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ABSTRACT The DNA methyltransferase, Dnmt3a, is dynamically regulated throughout mammalian B cell
development and upon activation by antigenic stimulation. Dnmt3a inactivation in hematopoietic stem cells
has been shown to drive B cell-related malignancies, including chronic lymphocytic leukemia, and asso-
ciates with specific DNA methylation patterns in transformed cells. However, while it is clear that inactivation
of Dnmt3a in hematopoietic stem cells has profound functional effects, the consequences of Dnmt3a
inactivation in cells of the B lineage are unclear. To assess whether loss of Dnmt3a at the earliest stages
of B cell development lead to DNA methylation defects that might impair function, we selectively inacti-
vated Dnmt3a early in mouse B cell development and then utilized whole genome bisulfite sequencing to
generate base-resolution profiles of Dnmt3a** and Dnmt3a~/~ naive splenic B cells. Overall, we find that
global methylation patterns are largely consistent between Dnmt3a** and Dnmt3a~/~ naive B cells, in-
dicating a minimal functional effect of DNMT3A in mature B cells. However, loss of Dnmt3a induced
449 focal DNA methylation changes, dominated by loss-of-methylation events. Regions found to be hypo-
methylated in Dnmt3a~/~ naive splenic B cells were enriched in gene bodies of transcripts expressed in B
cells, a fraction of which are implicated in B cell-related disease. Overall, the results from this study suggest
that factors other than Dnmt3a are the major drivers for methylome maintenance in B cell development.
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DNA methylation is an essential epigenetic modification in mammals
(Li et al. 1992; Okano et al. 1999). Cytosine methylation, occurring
predominantly in the context of CpG dinucleotides in mammalian
cells, has long been hypothesized to play a critical role in the establish-
ment and maintenance of cell type-specific gene expression (Holliday
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and Pugh 1975; Riggs 1975). Indeed, epigenetic modifications, includ-
ing DNA methylation, are dynamically regulated throughout hemato-
poietic differentiation (Cabezas-Wallscheid et al. 2014; Lara-Astiaso
et al. 2014). Moreover, massive perturbation of the DNA methylome
occurs during B cell differentiation, maturation, and activation (Kulis
et al. 2015; Lai et al. 2013; Barwick et al. 2016; Oakes et al. 2016).
The DNA methyltransferases (DNMTs), DNMT1, DNMT3A,
DNMT3B, and DNMT3C establish and maintain DNA methylation
patterns in mammalian cells (Jones and Liang 2009; Barau et al. 2016).
Accordingly, DNMTs are dynamically regulated in B cell maturation
and activation. We have previously demonstrated significant changes in
expression of DNMT1, DNMT3A, and DNMT3B, concomitant with
widespread alteration of the DNA methylation landscape, throughout
the course of a T cell-dependent B cell immune response (Lai et al.
2013). Upon activation by antigen, DNMTI and DNMT3B were
upregulated (Lai et al. 2013), consistent with the role of DNMT1 in
replication-dependent maintenance of DNA methylation (Leonhardt
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et al. 1992) and with the role of DNMT3B in late-stage B cell differenti-
ation (Blanco-Betancourt et al. 2004). In contrast, DNMT3A is dramatically
decreased upon activation by antigen (Lai et al. 2013). Correspond-
ingly, extensive DNA methylation changes were observed upon activa-
tion by antigenic stimulation, between naive and germinal center
(GC) B cell populations, and the alterations were dominated by loss-of-
methylation events. These site-specific DNA methylation changes were
hypothesized to result from passive (rather than active) demethylation
associated with a coordinated loss of DNMT3A levels, a massive burst
of proliferation, and widespread alteration of nuclear architecture (Lai
et al. 2013). However, the precise role of Dnmt3a in directing DNA
methylation patterns in naive B cells has not been characterized.

