
Integrated methylome and transcriptome analysis
reveals novel regulatory elements in pediatric

acute lymphoblastic leukemia
Md Almamun1, Benjamin T Levinson1, Annette C van Swaay1, Nathan T Johnson2, Stephanie D McKay3, Gerald L Arthur1,

J Wade Davis4,5, and Kristen H Taylor1,*

1Department of Pathology and Anatomical Sciences; University of Missouri-Columbia; Columbia, MO USA; 2Bioinformatics and Computational Biology; Worcester Polytechnic

Institute; Worcester, MA USA; 3Department of Animal Science; University of Vermont; Burlington, VT USA; 4Management and Informatics; University of Missouri-Columbia;

Columbia, MO USA; 5Department of Statistics; University of Missouri-Columbia; Columbia, MO USA

Keywords: acute lymphoblastic leukemia, DNA methylation, enhancer, epigenetics, gene regulation, MIRA-seq, RNA-seq

Abbreviations: ALL, acute lymphoblastic leukemia; CD, cluster of differentiation; CpG, CG dinucleotide; CpGI, CpG island;
DMRs, differentially methylated regions; FDR, false discovery rate; H3K4me1, histone H3 lysine 4 monomethylation; H3K27ac,
histone H3 lysine 27 acetylation; HCB, human umbilical cord blood; MBDs, methyl CpG binding domains; lincRNA, long inter-
genic non-coding RNA; MIRA-seq, methylated CpG island recovery assay (MIRA) followed by next generation sequencing; miRNA,

microRNA; Pre-B, precursor B-cell; ROIs, regions of interest; TFs, transcription factors.

Acute lymphoblastic leukemia (ALL) is the most common cancer diagnosed in children under the age of 15. In
addition to genetic aberrations, epigenetic modifications such as DNA methylation are altered in cancer and impact
gene expression. To identify epigenetic alterations in ALL, genome-wide methylation profiles were generated using the
methylated CpG island recovery assay followed by next-generation sequencing. More than 25,000 differentially
methylated regions (DMR) were observed in ALL patients with »90% present within intronic or intergenic regions. To
determine the regulatory potential of the DMR, whole-transcriptome analysis was performed and integrated with
methylation data. Aberrant promoter methylation was associated with the altered expression of genes involved in
transcriptional regulation, apoptosis, and proliferation. Novel enhancer-like sequences were identified within intronic
and intergenic DMR. Aberrant methylation in these regions was associated with the altered expression of neighboring
genes involved in cell cycle processes, lymphocyte activation and apoptosis. These genes include potential epi-driver
genes, such as SYNE1, PTPRS, PAWR, HDAC9, RGCC, MCOLN2, LYN, TRAF3, FLT1, and MELK, which may provide a selective
advantage to leukemic cells. In addition, the differential expression of epigenetic modifier genes, pseudogenes, and
non-coding RNAs was also observed accentuating the role of erroneous epigenetic gene regulation in ALL.

Introduction

Acute lymphoblastic leukemia (ALL) is a hematological
malignancy associated with precursor B-cells. ALL is the most
common type of cancer in children with an annual occurrence
rate of 35 to 40 cases per 1 million people in the United States.1

The development and differentiation of B-cells comprises numer-
ous stages and is a highly synchronized and controlled process
governed by stage-specific gene expression.2,3 Any deviation from
normal stage-specific gene expression could lead to disease condi-
tions including ALL. The general known mechanisms underlying
the induction of ALL include chromosomal translocation,
hyperdiploidy, and aberrant expression of proto-oncogenes.

Advancement in deciphering additional mechanisms that may be
responsible for the induction of all ALL is lacking. Therefore, the
identification of key regulatory regions in the genome that may
impact the development of ALL is critical to gaining a better
understanding of ALL pathogenesis.

DNA methylation is responsible for tissue specific gene expres-
sion and plays a significant role in hematopoiesis4,5 and malignant
transformation.6,7 A reduced level of CpG methylation was one of
the first epigenetic alterations to be found in human cancer when
compared with normal-tissue counterparts.8 Although hyperme-
thylation of CpG islands within gene promoters has been the
main focus of studies on malignant cells, the role of differential
DNA methylation in other regions is gaining favor.9,10 One such
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region harbors transcriptional enhancers, which reside within non-
coding regions of the genome and are known to work over long
distances to promote cell/tissue type specific gene expression.
Active enhancers are often accompanied by DNA demethyla-
tion,11 and alterations in enhancer methylation are seen in malig-
nant transformation. Recently, it has been shown that differential
methylation of these regions exhibit a higher correlation with gene
expression than differential promoter methylation.12

As a step toward better understanding the consequence of
altered DNA methylation on gene expression in pre-B ALL,
MIRA-seq was used to identify altered DNA methylation through-
out the genome and then correlated with transcriptome data. We
show that differential comparisons of DNA methylation between
normal and diseased tissue can identify potential regulatory regions
of the genome and that when paired with gene expression data the
functionality of the regulatory regions can be determined.

