
Genome-wide DNA methylation analysis
in precursor B-cells

Md Almamun1, Benjamin T Levinson1, Susan T Gater2, Robert D Schnabel3, Gerald L Arthur1, J Wade Davis4,5, and
Kristen H Taylor1,*

1Department of Pathology and Anatomical Sciences; University of Missouri-Columbia; Columbia, MO USA; 2Division of Research; Texas A&M University; College Station, TX USA;
3Division of Animal Sciences; University of Missouri-Columbia; Columbia, MO USA; 4Management and Informatics; University of Missouri-Columbia; Columbia, MO USA;

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

Keywords: DNA methylation, enhancer, next-generation sequencing, precursor B-cell, umbilical cord blood

Abbreviations: HCB, human umbilical cord blood; HSCs, haematopoietic stem cells; CLP, common lymphoid progenitor cells;
Pro-B, progenitor B-cell; Pre-B, precursor B-cell; CD; cluster of differentiation; ALL; acute lymphoblastic leukemia; CpG; CG dinu-
cleotide; CpGI, CpG island; MIRA-seq, methylated CpG island recovery assay (MIRA) followed by next generation sequencing;
TFs, transcription factors; MBDs, methyl CpG binding domains; MeCP2, methyl CpG binding protein 2; DMRs, differentially
methylated regions; ROIs, regions of interest; H3K4me1, histone H3 lysine 4 monomethylation; H3K27ac, histone H3 lysine 27

acetylation; FDR, false discovery rate.

DNA methylation is responsible for regulating gene expression and cellular differentiation and for maintaining
genomic stability during normal human development. Furthermore, it plays a significant role in the regulation of
hematopoiesis. In order to elucidate the influence of DNA methylation during B-cell development, genome-wide DNA
methylation status of pro-B, pre-BI, pre-BII, and na€ıve-B-cells isolated from human umbilical cord blood was determined
using the methylated CpG island recovery assay followed by next generation sequencing. On average, 182–200 million
sequences were generated for each precursor B-cell subset in 10 biological replicates. An overall decrease in
methylation was observed during the transition from pro-B to pre-BI, whereas no differential methylation was observed
in the pre-BI to pre-BII transition or in the pre-BII to na€ıve B-cell transition. Most of the methylated regions were located
within intergenic and intronic regions not present in a CpG island context. Putative novel enhancers were identified in
these regions that were differentially methylated between pro-B and pre-BI cells. The genome-wide methylation
profiles are publically available and may be used to gain a better understanding of the involvement of atypical DNA
methylation in the pathogenesis of malignancies associated with precursor B-cells.

Introduction

B-cell development comprises several developmental stages
beginning with pluripotent haematopoietic stem cells (HSCs),
followed by common lymphoid progenitor cells (CLP), progeni-
tor-B-cells (pro-B), precursor-B-cells (pre-BI and pre-BII),
immature B-cells (na€ıve B-cells), and, finally, mature B-cells.
Each developmental stage has diverse biological features that are
regulated by differential gene expression.1,2 Numerous transcrip-
tion factors (TFs) are known to be responsible for lineage-specific
gene regulation.2–4 In addition, regulatory elements, such as
enhancers, have been shown to be critical for tissue and develop-
mental stage-specific gene expression.5 However, the identifica-
tion of enhancers and how they are regulated has not been
described in precursor B-cell development.

DNA methylation is an epigenetic modification by which a
methyl group is added to a cytosine base at the carbon-5 position
in a CpG dinucleotide.6 DNA methylation regulates gene expres-
sion by attracting methyl-CpG-binding domain proteins (e.g.,
MeCP2 and MBDs), which promote chromatin condensation
into a transcriptionally repressive conformation.7-9 Tissue specific
DNA methylation is responsible for regulating gene expression
and cellular differentiation and for maintaining genomic stability
during normal human development.10,11 It is well established
that DNA methylation plays a role in the regulation of hemato-
poiesis, including myelopoiesis and lymphopoiesis. For example,
DNA methylation is requisite for HSC self-renewal and defi-
ciency of methylation leads to differentiation into myeloeryth-
roid cells.12 On the other hand, an increase in DNA methylation
is associated with lymphoid commitment.13 Furthermore, the
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alteration of tissue specific gene expression by DNA methylation
may lead to the progression of many disease states, including
cancer.