In addition to roles in normal B cell development, experimental and
human sequencing data point to a role for DNMT3A mutation and/or
loss-of-function in hematologic disease. DNMT3A is one of the most
commonly mutated genes in adult hematologic malignancies (Brunetti
et al. 2017; Yang et al. 2015). Loss of Dnmt3a progressively impairs
hematopoietic stem cell differentiation (Challen et al. 2011) and confers
a preleukemic phenotype on murine hematopoietic stem cells (Mayle
et al. 2015). Further, inactivation of Dnmt3a in mouse hematopoietic
stem cells induces chronic lymphocytic leukemia (CLL) and CD8-
positive peripheral T cell lymphomas (Haney et al. 2016a,b; Peters
et al. 2014). In transformed cells, Dnmt3a mutations and loss-of-
function associate with specific DNA methylation patterns. For
instance, DNMT3A mutations are associated with a specific DNA
hypomethylation pattern in acute myeloid leukemia (Russler-Germain
et al. 2014), and loss of DNMT3A leads to hypomethylation of hema-
topoietic enhancers in FLT3-ITD-associated leukemias (Yang et al.
2016). Accordingly, a cell type-specific function has been suggested
for DNMT3A in cellular transformation (Haney et al. 2016a). However,
while it is clear that inactivation of Dnmt3a at the hematopoietic stem
cell stage has profound functional effects, the consequences of Dnmt3a
inactivation in cells of the B lineage are unclear.

Here, we assess whether loss of Dnmt3a at the earliest stages of B cell
development lead to DNA methylation defects that might impair func-
tion. We selectively inactivated Dnmt3a early in B cell development and
then utilized whole genome bisulfite sequencing (WGBS) to character-
ize global DNA methylation patterns downstream of Dnmt3a in splenic
naive B cells. Overall, we find that global methylation patterns are
largely consistent between Dnmt3a*/* and Dnmt3a~/~ naive B cells,
indicating a minimal functional effect of DNMT3A in mature B cells.
However, loss of Dnmt3a induced a small number of focal DNA meth-
ylation changes, and the differentially methylated regions (DMRs) were
found to be enriched in and around genes that are expressed in B cells
and that are implicated in B cell-related disease.

MATERIALS AND METHODS

Mouse lines and breeding strategy

Dnmt3a/'o¥/flox mice containing conditional alleles for Dnmt3a (B6;129-
Dnmt3at™a¢/Mmnc, RRID:MMRRC_031042-UNC) (Nguyen et al.
2007) were obtained from the Mutant Mouse Resource Research Cen-
ters. Cd19“* mice containing the CD19-Cre allele (B6.129P2(C)-
Cd19tmi(ere)Cen/] RRID:IMSR_JAX:006785) (Rickert et al. 1997) were
obtained from The Jackson Laboratory. Dnmt3a/o¥f1o* animals were
bred with Cd19%" animals to generate Dnmt3a/°¥+ x Cd19°"/* prog-
eny. F1 Dnmt3a/°%+ x Cd19°** animals were further bred to maintain
Dnmt3aoflox x Cd19¢/+ (Dnmt3a~'~) and Dnmt3aoflox x Cd19+/+
(Dnmt3a*'*) littermate control mice. Animals were housed in a specific
pathogen-free environment at the National Institute of Environmental
Health Sciences (NIEHS). All animal experiments were approved by
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the NIEHS Institutional Animal Care and Use Committee and were
performed according to National Institutes of Health guidelines for the
care and use of laboratory animals. All procedures were in compliance
with the Animal Welfare Act Regulations 9 CFR 1-4, with handling and
treatment according to the Guide for the Care and Use of Laboratory
Animals [National Research Council (US) 2011].

Splenic naive B cell isolation

Spleen was harvested from three male Dnmt3a~/~ and three male
Dnmt3a** mice, ranging from 2 to 4 months of age, following eutha-
nasia by carbon dioxide asphyxiation. Single cell suspensions were pre-
pared and cells were blocked with a cocktail of rat IgG (Jackson
ImmunoResearch Laboratories) and anti-mouse CD16/CD32 (2.4G2)
on ice for 10 min. Cells were then stained with allophycocyanin-B220
(clone RA3-6B2), phycoerythrin (PE)-IgD (clone 11-26c.2a), and FITC-
GL7 (clone GL7) from BioLegend, eBioscience, or BD Pharmingen for
30 min in the dark. Cells were subsequently washed two times and then
sorted on a BD FACSAria cell sorter (BD Biosciences). B220*IgD**GL7~ B
cells were sorted to a purity of 98-99%. Deletion efficiency of Dnmt3a
was assessed by quantitative PCR, performed using SYBR Green on a
CFX Connect Real-Time PCR Detection System (BioRad).