Results

Genome-wide DNA methylation profiles
MIRA-seq was utilized to generate genome-wide DNA methyl-

ation profiles for 19 pre-B ALL patient samples from diagnostic
bone marrow. Normal precursor B-cell populations (pre-BI and
pre-BII) were isolated from 10 human umbilical cord blood
(HCB) samples to generate methylation profiles for healthy tissue
to be used as a comparator.4 On average, 188 million reads were
generated for HCB samples and 174 million reads were generated
for ALL patient samples (Fig. 1A, Table S1). Methylation peaks

were more abundant in HCB samples
(305,736) than in ALL samples (162,832)
and across all chromosomes revealing an
overall genome-wide reduction of methyl-
ation in ALL (Fig. 1B). Genomic distri-
bution analysis showed that »90% of the
methylated peaks were located within
intronic and intergenic regions (Fig. 1C).
The distribution of methylation peaks rel-
ative to CpG islands (CGIs) revealed that
9,814 CGIs were methylated in HCB
samples and 11,015 CGIs were methyl-
ated in ALL samples but the overwhelm-
ing majority of methylated peaks were
present in regions of the genome not asso-
ciated with CGIs (Fig. 1D).

Differentially methylated regions
in ALL

To determine methylation patterns
distinct to ALL, differentially methylated
regions (DMRs) between ALL and HCB
samples with at least a 2-fold change and
an FDR of �5% were identified
(Table S2). A total of 15,492 regions
lost methylation and 9,790 regions
gained methylation in ALL compared to

the normal HCB samples and the genomic distribution of loci
harboring DMRs differed in the hypomethylated versus hyper-
methylated DMRs (Figs. 2A and 2B). Hypermethylation was
more prevalent in the 50 regulatory regions of genes than hypo-
methylation. The majority of the DMRs coincided with inter-
genic and intronic genomic regions. DMRs have applicability as
disease specific biomarkers and may also play regulatory roles in
the expression of genes that are involved in the pathogenesis of
ALL. To further elucidate the importance of DMRs, we sought
to identify the DMRs with regulatory potential.

DMRs are associated with regulatory sequences: The promoters
of protein coding genes harbor regulatory sequences required for
the initiation of transcription. A total of 1,568 differentially
methylated gene promoters were identified (corresponding to
1,252 hypermethylated genes and 240 hypomethylated genes) in
ALL. To explore the association of DNA methylation and gene
expression, MIRA-seq data and RNA-seq data were correlated.
Sixty-two promoter DMRs were hypermethylated and downre-
gulated in ALL and were significantly enriched for genes involved
in the regulation of transcription and apoptosis, whereas 37 pro-
moter DMRs were hypomethylated and upregulated and were
significantly enriched for genes involved in GTPase activation,
the regulation of cell proliferation, and those that play a role in
protein complex assembly. Additionally, hypermethylated
DMRs were identified in the promoters of 3 tumor suppressor
genes, MTSS1, PAWR, and EXT1, and corresponded with a sig-
nificant decrease in gene expression.

In addition to protein coding gene promoters, differential
methylation was observed within 1,000 bp upstream or

Figure 1. Genome-wide DNA methylation profiles in HCB and ALL. (A) Average read and alignment
statistics. Reads were averaged across all individuals for HCB and ALL samples. The top of each bar
represents the total number of reads for each category. Black bars: total reads; Dark gray bars: reads
mapped; Light gray bars: unique reads. (B) Chromosome-wise methylation peaks. The X and Y chro-
mosomes were excluded from analysis. (C) Genomic distribution of methylation peaks. TTS: transcrip-
tion termination site. (D) Methylation peaks in CGI context.
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downstream of the TSS in non-coding
RNAs and pseudogenes (Fig. 2C).
MicroRNAs (miRNA) are non-coding
RNAs that regulate expression through
imperfect base-pairing with the 30UTR
of multiple target genes. A total of 69
miRNAs were differentially methylated
in ALL including miR-375, miR-196a,
miR-3545, miR-9-1/2/3, miR-124-1/3,
and miR-34b, which have been impli-
cated in human malignancies.13-15 RNA-
seq libraries were prepared from poly(A)
RNA and excluded the capture of
miRNA; therefore, correlation studies
between methylation and gene expres-
sion were not performed for miRNA.
The regulatory potential of DMRs asso-
ciated with miRNAs warrants further
attention. Long intergenic non-coding
RNAs (lincRNAs) are emerging as key
regulators of numerous cellular processes
and regulate the expression of multiple
target genes. Differential methylation
occurred in 65 lincRNAs. Of these,
hypomethylation and upregulation was
observed in AC002398.5, DIO3OS and
LINC00642. Lastly, 55 pseudogenes
were differentially methylated in ALL.
No correlations between expression and promoter methylation
was observed in the pseudogenes; however, pseudogenes, much
like lincRNAs, have the potential to epigenetically regulate their
parental genes and were further investigated.