The major focus of methylation studies has historically been
centered around the gains or losses of methylation within the
promoter regions of genes and the impact of these modifications
on the regulation of gene expression. More recently, studies have
highlighted the importance of alternative regulatory regions such
as transcriptional enhancers in the regulation of gene expres-
sion.14,15 Unlike the ability to identify a promoter based on its
proximal location adjacent to a gene, enhancer detection relies
on a number of imperfect measures of chromatin regulators, such
as histone modifiers in a particular cell type. These important
regulatory elements are often found within noncoding regions of
the genome, recruit transcriptional coactivators and, like tissue-
specific promoters, are responsible for cell type specific gene
regulation.

Genome-wide assessment of DNA methylation in both
healthy and diseased tissue is critical to understanding the func-
tional consequence of altered DNA methylation. In this study,
genome-wide DNA methylation profiles were generated using
the methylated CpG island recovery assay16 followed by next
generation sequencing (MIRA-seq) for 4 subsets of B-cells that
were isolated from human umbilical cord blood (HCB) at differ-
ent stages in development. The study of methylation profiles in
normal cells will aid in elucidating the role of altered DNA meth-
ylation in the pathogenesis of acute lymphoblastic leukemia
(ALL), a malignancy associated with stage specific precursor
B-cells.

Results

Genomic distribution of DNA methylation during B-cell
development

To better understand the role of methylation in early B-cell
development, 10 MIRA-seq libraries were constructed each for
pro-B, pre-BI, pre-BII, and na€ıve B-cell subsets isolated from the
same individual. A sorting strategy that utilized the level of
CD45 expression as a discriminator between pre-BI, pre-BII and
na€ıve B-cells17 and a stringent gating strategy were employed to
ensure that the 4 distinct populations of cells were collected with
no overlap.18 On average, 180 million reads were generated for
each sample, of which 92% were aligned to the human reference
genome. Within each B-cell subset, the coverage was approxi-
mately 60x when taken across all biological replicates, resulting
in a high-resolution map. After removing duplicates to eliminate
the preferential amplification of certain fragments that may be
introduced as a result of low amounts of starting material, 40 –
79 million unique reads remained in each subset (Fig. 1 and
Table 1).

Methylation peaks present in at least 8 of the 10 samples were
used to investigate the genome-wide distribution of DNA meth-
ylation in each precursor B-cell subset. More than 201,000 peaks
were shared across subsets and less than 5% of the peaks were
unique to any individual subset. Similar genomic distributions

were observed for each subset with an overwhelming majority of
the methylation peaks present in intergenic and intronic regions
(Fig. 2). Historically, genome-wide methylation assays have
focused on the promoters of genes, CpG islands (CGIs), CpG
shores, and, more recently, CpG shelves.19,20 Therefore, we also
investigated the distribution of methylation peaks within a CGI
context. Strikingly, the vast majority of methylation peaks in
healthy precursor B-cell subsets do not occur within a CGI con-
text. A total of 3–4% overlapped with a CGI, 5–6% were found
within a CpG shore, and 3–4% were found within a CpG shelf
(Fig. 3).

Differentially methylated regions in precursor B-cell
differentiation

A total of 14,294 hypomethylated and 4,210 hypermethylated
DMRs were identified and plotted using Circos21 at an FDR of
5% during the transition from pro-B to pre-BI cells (Fig. 4 and
Table S1). The genomic distribution of DMRs differs between
the hypomethylated and hypermethylated loci (Fig. 5). More
than 95% of the hypomethylated loci lie within intronic and
intergenic regions, whereas approximately 80% of the hyperme-
thylated loci are present in intronic or intergenic regions. Quite
interestingly, no DMRs were observed between the pre-BI to
pre-BII cell transition or between the pre-BII to na€ıve B-cell tran-
sition. This is not surprising considering that these cells are more
similar than pro-B-cells, which still possess the stem-like cell sur-
face marker CD34.