Quantification of lymphocyte populations in bone
marrow and spleen

Bone marrow and spleen were harvested from three male Dnmt3a~/~
and three male Dnmi3a** mice following euthanasia by carbon dioxide
asphyxiation. Single cell suspensions were prepared and cells were blocked
with a cocktail of rat IgG (Jackson ImmunoResearch Laboratories) and
anti-mouse CD16/CD32 (2.4G2) on ice for 10 min. Cells from bone
marrow were stained with antibodies against mouse B220 (RA3-6B2),
CD43 (S7), and IgM; splenocytes were stained with antibodies against
mouse B220, CD19 (1D3), CD4 (GK1.5), and CD8a (53-6.7). All anti-
bodies were purchased from BioLegend, eBioscience, Southern BioTech,
or BD Pharmigen. Cells were subsequently washed two times and then
analyzed on a BD LSR II Flow Cytometer (BD Biosciences) or sorted on
FACSAria cell sorter (BD Biosciences). The following cell populations
were analyzed from bone marrow: pro B cells (B220*CD43*IgM ™), pre
B cells (B220*CD43~IgM ™), and immature B cells (B220*CD43~IgM™).
The following cell populations were analyzed from spleen: CD4* T cells
(B220~CD19~CD4*CD8™), CD8* T cells (B220~CD19~CD4~CD8"),
B cells (B220*CD19*CD4~CD8™), and nonlymphocytes (B220~CD19~
CD4~CD87). Cell populations were sorted to a purity of 98-99%.

Nucleic acid extraction and purification

Sorted B220*IgD**GL7~ B cells were homogenized in TRIzol (Thermo
Fisher Scientific), and phase separation was performed according to the
manufacturer’s instructions. Genomic DNA was extracted from the
TRIzol organic phase by adding an equal volume of back extraction
buffer, consisting of 4 M guanidine thiocyanate, 50 mM sodium citrate,
and 1 M Tris base, and precipitated with isopropanol. DNA was further
purified by performing phenol:chloroform:isoamyl alcohol (25:24:1)
extractions (Ambion) according to the manufacturer’s instructions.
DNA integrity was assessed by gel electrophoresis.

WGBS library construction and sequencing

Quantification of DNA during library production was performed using
Qubit dsDNA Assay Kits (Invitrogen). For each sample, 1500 ng intact
genomic DNA and 1.5 ng unmethylated A\ DNA (Promega) were added
to a microTUBE (Covaris) and fragmented using a Covaris $220 fo-
cused ultrasonicator according to the manufacturer’s instructions, with
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the following settings: target BP (peak), 300; peak incident power (W),
175; duty factor, 10%; cycles per burst, 200; treatment time (sec), 50;
temperature (°C), 7; water level, 12; and sample volume (microliter), 50.
Sequencing libraries were prepared using the NEXTflex Bisulfite-Seq
Kit (BIOO Scientific) with a starting input of 1 pg. Steps for end repair,
adenylation, and adapter ligation were performed according to the
manufacturer’s instructions, following “option 1” and using NEXTflex
Bisulfite-Seq Barcodes. Agarose gel size selection was implemented by
electrophoresing the sample on a 2% NuSieve 3:1 agarose gel (Lonza) at
120 V for 10 min and then at 60 V for 120 min. The ladder lane was
excised and visualized on a UV transilluminator, and then a gel slice
was cut from each sample corresponding to 410-510 bp using a clean
razor. DNA was recovered using a QIAquick Gel Extraction Kit (Qia-
gen) and then cleaned using an equal volume of AMPure XP (Agen-
court). Bisulfite conversion was performed using an EpiTect Bisulfite
Kit (Qiagen) according to the manufacturer’s instructions with the
following modified thermal cycler conditions: 5 min at 95°, 25 min at
60°, 5 min at 95°, 85 min at 60°, 5 min at 95°, 175 min at 60°, 5 min at
95°, 180 min at 60°, 5 min at 95°, and 180 min at 60°, then hold at 20°.
After elution, the samples were cleaned using an equal volume of
AMPure XP (Agencourt). Bisulfite converted DNA product was PCR
amplified for 10 cycles using KAPA HiFi Uracil* Ready Mix (Kapa
Biosystems) according to the manufacturer’s protocol. Following am-
plification, the libraries were cleaned using an equal volume of AMPure
XP (Agencourt). The size of each amplified library was validated on
Bioanalyzer High Sensitivity DNA Chips (Agilent Technologies). After
library construction, all six libraries were equally multiplexed and se-
quenced using the Illumina NextSeq500 platform in paired-end format
for 76 or 151 cycles at the NIEHS Epigenomics Core Laboratory.