It is well known that transposable element activities are often
silenced by DNA methylation,16 and that transcriptional activa-
tion of these elements results in transposable element mediated
insertions and chromosomal rearrangements in many cancers.17

Many of the intergenic DMRs were associated with transposable
elements and repeat sequences (Fig. 2D). Non-autonomous
short interspersed nuclear elements (SINE) were the most abun-
dantly present transposable element within the differentially
methylated intergenic regions followed by long terminal repeat
(LTR), autonomous long interspersed nuclear elements (LINE)
and satellite repeats. Centromeric a satellite repeats were often
hypermethylated in ALL, which may block CENP-A and result
in centromere inactivation.

DMRs are associated with predicted regulatory sequence: Differ-
ential methylation predominately occurred in intergenic and
intronic regions in ALL. One third of the intronic DMRs (3,341)
were located within 150 base pairs of the 50 or 30 splice sites and
could potentially alter appropriate splicing in ALL. To investigate
whether the intergenic and intronic DMRs coincided with the
location of regulatory enhancer elements, the sites for intergenic
and intronic DMRs were overlaid with ENCODE ChIP-seq data
for enhancer related histone marks (H3K4me1 and H3K27ac) in
the GM12878 lymphoblastoid cell line. Overall, 765 intergenic
and intronic DMRs overlapped with potential enhancer like

regions (eDMR). Of these, 453 were hypomethylated and 312
were hypermethylated. Enhancer methylation has been shown to
have a stronger association with gene deregulation than promoter
methylation in cancer.12 To investigate the association between
enhancer methylation and gene expression in our data, lists were
constructed of the nearest upstream and downstream gene to iden-
tify the potential target genes for each eDMR. A total of 81 genes
exhibited significantly decreased expression in ALL that corre-
sponded with hypermethylation of potential neighboring eDMRs,
and 111 genes showed significantly increased expression that cor-
responded with eDMR hypomethylation (Table S3). Functional
annotation clustering revealed that downregulated genes with
eDMR hypermethylation included those involved in cell cycle
processes, cell division, regulation of gene expression, cytoskeleton,
and a large number of zinc finger proteins, whereas upregulated
genes with eDMR hypomethylation included those involved in
lymphocyte activation, cell migration, apoptosis, DNA replication,
and DNA metabolic processes.

Gene body DMRs are associated with gene expression: Associa-
tions between gene body methylation and gene expression were
also observed. Increasing gene body methylation along with pro-
moter methylation has been shown to have a stronger repressive
effect on gene expression during normal B-cell development than
promoter methylation alone.18 However, the effect of gene body
methylation in the absence of promoter methylation is less clear.
Both inverse and positive correlations between gene body methyl-
ation and gene expression were observed. Gene body hyperme-
thylation and a significant decrease in expression was observed in

Figure 2. Differentially methylated regions in ALL. (A) Hypomethylated (blue) and hypermethylated
(red) regions. (B) Genomic distribution of hypo- and hyper-methylated DMR. (C) DMRs associated
with the 50regulatory region of pseudogenes and non-coding RNA. (D) Intergenic DMRs associated
with transposable elements and repeat sequences.
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261 genes and included protein kinases (CDK5R1, NRBP1, LYN,
NUAK2, PHKB, BLK, PRKAG2, MKNK2, SMG1, TRIO, GAK,
PRKD2, ULK1, RIOK3, WNK4, MAP3K9, PDGFRA, NEK8,
DCLK2, TLK2, LRRK1, CDC42BPB, CAMK1D), cell morpho-
genesis genes (CDK5R1, GDF7, ULK1, LAMA5, NR4A2, MAP-
K8IP3, SEMA3B, MYCBP2, NFATC1), lymphocyte
differentiation genes (CHD7, IL7, CEBPG, HDAC9, FOXP1),
chromatin modifiers (RSF1, CREBBP, BANP, ARID1B, UIMC1,
CHD8, CHD7, WHSC1L1, PHF21A, TLK2, IRF4, HDAC9,
RERE), and regulators of MAPK, JNK, JUN kinase activity.
Conversely, gene body hypomethylation and a significant
increase in expression was observed in 815 genes and included
the DNA methyltransferases (DNMT3A and DNMT1), anti-
apoptotic genes (IL2RB, PRDX2, BCL2L1, TCF7L2, DAPK1,
AKT1, ATF5, BAX, TGM2, NOS3, THBS1, and MYO18A), and
telomere organization genes (TERT and TNKS1BP1). Addition-
ally, many genes showed positive correlations between methyla-
tion and expression. For example, several members of the protein
tyrosine phosphatase family that regulate many cellular processes,
such as cell growth, mitotic cycle, cellular differentiation, and
malignant transformation, were upregulated and hypermethy-
lated in ALL. Alternately, genes that play roles in B-cell activation
were downregulated and hypomethylated in ALL.

