cell maturation and
is absent in T cells (55). Mef2c deficiency led to profound defects
in the production of B cells and also defective BCR signaling and
immune response to antigen in these cells (56). Some studies
suggest that MEF2C and MEF2D jointly coordinate the transcrip-
tional network critical for early B-cell development (57). MEF2C
can also interact with a variety of cofactors to form TF com-
plexes, for example, p300 and E2A (58,59), although interaction
with RUNX1 has not been reported previously.

This study is distinct from previous work in a number of
aspects: 1) we comprehensively and experimentally character-
ized regulatory elements at the ARID5B locus using ALL cell
models, whereas this was explored using only ENCODE and
other publicly available datasets from other tissue types in the
past; and 2) we directly resequenced this genomic region to dis-
cover variants, whereas the previous studies relied on linkage
disequilibrium-based imputation to infer untyped variants and
test their association. In fact, of 54 ALL risk variants that met
the adjusted P value less than .05 cutoff in this study, only 4
were found in the National Human Genome Research Institute-
European Bioinformatics Institute GWAS catalogue for ALL sus-
ceptibility. Because of direct sequencing, we also identified
many rare variants that were not examined previously using
the common variant-rich SNP arrays. For example, we exam-
ined rare variants in the coding region of ARID5B in ALL cases vs
UK10K controls but did not observe any statistically significant
difference in variant burden in the SKAT analysis
(Supplementary Figure 1, C, available online). However, our
sample size was still insufficient to reliably evaluate these rare
variants, and therefore we could not definitively ascertain their
impact on ALL susceptibility. Additionally, future studies should
explore massively parallel reporter assays to directly determine
the degree to which each variant affects the activity of the en-
hancer it resides in, as described for other genes.

In conclusion, we described a comprehensive annotation of
ALL risk variants at the ARID5B locus and mechanistically ex-
plored the role of ARID5B in hematopoiesis. Our results shed
light on the biological basis for the increased leukemia risk

conferred by noncoding variants in ARID5B, further implicating
this gene in normal and malignant B-cell development.
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