In the pre-BI cells, »1% of the hypomethylated DMRs and
»3% of the hypermethylated DMRs were found within a gene
promoter (Fig. 5). To gain insight into the potential biological
consequence of the loss or gain of promoter methylation in pre-
BI cells we performed functional annotation of promoter DMRs
using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7.22 No gene sets or functional groups
were significantly enriched in promoter DMRs. Therefore, we

Figure 1. Average read and alignment statistics. Read and alignment sta-
tistics were averaged across all individuals for each precursor B-cell sub-
set. The top of each bar represents the total number of sequencing
reads (blue), the total number of mapped reads (dark gray), and the total
number of unique reads (light gray).
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sought to identify potential functional DMRs present in inter-
genic and intronic regions. We first identified enhancer related
histone marks in the lymphoblastoid cell line GM12878, a surro-
gate for precursor B-cells. The location of the histone marks rep-
resenting potential poised and active enhancers (H3K4me1 and
H3K27ac) were then superimposed on the intergenic and
intronic DMRs.5,23-25 A total of 467 potential enhancer-like
DMRs were identified that possessed H3K4me1 and H3K27ac:
197 were hypomethylated and 270 were hypermethylated in pre-
BI cells compared to pro-B-cells (Table S2 and S3). To examine
the possible impact of differentially methylated enhancer-like
regions, a list of target genes for each DMR was generated from
the nearest upstream and downstream gene. More than 200 puta-
tive target genes were identified in the hypomethylated DMRs
and 396 were identified in the hypermethylated DMRs. Consis-
tent with the differentially methylated promoter loci, no gene
sets or functional groups were enriched in the enhancer associated

DMRs. However, the enhancer-like DMRs contained genes
involved in the regulation of leukocyte activation and the B-cell
receptor (BCR) signaling pathway. Specifically, the enhancer
regions of genes implicated in lymphocyte differentiation (EGR1,
FOXP1 and KLF6) and in the BCR signaling pathway
(CARD11, LILRB3 and CD81) gained methylation during the
transition from pro-B to pre-BI cells. In contrast, the BCR sig-
naling pathway genes VAV3, GRB2, PPP3CA, and NFATC1 lost
methylation during the transition from pro-B to pre-B-cells
(Table 2). Therefore, it is reasonable to infer that the regulation
of these genes during B-cell differentiation is affected by the pres-
ence or absence of methylation in cell-type specific enhancers.

Figure 3. Percentages of methylation peaks associated with CpG islands,
CpG shores, and CpG shelves.

Figure 2. Genomic distribution of methylation peaks in pro-B, pre-BI,
pre-BII, and na€ıve-B-cells.

Table 1. Reads and alignment statistics for individual samples

Subset Sample Total Reads Fraction Mapped Unique Reads

Pro-B HCB1 159,375,936 0.946 34,890,917
HCB2 275,775,450 0.902 37,054,047
HCB3 143,136,524 0.933 20,938,997
HCB4 150,983,572 0.933 34,713,018
HCB5 221,920,825 0.920 64,801,910
HCB6 256,016,969 0.913 36,113,336
HCB7 204,552,858 0.942 56,437,859
HCB8 186,406,308 0.929 34,739,657
HCB9 197,700,606 0.939 45,116,675
HCB10 171,626,945 0.886 32,579,069

Pre-BI HCB1 168,552,888 0.952 85,329,586
HCB2 265,314,820 0.901 67,984,512
HCB3 84,521,014 0.938 39,905,728
HCB4 148,457,990 0.933 47,064,491
HCB5 240,194,057 0.919 83,332,904
HCB6 188,877,538 0.944 131,520,066
HCB7 147,961,433 0.942 57,073,380
HCB8 148,151,509 0.933 65,601,840
HCB9 175,217,423 0.941 62,713,505
HCB10 258,120,121 0.935 155,091,010

Pre-BII HCB1 128,568,614 0.939 41,948,710
HCB2 240,907,679 0.898 78,846,617
HCB3 150,168,486 0.944 62,616,516
HCB4 195,937,594 0.938 63,730,137
HCB5 237,968,679 0.918 51,527,842
HCB6 182,755,070 0.946 124,485,754
HCB7 228,160,559 0.937 98,691,194
HCB8 281,061,395 0.926 67,410,961
HCB9 152,443,649 0.941 64,389,853
HCB10 137,008,710 0.928 88,156,469