B-cell development genes and epigenetic modifiers
are aberrantly expressed in ALL

To investigate the deregulation of gene expression in ALL,
genome-wide gene expression profiling of ALL patients and
healthy precursor B-cells was performed using RNA-seq. A total
of 3,700 genes were significantly upregulated in ALL vs. healthy
samples and 2,734 genes were significantly downregulated
(Table S4). Forty-three genes known to play roles in B-cell dif-
ferentiation and activation were differentially expressed and may
contribute to the pathogenesis of ALL (Table 1). The aberrant

expression of epigenetic modifiers was also observed. The DNA
methylation catalyzing enzymes DNMT1, DNMT3A, and
DNMT3B were significantly upregulated in ALL. Conversely, 2
genes known to actively demethylate DNA,19 TET2 and TET3,
were significantly downregulated in ALL. In addition, 22 genes
encoding histone proteins were significantly upregulated in ALL.
Finally, the chromatin activating histone lysine acetyltransferases
(MGEA5, CDYL, CREBBP, EP300, and NCOA3) were downre-
gulated and the chromatin inactivating histone deacetylases
(HDAC11 and SIRT2) were upregulated in ALL.

Differential expression of transcripts with epigenetic
regulatory functions

LincRNAs epigenetically regulate gene expression by a num-
ber of diverse mechanisms including recruitment of histone
methyltransferases through polycomb repressor complex 2 to
modify chromatin states,20,21 and the differential expression of
lincRNA has been shown to play critical roles in many dis-
eases.22,23 Differential expression analysis of lincRNAs in ALL
patients compared to healthy controls revealed 197 lincRNAs
were differentially expressed (Table S4). Among them, 104
lincRNAs were upregulated and 93 were downregulated in ALL.

Pseudogene transcripts play a significant role in cancer patho-
genesis and are differentially expressed in different types of can-
cer.24,25 The relationship between differentially expressed
pseudogene transcripts and the expression of parent gene targets
was diverse in our data (Table S5). In some instances, the upregu-
lation of a pseudogene was associated with the downregulation of
its parent gene. For example, the pseudogene GRK6P1 was upre-
gulated and associated with downregulation of their parent gene
GRK6. Interestingly, GRK6 phosphorylates the activated forms of
G protein-coupled receptors (GPCRs) thereby instigating their
deactivation. Further, the overexpression of GPCRs is known to
contribute to cancer cell proliferation.26 Thus, the upregulation of

Table 1. Patient characteristics

Patient ID Blast rate (%) Age (months) WBC, 103/ml Sex Immunophenotype Cytogentics

A4 88 4 7.8 M 19;10 hyperdiploidy
A15 94 36 7.8 M 19;10 hyperdiploidy
A18 97 17 4.3 F 19;10 46, XX-15der(1) t(1;?),del(6)(q21),t mar
A19 88 36 3.7 M 19;10 hyperdiploidy
A20 92 120 3.6 M 19;10 46, XY
A21 91 36 6.6 M 19;10 46, XY t(3;19)(p25;p13)
A22 94 60 2.5 F 19;10 47, XX C21; 48, XX
A23 96 180 2.3 M 19;10 46, XY del(6)(q21;q27)
A24 94 108 3.7 M 19;10 45,¡7 ¡9 Cder(9) t(8;9)(q112;p11)
A25 96 48 13.7 M 19;10 46, XY
A26 91 48 4.3 M 19;10 47, XY
A28 96 36 1.5 M 19;10 none available
A29 93 24 10.2 F 19;10;20 46, XX
A30 94 24 3.7 F 19;10;20wk 46, XX
A31 94 132 18.8 M 19;10;20 45, XY ¡7
A32 92 36 3.4 M 19;10;20 none available
A33 88 180 4.5 M 19;10;20 46, XY
A35 97 22 25.9 M 19;10;20 46, XY
A36 91 72 2.7 F 19;10;20 46, XX
A37 93 20 2.5 M 19;10 hyperdiploidy
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GRK6P1 may lead to the constitutive activation of GPCRs and
contribute to the proliferation of cancer cells. Conversely, in other
instances the downregulation of a pseudogene was associated with
the upregulation of its parent gene. For example, the downregula-
tion of AC007041.2, RP11-368P15.1 and KRT18P4 was associ-
ated with the upregulation of DRG1 and NDUFB3, and KRT18
respectively. KRT18 (cytokeratin 18) is involved in multiple cellu-
lar processes including apoptosis, mitosis, cell cycle progression,
and cell signaling and is hypothesized to be involved in carcino-
genesis through multiple signaling pathways.27 Therefore, the
pseudogene mediated upregulation of KRT18 may lead to the
aberrant regulation of signaling pathways in ALL.