Read processing and alignment

Raw FASTQ datasets were trimmed to remove the final low quality base
(to 150 or 75 bp) and filtered to include read pairs with average base
quality score of at least 20. Trimmed and filtered read pairs were aligned
to the mouse (mm9/NCBI build 37) and phage A (NC_001416.1) ge-
nomes using Bismark version 0.14.0 (Krueger and Andrews 2011) with
bowtie version 0.12.8 (Langmead et al. 2009), with parameters “-X
10000--unmapped--non_bs_mm--old_flag -n 2 -1 50 -e 70--chunkmbs
1024.” A second-pass mapping step was implemented such that un-
mapped reads from the PE150 mapping were trimmed to a read length
of 75 bp, and trimmed reads were re-submitted to Bismark as described
above. For each mapped SAM file, positional bias (M-bias) was assessed
using “bismark_methylation_extractor” with the following options:
“--paired-end--mbias_only--include_overlap.” Positional bias trim po-
sitions were defined by first calculating the mid-read mean and SD of
positional CpG methylation level for each individual read using posi-
tions 30-100 for PE150 reads and positions 20-50 for PE75 reads.
Positions were retained according to the following criteria: (1) retain
positions with CpG methylation level within *3 SD of mid-read mean,
(2) range must start and end with positions that meet the =3 SD of
mid-read mean criteria, and (3) single (nonconsecutive) outliers
allowed as long as within *4 SD of mid-read mean. All SAM files
per biological replicate were merged then deduplicated using the Bis-
mark “deduplicate_bismark” tool with the “--paired” option. Following
deduplication, positional bias trimming was implemented, and over-
lapping mates were clipped. Mapped reads were split by genome
(mm9/\) and strand (plus/minus). For each library, bisulfite conver-
sion rate was assessed using reads mapping to (1) unmethylated phage
\ spike-in and (2) mitochondrial DNA (chrM). Composite bisulfite
conversion rates were at least 99.84% for all libraries, and results were
highly consistent between phage N and chrM reads. Postprocessed
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BAM files for biological replicates (three replicates per group) were
then merged using “MergeSamFiles” of Picard Tools, keeping strands
separate. Sequence alignment and processing metrics are summarized
in Supplemental Material, Table S1 of File S1.

Genomic context validation for CpG sites

For downstream analysis of CpG methylation, a genomic context
validation strategy was implemented to identify mm9 CpG sites that
are within a CpG context in all samples. Strand-specific data from all runs
of all samples were combined, and each CpG dinucleotide in mm9 was
assessed using reads mapped to the G on the strand opposite each cytosine.
For a CpG site to be retained for downstream methylation analyses, the
following criteria must be met, where N represents the cytosine position of
the plus strand: (1) at least 95% of mapped bases at the N + 1 coordinate on
the plus stand (opposite the expected cytosine on the minus strand) must
be G, (2) at least 95% of mapped bases at the N coordinate on the minus
strand (opposite the expected cytosine on the plus strand) must be G, (3)
the minimum G read depth at the N + 1 position on the plus strand must be
atleast 5,and (4) the minimum G read depth at the N position on the minus
strand must be at least 5. A total of 18,312,876 out of 21,722,957 (84.3%)
CpG ssites passed the genomic context validation criteria and were utilized
for downstream differential methylation analyses.

Comparative methylation analyses

For comparative analysis of single-site CpG methylation levels a read
depth filter was applied such that only validated CpGs with at least
10 reads were included. Differential methylation analyses were per-
formed using MOABS v1.3.2 (Sun et al. 2014). CpG mpileup files for
Dnmt3a*’+ and Dnmt3a~/~ were formatted in “*.G.bed” format for
input to MOABS. DMRs were identified using the “mcomp” module
using default parameters except “~minNominalDif = 0.2.” Pairwise
comparisons were reported using method MI. Details regarding geno-
mic coordinates, methylation levels, and statistical significance of DMRs
are listed in Tables S2 and S3 of File S1. The smoothed density scatter-
plot of mCG/CG was generated using the “smoothScatter” function of
the “graphics” package in R, which produces a smoothed color density
representation of the scatterplot, obtained through a kernel density
estimate. Density color keys were generated using the “image.plot”
and “tim.colors” functions of the “fields” package. Box and whisker plots
of methylation levels were created using the “boxplot” function of the
“stats” package using the default settings. Boxes represent the first to
third quartiles of the data distribution and whiskers were drawn to the
maximum data value no more than 1.5 times the interquartile distance.