Na€ıve B HCB1 156,540,399 0.943 44,593,245
HCB2 268,175,606 0.898 71,107,061
HCB3 140,510,823 0.939 65,425,259
HCB4 253,253,459 0.933 78,647,622
HCB5 231,601,747 0.909 43,301,897
HCB6 171,904,801 0.941 99,929,288
HCB7 219,665,529 0.941 65,994,827
HCB8 216,408,028 0.927 35,548,885
HCB9 121,564,595 0.943 44,267,598
HCB10 226,597,896 0.918 136,066,654
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It has previously been shown that DNA methylation decreases
during cellular differentiation of myeloid cells,26,27 but increases
when comparing early progenitor cells to fully differentiated lym-
phoid cells.13,20 In order to visualize the changes in methylation
as precursor B-cells differentiate, the average level of methylation
at DMR loci was examined across each subset. Two prominent
patterns arose, each beginning with a decrease in methylation
between the pro-B and pre-BI stage followed by: 1) a steady state
of methylation being observed in subsequent stages; or 2) a slight
increase in methylation in subsequent stages. The second pattern

observed in our data helps elucidate when the increase in methyl-
ation begins to occur in lymphoid differentiation.

Discussion

Epigenetic modifications are well known to play important
roles in disease. In order to better understand and identify aber-
rant, disease-associated epigenetic events, it is imperative to create
epigenomic data sets for all normal tissue types. The ENCODE
consortia set out to define the functional elements in the human
genome including epigenetic marks such as histone modifications
and DNA methylation. This effort has produced genome-scale
epigenetic data sets for multiple cell types but does not include
every cell type. Precursor B-cell ALL is the most common malig-
nancy seen in children and also affects adults. Precursor B-cells
are present at a low frequency in pediatric bone marrow and at
even lower frequencies in adult bone marrow. In order to gener-
ate DNA methylation profiles in precursor B-cells we obtained
umbilical cord blood from healthy donors, which is rich in pre-
cursor B-cells and more easily attainable than bone marrow from
healthy children. For the first time, we provide whole-genome
DNA methylation profiles for 4 subsets of B-cells derived from
umbilical cord blood.

In this study, MIRA-seq followed by next generation sequenc-
ing was used to examine genome-wide DNA methylation during
the development of B-cells. Caldwell and colleagues have shown
that CD19C-cells that express high levels of CD45 correspond to
na€ıve B-cells, which express surface IgM; CD19C-cells that
express intermediate levels of CD45 correspond to pre-BII cells,
which express cytoplasmic IgM; and CD19C-cells that express
low levels of CD45 correspond to pre-BI cells. which do not
express cytoplasmic IgM.17 Therefore, we isolated 4 subsets of
precursor B-cells: 1) pro-B (CD34C/CD19C); 2) pre-BI
(CD34¡/CD19C/CD45low); 3) pre-BII (CD34¡/CD19C/
CD45med); and 4) na€ıve B-cell (CD34¡/CD19C/CD45high).18

DMRs were identified to determine the dynamic range of DNA
methylation as B-cells differentiate. Many DMRs lost methyla-
tion during the transition from pro-B to pre-BI cells, consistent
with a previous study.27 In addition, more than 4,000 regions
were identified that gained methylation during the transition
from pro-B to pre-BI cells. Contrary to the findings of Lee and
colleagues,27 we observed no DMRs at a 5% FDR during the
pre-BI to pre-BII transition or during the pre-BII to na€ıve B-
cell transition, indicating that methylation levels remain
unchanged during this period. This can be explained by the
fact that MIRA-seq identifies genomic regions that are meth-
ylated, whereas the Infinium array utilized by Lee and col-
leagues surveys individual CpG sites. Our results suggest that
any of these subsets (pre-BI, pre-BII, na€ıve-B) could serve as
an appropriate “control” cell population in studies aimed at
identifying differential methylation in diseases of precursor B-
cells, such as ALL. It is interesting to note that many precur-
sor B-ALL patients retain (or gain) the stem-like cell surface
marker CD34, calling into question whether the cells are
more related to pre-B or pro-B-cells.