A positive correlation was also observed in which upregulated
pseudogene transcripts were associated with upregulated parent
gene transcripts and downregulated pseudogene transcripts were
associated with downregulated parent gene transcripts. In these
cases the pseudogene transcripts may upregulate their parent gene
by competing with endogenous RNAs that share miRNA response
elements,28 or by competing for RNA binding proteins that
degrade their parent gene and vice versa. In ALL, the upregulation
of pseudogenes RP11-423H2.1, FAM86C2P, and HMGB1P41
was associated with the upregulation of their parent genes
THOC3, FAM86A, and HMGB2. Previous studies have shown
that HMGB2 is overexpressed in a variety of cancers and that there
is a decline in the proliferation of cancer cells when siRNA is used
to knockdown expression of HMGB2,29,30 suggesting a putative
role in the pathogenesis of ALL. Likewise, some pseudogenes were
downregulated and their parent genes were also downregulated.
Specifically, the downregulation of PABPC1P3 was associated
with the downregulation of its parent gene, PABPC1, which enco-
des a poly(A) binding protein involved in stabilizing the 50 cap of
mRNA. The downregulation of PABPC1 has also been reported
in esophageal cancer.31 It is possible that the pseudogene mediated
downregulation of PABPC1 results in unstable mRNA transcripts
and contributes to the pathogenesis of ALL.

Discussion

On average, more than 50 million unique mapped MIRA-seq
reads were generated providing genome-wide coverage of the
methylome in 19 pediatric ALL patients. Importantly, these pro-
files were compared to healthy precursor B-cells isolated from
umbilical cord blood, the normal counterparts of malignant pre-
cursor B-cells to identify DMRs. To determine the regulatory
potential of DMRs, transcriptomes were also generated and dif-
ferential expression was determined between ALL patients and
normal controls. Previous studies in ALL have identified inverse
correlations between gene expression and DNA methylation in
CGIs, CGI shores and gene promoters.32 In this study, 99% of
DMRs associated with a CGI were hypermethylated in ALL;
however, these only accounted for a small number of the total
DMRs. In fact, more than 80% of DMRs were identified in
intronic or intergenic regions and not within a CGI context.
Since DMRs can be used as biomarkers and as targets for novel
therapeutics, we sought to identify the most likely candidates
with regulatory potential.

Strikingly, 70% of the intergenic DMRs were concomitant
with functional regulatory elements including transposable ele-
ments, enhancers, transcription factor binding sites, ncRNA, and
pseudogenes. Inverse and positive correlations between DNA
methylation in regulatory regions and gene expression were
observed. In addition, inverse and positive correlations were
observed between gene body methylation and expression. The
cause and effect of DNA methylation within gene bodies is not
fully understood; however, mechanisms leading to faulty gene
expression have been postulated including the regulation of tran-
scriptional elongation,33 cell-type specific selection of alternative
promoters,34 modulating alternative RNA splicing,35 or defining
alternative polyadenylation sites.36

Genes that are regulated by DNA methylation and provide
a selective growth advantage to cancer cells have been referred
to as epi-driver genes.37 The ability to weed out driver epi-
mutations from passenger epi-mutations is crucial in the quest
to delineate potential therapeutic targets from a multitude of
passenger events. Integrated DNA methylation and gene
expression analysis identified potential epi-driver genes includ-
ing SYNE1 (cytokinesis), PTPRS (signaling molecule), PAWR
(pro-apoptotic gene), HDAC9 (downstream target of KRAS),
RGCC (cell-cycle regulator), and MCOLN2 (unknown func-
tion), which were hypermethylated in the 50 regulatory region
and downregulated in ALL. These genes have also been shown
to be hypermethylated and/or downregulated in other malig-
nancies,38-40 indicating the potential for tumor suppressor
activity and supporting the role of DNA methylation as a reg-
ulator of gene expression. Although the function of MCOLN2
is unclear, the B-cell lineage specific activator PAX5 regulates
its expression, strongly implicating its involvement in early B-
cell development.41 Taken together, the downregulation of
these genes due to DNA methylation may play important roles
in the development of ALL.

Perhaps the most paramount finding of this study was the
identification of potential regulatory enhancers (eDMR). In rela-
tion to this, potential epi-drivers regulated by DNA methylation
of an eDMR were also identified. Three of the genes with hyper-
methylated promoter DMRs (SYNE1, PTPRS, and MCOLN2)
also possessed a hypermethylated eDMR. In addition, LYN and
TRAF3 were downregulated in ALL patients and associated with
a hypermethylated eDMR. LYN plays an important role in the
regulation of B-cell differentiation, proliferation, survival and
apoptosis, and TRAF3 negatively regulates the activation of the
NF-kB2 pathway in B-cells. Conversely, FLT1 and MELK were
upregulated and associated with a hypomethylated eDMR.
Both genes have previously been shown to be upregulated in can-
cer.42,43 Furthermore, FLT1 has been shown play a role in the
proliferation of tumor cells,44 and suppression of MELK expres-
sion by siRNA has been shown to inhibit the growth of cancer
cells. Therefore, the aberrant expression of these genes due to
DNA methylation may provide a survival advantage to malignant
cells and play a role in pediatric ALL.

In summary, novel differentially methylated regulatory
regions and differentially expressed genes were identified that
may contribute to the pathogenesis of ALL. As expected, genes
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associated with B-cell development and epigenetic modifier
genes were differentially expressed. The de novo DNA methyl-
transferases (DNMT3A, DNMT3B) responsible for the estab-
lishment of DNA methylation patterns and chromatin
inactivating deacetylase genes were upregulated, whereas TET1
and TET2, which are responsible for actively demethylating
DNA and chromatin activating acetyltransferase genes were
downregulated in ALL. The upregulation of methylating
enzymes along with the downregulation of demethylating genes
supports the theory that the loss of methylation is a passive
event that occurs during DNA replication over multiple uncon-
trolled cell divisions.45 Accordingly, the overall result of the
aberrant expression of the epigenetic modifier genes observed in
this study may effectively be the inactivation of key genes that
contribute to ALL. In addition, pseudogenes and lincRNAs
genes were also aberrantly expressed in ALL and have functional
roles in epigenetic regulation through diverse mechanisms
including behaving as antisense RNA, endo-siRNA, competing
endogenous RNA, or competing for RNA-binding proteins to
regulate their target genes. Moreover, for the first time, putative
transcriptional enhancers were identified that were differentially
methylated and associated with the expression of a neighboring
gene. Importantly, these may be used as prospective biomarkers
for ALL and/or as targets for novel therapeutic agents that can
restore altered DNA methylation and gene expression back to
the normal state with the ultimate goal of improving treatment
therapies and patient outcomes.

Materials and Methods

Patient samples
De-identified patient samples were obtained under full ethi-

cal approval of the institutional review board at the University
of Missouri. A total of 20 pre-B ALL patient samples (Table 2)
and pre-BI and pre-BII cells from 10 healthy individuals were
used for this study. ALL patient samples contain at least 88%
blasts. Normal control pre-BI and pre-BII cells were isolated
from 10 human umbilical cord blood (HCB) samples as previ-
ously described.46 Briefly, mononuclear cells were isolated by
density gradient centrifugation using Ficoll-Paque PLUS (GE
Healthcare Bio-Sciences AB; cat. no. 17–1440-03) followed by
depletion of all non B-cells with biotin conjugated antibodies
cocktail and anti-biotin monoclonal antibodies conjugated to
magnetic beads using human B cell Isolation Kit (MACS Milte-
nyi Biotec; order no. 130-093-660). For the methylation stud-
ies, purified B-cells were fluorescently labeled with antibodies
against cell surface antigen (CD19, CD34, CD45; BD Bio-
sciences) specific to individual stages of B-cell development.
Finally, the fluorescently labeled cells were sorted as pre-BI
(CD19C/CD34¡/CD45low) and pre-BII (CD19C/CD34¡/
CD45med). Because no regions of differential methylation were
observed in pre-BI versus pre-BII cells, transcriptomes were gen-
erated for precursor B-cells which include both pre-BI and pre-
BII subsets. To obtain this population of cells, purified B-cells
were fluorescently labeled with antibodies against CD19 and

IgM and precursor B-cells (CD19C/IgM¡) were isolated by
flow cytometry.