Figure 4. Differentially methylated regions in the pro-B to pre-BI transi-
tion. Circos plots representing chromosomes 1-22. The X and Y chromo-
somes were excluded from analysis. A total of 4,210 loci gained
methylation (hypermethylated in pre-BI) and 14,294 loci lost methylation
(hypomethylated in pre-BI). Blue represents hypomethylated regions in
pre-BI cells and yellow represents hypermethylated regions in pre-BI
cells.

Figure 5. Genomic distribution of hypomethylated and hypermethy-
lated loci during the pro-B to pre-BI transition.
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MIRA-seq has the advantage of being able to distinguish the
methylated DNA in all regions of the genome and the slight dis-
advantage that the precise location of the methylation cannot be
distinguished. The vast majority of methylated regions in normal
precursor B-cells were present in intergenic and intronic loci. Per-
haps these loci are important in maintaining genomic stability;19

however, it is equally plausible that these regions harbor impor-
tant regulatory sequences, such as enhancers, that are affected by
methylation.23,28 In fact, more than 450 putative enhancer-like
DMRs were identified in pre-BI cells compared to pro-B-cells
indicating cell-type specific gene regulation. Putative targets of
the enhancer-like DMRs play fundamental roles in lymphopoie-
sis and BCR signaling, and included the genes FOXP1, KLF6,
CARD11, LILRB3, CD81, VAV3, GRB2, PPP3CA, and
NFATC1. When other regulatory DMRs were considered, none
of the promoters associated with genes involved in B-cell differ-
entiation were differentially methylated. Therefore, intergenic
and intronic regulatory regions may be the driving force in B-cell
differentiation.

In summary, we provide genome-wide DNA methylation pro-
file at 4 stages of B-cell development. We report for the first time
hypermethylated loci associated with the transition of pro-B to
pre-BI cells. The majority of the differentially methylated regions
identified lie within intronic and intergenic regions and some of
these regions overlap with putative regulatory regions. This study
supports the use of umbilical cord blood as a source for precursor
B-cells and establishes a baseline methylation profile for precursor
B-cell subsets. It is likely that the DMRs identified in regulatory
regions will be important in identifying the mechanisms respon-
sible for the dysregulation of gene expression associated with pre-
cursor B-cell disorders such as ALL.

Materials and Methods

Isolation of precursor B-cell subsets
The cell sorting strategy developed by Caldwell and col-

leagues17 was employed to isolate 4 subsets of precursor B-cells
from 10 HCB samples from healthy individuals provided by the
St. Louis Cord Blood Bank, as previously described.18 Briefly,
mononuclear cells were separated by density centrifugation using
Ficoll-Paque PLUS (GE Healthcare Bio-Sciences AB; cat. no.
17-1440-03). Next, non B-cells were depleted from the

mononuclear cells using a cocktail of biotin-conjugated mono-
clonal antibodies and anti-biotin monoclonal antibodies conju-
gated to magnetic beads with the human B-cell Isolation Kit
(MACS Miltenyi Biotec; cat. no. 130-093-660). Unlabeled B-
cells that passed through the column were then fluorescently
labeled with antibodies against cell surface antigens (CD19,
CD34, and CD45) specific to individual stages of B-cell develop-
ment. Finally, 4 subsets of fluorescently labeled cells were sorted
and recovered in individual tubes as pro-B (CD34C/CD19C),
pre-BI (CD34¡/CD19C/CD45low), pre-BII (CD34¡/CD19C/
CD45med), and na€ıve (CD34¡/CD19C/CD45high) B-cells
(Fig. 6).

Figure 6. Isolation of precursor B-cell subsets from human umbilical cord
blood. Mononuclear cells were isolated using density gradient centrifu-
gation to remove all non B-cells. B-cells were labeled with cell surface
antibodies and sorted into 4 separate tubes. R4: pro-B-cells; R5: pre-BI
cells; R6: pre-BII cells; R7: na€ıve B-cells.