Antibodies
The following antibodies were used for flow cytometry and

non B-cell isolation through column purification: BD
PharMingenTM PE Mouse Anti-Human CD34 (BD Biosciences;
cat. no. 560941); BD PharmingenTM APC Mouse Anti-Human
CD19 (BD Biosciences; cat. no. 555415); CD45 FITC (BD Bio-
sciences, cat. no. 347463); BD PharmingenTM PE Mouse Anti-

Table 2: Differentially expressed genes in ALL involved in B-cell develop-
ment and epigenetic modifications

Gene Fold change* Gene Fold change*

B -cell
development genes

B -cell
development genes

DNTT ¡10.25 LYN 4.081
VPREB1 ¡9.08 IRF8 4.298
RAG1 ¡8.81 DNA demethylase
RAG2 ¡8.52 TET3 1.02
IGLL1 ¡7.37 TET2 1.17
FCER1G ¡6.41 DNA methyltransferase
LEF1 ¡5.49 DNMT3B ¡5.54
TNFSF4 ¡4.91 DNMT1 ¡1.89
HMGB2 ¡3.49 DNMT3A ¡1.44
LCP2 ¡3.30 Histone deacetylases
OAS3 ¡3.21 HDAC11 ¡1.75
VPREB3 ¡3.15 SIRT2 ¡0.99
IL18R1 ¡2.94 Histone lysine

acetyltransferases
BST1 ¡2.87 CDYL 1.15
CD59 ¡2.63 CREBBP 1.53
CTSC ¡2.31 EP300 1.56
SOX4 ¡2.15 MGEA5 1.96
ADA ¡1.91 NCOA3 3.39
IGJ ¡1.89 Histones
LRRC8D ¡1.84 HIST1H2BJ ¡8.21
NOTCH1 ¡1.62 HIST1H3H ¡8.07
TCF3 ¡1.22 HIST1H2BO ¡7.60
CEACAM1 ¡1.21 HIST1H3J ¡7.47
PAXBP1 ¡1.12 HIST1H2BH ¡6.90
MALT1 1.05 HIST2H2AB ¡6.60
IGHM 1.17 HIST1H3D ¡6.43
ETS1 1.39 HIST1H4F ¡6.43
BCL2 1.40 HIST1H2AC ¡5.91
HLA-DMB 1.58 HIST1H2BF ¡5.81
RFX1 1.63 HIST1H4H ¡5.76
BCL10 2.08 HIST2H2BF ¡5.29
IL24 2.16 HIST1H2AD ¡5.07
BTG1 2.18 HIST1H1E ¡4.95
HLA-DQB1 2.39 HIST1H2BK ¡4.82
IRF4 2.46 HIST1H4I ¡4.76
FCGR2B 2.56 HIST1H2BC ¡4.65
ADAM8 2.60 HIST1H4E ¡4.64
CARD11 3.24 HIST2H2BE ¡4.43
ADAM19 3.59 HIST1H2BN ¡4.35
MS4A1 3.87 HIST1H1C ¡4.13
IL4R 4.00 HIST1H2BD ¡3.72

Negative log fold changeDupregulated in ALL, positive fold change
Ddownregulated in ALL.
*Log2 fold change.
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Human IgM (BD Biosciences, cat. no. 555783); B cell Isolation
kit (MACS Miltenyi Biotec; order no. 130-093-660).

MIRA-seq library preparation
Genomic DNA from ALL patient samples was isolated using

DNeasy
�
Blood and Tissue Kit (Qiagen; cat. no. 69506) accord-

ing to manufacturer’s instructions. MIRA-seq libraries for nor-
mal precursor B-cells were prepared as previously described.4 For
ALL patient samples, 1.0 mg of DNA from each ALL patient was
sonicated with alternating 30 seconds on/off intervals for a total
of 9 minutes to generate 200- to 600-bp fragments. A small por-
tion of sonicated DNA was run on 1% agarose gel to ensure the
sonication accuracy. The remaining sonicated DNA fragments
were concentrated and purified using the MinElute PCR purifi-
cation kit (Qiagen; cat. no. 28004). Adaptor ligation to frag-
mented DNA followed by MIRA using MethylCollectorTM

Ultra kit (Active Motif; cat. no. 55005) was performed according
to manufacturer’s protocols and as previously described.4 After
size selection of enriched methylated DNA on 1% agarose gel,
PCR amplification of recovered methylated DNA fragments was
performed for 11 cycles and then purified with the MinElute gel
extraction kit (Qiagen; cat no. 28604). In order to validate the
enrichment of methylated DNA, end point PCR amplification
of methylated SLC25A37- and unmethylated APC1- regions was
performed with the following primer pairs: 50-CCCCC
TGGACGTCTGTAAG-30 (forward) and 50-GGCATCTGG-
TAGATGACACG-30 (reverse) for SLC25A37, and 50-ACTGC-
CATCAACTTCCTTGC-30 (forward) and 50-GCGGATT
ACACAGCTGCTTC C-30(reverse) for APC1. Quantity and
fragment analysis was performed using Qubit and Bioanalyzer
before sequencing. Four high quality MIRA-seq libraries were
multiplexed in 10nM concentrations and sequenced on the Illu-
mina HiSeq 2000 (1£100 bp reads) at the DNA Core Facility,
University of Missouri-Columbia.