Table 2. Differentially methylated enhancer target genes involved in leukocyte activation and BCR signaling pathway

Gene Chr DMR_start DMR_end Location Distance from TSS Fold change

Hypomethylated enhancer VAV3 1 108,508,801 108,508,900 Intronic ¡1,306 1.318
PPP3CA 4 102,216,101 102,216,500 Intronic 52,327 1.550
GRB2 17 73,397,201 73,397,600 Intronic 4,388 1.604

NFATC1 18 77,284,801 77,285,500 Intronic 12,4825 1.536
Hypermethylated enhancer LILRB3 19 54,715,301 5,4715,400 Intergenic 31,202 1.420

CD81 11 2,411,401 2,411,500 Intronic 13,994 1.300
KLF6 10 3,822,601 3,822,800 Intronic 4,772 1.412
EGR1 5 137,799,101 137,799,300 Intergenic ¡1,980 1.387
FOXP1 3 71,276,301 71,276,400 Intronic 17,965 1.432
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DNA isolation and MIRA-seq library preparation
Genomic DNA was isolated from each precursor B-cell

subset immediately after flow sorting with the QIAamp�

DNA Micro Kit (Qiagen; cat. no. 56304) according to man-
ufacturer’s instructions, and eluted in 30 ml of nuclease free
distilled water. Due to the low number of pro-B-cells isolated
from HCB samples, approximately 100 ng of DNA was recov-
ered. Therefore, library construction for each of the 4 subsets
was performed using a starting amount of 100 ng of DNA.
The DNA was sonicated to generate 200- to 600-bp fragments
using the Bioruptor� standard (Diagenode; cat. no.
B01010002) at 4�C. Sonication was performed using the high
power setting with alternating 30 s on/off intervals for a total
of 9 minutes. After 5 min, ice was added to the water bath to
keep the samples cool. Sonicated DNA fragments were puri-
fied and concentrated using the MinElute PCR purification
kit (Qiagen; cat. no. 28004). The purified fragments were
electrophoresed on a 1% agarose gel at 96 volts for 45 min for
size selection. DNA bands between 200 bp and 600 bp were
excised and then extracted using the MinElute Gel Extraction
kit (Qiagen; cat no. 28604) according to manufacturer’s
instructions.

The NEBNext� DNA Library Prep Master Mix Set for Illu-
mina kit (New England BioLabs; cat. no. E6040S) was utilized
for library construction according to manufacturer’s instructions
with modifications. Briefly, end repair and dA tailing was per-
formed with purification after each step using Agencourt�

AMPure� XP Beads (Beckman Coulter; cat. no. A63881). NEB-
Next Adaptors (New England BioLabs; cat. no. E7335S) were
ligated to the repaired DNA and purified using 1.0X AMPure
XP beads. After adaptor ligation, MIRA was performed for the
enrichment of methylated DNA using the Methyl CollectorTM

Ultra kit (Active Motif; cat. no. 55005) which utilizes a His-
MBD2b/MBD3L1 protein complex to bind methylated DNA
fragments. PCR enrichment of recovered methylated DNA frag-
ments was then performed using reagents from NEBNext�

DNA Library Prep Master Mix Set for Illumina with multiplex
oligos for 16 cycles. PCR products were purified using
Agencourt� AMPure� XP Beads (Beckman Coulter; cat. no.
A63881). To validate the enrichment of methylated DNA, end
point PCR amplification was performed for SLC25A37, a gene
that should be methylated and therefore present in the methyla-
tion enriched sample, and APC1, a gene that should be unmethy-
lated and therefore depleted in the methylation enriched sample.
The forward primer 50-GGTGGCTCCCACTTTAAGAA-30

and reverse primer 50-ATCTCGGCTGTCCCCAT-30 were
used for SLC25A37 (annealing temperature 58�C; amplicon size
158 bp), and the forward primer 50-ACTGCCAT-
CAACTTCCTTGC-30 and reverse primer 50-GCGGATTACA-
CAGCTGCTTC C-30 were used for APC1 (annealing
temperature 56�C; amplicon size 162 bp). Fragment analysis for
each validated library was performed prior to sequencing. Four
quality-tested MIRA-seq libraries were multiplexed in either
2 nM or 10 nM concentrations and sequenced on the HiSeq
2000 (1 £ 100 bp reads) at the University of Missouri DNA
Core Facility.