Identification of methylated peaks and differentially
methylated regions in ALL

MIRA-seq data processing and methylated peaks for indi-
vidual samples were identified using MACS2 pipeline as pre-
viously described.4 Briefly, following adaptor trimming,
sequences were aligned to the human reference sequence
(GRCh37 with SNP135 masked) with bowtie2 (version
2.1.0). Patient sample A32 had an insufficient numbers of
reads and was excluded from subsequent analyses. Picard-
tools (version 1.92) were used to remove duplicate reads
from the BAM files. The resulting BAM files were indexed
with SAMtools “index.” Methylated peaks were identified
using MACS2 (version 2.0.10.20130712)47 with default
parameters. Unified peak locations across the samples were
created using bedtools (version 2.17.0). Individual sample
was assigned a peak when their own peak overlapped with
the unified peaks. ALL and HCB peaks were included if the
peak was present in at least 17 biological replicates. Differen-
tially methylated regions (DMRs) between the ALL and con-
trol precursor B-cells isolated from HCB were identified as
described previously.4 The coverage depth for each sample

was analyzed and any sample with insufficient depth (satura-
tion correlation < 0.90) was omitted from further analyses.
Following normalization of data using a CpG coupling fac-
tor-based method,48 DMRs were identified. Initially regions
of interest (ROIs) were determined based on read counts
within 100 bp windows with a 300 bp overlaps (expected
fragment size of 400 bp). Non-specific filtering was per-
formed by discarding the ROIs with modest signal represen-
tation (<20 mean counts across all samples). Differentially
methylated regions were identified from the remaining ROIs
using the edgeR package called via the MEDIPS package in
R/Bioconductor. The ROIs with <5% false discovery rate
(FDR; Benjamini-Hochberg) and at least a fold2- change
were identified as a DMRs. ROIs immediately adjacent to
one another were combined into a single DMR. Hyper- and
hypomethylated ROIs were merged separately so that only
putatively consistent ROIs were combined. The reported log
fold change for merged DMRs is the maximum log2 fold
change for any of its constituent ROIs. All MIRA-seq data
were deposited in NCBI Sequence Read Archive (Accession
SRP058314).

Annotation and enhancer prediction
Methylated peaks and differentially methylated regions were

annotated with HOMER (Hypergeometric Optimization of
Motif EnRichment), version 4.3, using the default setting to
identify genomic locations.49 The X and Y chromosomes were
excluded from the analysis as the genders of individual normal
samples were unknown. CpG island positional information from
the University of California Santa Cruz (UCSC) table browser
was used to determine the position of methylation peaks within a
CpG island context. The genomic locations of enhancers were
identified based on the enrichment of histone H3 lysine 4 mono-
methylation (H3K4me1) and histone H3 lysine 27 acetylation
(H3K27ac) modifications in the GM12878 cell line (lympho-
blastoid) available from ENCODE.

RNA-seq library preparation and data analysis
RNA samples were also obtained from the pre-B ALL

patients (20 samples) utilized in the MIRA-seq assays and from
normal precursor B-cells isolated from HCB (8 samples). RNA
sequencing libraries were constructed with the NEBNext

�

Ultra
TM

Directional RNA Library Prep Kit for Illumina
�
(New

England Biolabs; cat. no. E7420) and sequenced on the Illu-
mina HiSeq 2000 (1£100 bp reads) at the University of Mis-
souri DNA Core Facility. The reads were preprocessed to
remove poor quality reads of <20 using FastX toolkit (http://
hannonlab.cshl.edu/fastx_toolkit/). Reads were aligned to hg19
using Tophat (v2.0.13) with default settings. Differential gene
expression between ALL and healthy precursor B-cells were
determined using Cufflinks with default parameters (version
2.2.1).50 The read counts along with FPKM values and their
variances were calculated by cuffdiff 2 and the log fold change
and p-value was calculated for each gene. Multiple testing cor-
rections using Benjamini-Hochberg was also performed (q-
value). The same cutoffs for FDR and fold change used in the
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analysis of methylated ROIs were used to determine differential
expression. All functional annotations were performed using the
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID) v6.7.51 All RNA-seq data were deposited in
NCBI Sequence Read Archive (Accession SRP058414).
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