Data processing, alignment, and peak identification
Adaptor sequences were trimmed from reads and subsequent

short reads were discarded using cutadapt 1.2.1.29 Reads were
then aligned to the human reference sequence (GRCh37 with
SNP135 masked) with bowtie2 (version 2.1.0)30 using default
parameters. Aligned files were then converted to BAM files and
sorted by coordinate using SAMtools (version 0.1.19-
44428cd)31 “view” and “sort,” respectively. Duplicate reads were
removed from the BAM files using Picard-tools (version 1.92)
“MarkDuplicates” with default parameters. The resulting BAM
files were indexed with SAMtools “index.” Peaks were identified
using MACS2 (version 2.0.10.20130712)32 “callpeak” with
default parameters. In order to standardize peak calls between
samples, one file with all of the peak calls from each sample was
created, sorted, and then merged with bedtools (version
2.17.0)33 “mergeBed” to create a file of unified peaks. Samples
were assigned a peak if their own peak overlapped with the uni-
fied peaks. Peak results are available as “Custom annotation
tracks” for download and viewing in the UCSC genome browser
(http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUserD
submitandhgS_otherUserNameDtaylorkhandhgS_otherUser
SessionNameDMIRAseq).

Annotation and enhancer prediction
Methylated peaks were annotated with HOMER (Hypergeo-

metric Optimization of Motif EnRichment), version 4.3, using
the Perl script “annotatePeaks.pl” with default parameters to
identify their genomic location.34 The X and Y chromosomes
were excluded from the analysis because the genders of the indi-
vidual cord blood samples were unknown. Genome-wide CpG
island positional information from the UCSC table browser was
used to identify the position of methylation peaks within a CpG
island context. In order to predict enhancer-like regions,
publically available ChIP-seq data for histone modifications
(H3K4me1 and H3K27ac) in the lymphoblastoid cell line
(GM12878) were obtained from the ENCODE Data Coordina-
tion Center at UCSC. The GM12878 cell line is derived from
peripheral blood B-cells and is the most closely related cell type
to precursor B-cells with publically available histone data.

Differentially methylated regions of interest
Differentially methylated regions (DMRs) between the vari-

ous stages of B-cell development were identified using the same
computational methodology proposed by Chavez and col-
leagues.35 A saturation analysis was first performed on each pre-
processed and aligned sample (BAM file) to ensure sufficient
coverage depth (and therefore reproducibility): any sample with
insufficient depth (based on saturation correlation <0.90) was
excluded from further analyses. Following this additional quality
control check, the data were normalized using a CpG coupling
factor–based method. This approach is built on the theory of
coupling factors36 and is implemented using a mixture model
that takes into consideration the distribution of CpGs in the ref-
erence genome. Identification of DMRs was based on the nor-
malized data, and the aforementioned approach does not
necessarily require an input (‘control’) sample to be sequenced.
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Read counts were binned using 100 bp windows with 300 bp
overlaps (based on an expected fragment size of 400 bp). This
resulted in approximately 3 million windows, which we term
‘regions of interest’ (ROIs). ROIs with modest signal representa-
tion were excluded (i.e., mean across all samples being compared
<20 counts), which is akin to traditional non-specific filtering.
This filtering approach is independent of the test statistic so as
not to introduce bias,37 while increasing power and reducing false
discoveries. In the remaining ROIs, testing for differential meth-
ylation was performed using the edgeR package called via the
MEDIPS package in R/Bioconductor. The ROIs with a false dis-
covery rate (FDR; based on Benjamini-Hochberg approach)
<5% were extracted and these regions were merged if immedi-
ately adjacent (distance between bp D 1) to other ROIs meeting
this criteria. Hyper- and hypo-methylated ROIs were merged
separately so that only putatively consistent ROIs were com-
bined. The reported log fold change for merged ROIs is the

maximum (hypermethylated) or minimum (hypomethylated) log
fold change for any of its constituent ROIs. It should be noted
that the DMR approach is not a peak-based approached, so the
aforementioned peak identification and annotation work serves a
complimentary role and does not involve identification of
DMRs.
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