Genomic feature annotation and statistical analyses

Statistical and graphical analyses were conducted using R version 3.3.2
(R Core Team 2016). Genomic feature annotation was performed using
the Goldmine R package version 1.0 (Bhasin and Ting 2016). Gene
model features were obtained from RefSeq annotations (February 17,
2017) (O’Leary et al. 2016). Promoters were defined as the region from
1000 bp upstream to 500 bp downstream of TSSs. Gene 3’ ends were
defined as the region from 1000 bp upstream to 1000 bp downstream of
TESs. CpG island coordinates for mm9 were obtained from the UCSC
Table Browser (Karolchik et al. 2004). CpG island shores were defined
as regions up to 2 kb flanking either CpG island edge (Doi et al. 2009;
Irizarry et al. 2009). CpG island shelves were defined as regions up to
2 kb flanking CpG island shores (Bibikova et al. 2011). Genomic dis-
tance of DMRs was calculated to the nearest single TSS using the
“closest” utility of Bedtools version 2.23.0 (Quinlan and Hall 2010),
reporting each distance with respect to the TSS’s strand. Length-matched
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Figure 1 Conditional knockout of Dnmt3a in mouse B cells. (A) Dnmt3a locus and gene targeting strategies. Top panel: endogenous Dnmt3a
locus including relative positions of exons (blue boxes) and restriction enzyme sites (EcoRV and Asel) used to introduce the LoxP sites. Middle
panel: Dnmt3a flox locus (Nguyen et al. 2007) including relative positions of the LoxP sites (red triangles) flanking exons 18 through 20 and the
residual Frt site (white triangle). Bottom panel: Dnmt3a-null locus that depicts the deletion of exons 18-20. (B) Analysis of Dnmt3a deletion
efficiency in naive B cells by gPCR (N = 5 per group). (C) Quantification of the percent of pro B (ProB), pre B (PreB), and immature B (ImmB) cell
populations in the bone marrow and (D) quantification of the percent of B cell, CD4* T cell (CD4*CD8"), and CD8* T cell (CD4~ CD8")
populations in the spleen for Dnmt3a*/* (gray bars) and Dnmt3a=/~ (yellow bars) mice (N = 3 per group). Error bars indicate SEM.

random control coordinates were generated using the “shuffle” util-
ity of Bedtools using DMR coordinates with the options “-seed
1000” and “~noOverlapping” and masking mm9 gap regions, nonca-
nonical chromosomes, and chrM. Association of genomic regions with
putative target genes and the Mouse Genome Informatics (MGI) Phe-
notype Ontology (Blake et al. 2009) and Disease Ontology (Osborne
et al. 2009) was carried out using the Genomic Regions Enrichment of
Annotations Tool (GREAT version 3.0.0) (McLean et al. 2010) with the
following parameters: background, whole genome background; assem-
bly, mouse: NCBI build 37 (mm?9); associated genomics regions: basal +
extension, curated regulatory domains included. Depicted values for
statistical enrichments for associations between genomic regions and
annotations represent raw P-values using a binomial test over genomic
regions with a minimum twofold region-based enrichment. For anal-
ysis of DMR overlap with bodies of genes expressed in B cells, we used
a published RNA-seq dataset from Shi et al. (2015), and data were
obtained from the NCBI Gene Expression Omnibus (GEO) (Edgar
et al. 2002) (accession no.: GSE60927). Normalized expression values
were obtained for two biological replicates (samples GSM1493786 and
GSM1493787) of mouse follicular B cells (small, B220*CD21+CD23").
Genes with an average of at least one fragment per kilobase of transcript
per million mapped reads were defined as expressed. EntrezID (gene
ID) numbers for expressed genes were converted to RefSeq mRNA
accession using the biological DataBase network (bioDBnet) database
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to database conversion tool (db2db) for Mus musculus (taxon ID 10090)
(Mudunuri et al. 2009). Gene body coordinates for expressed genes, de-
fined as TSS to TES, were obtained from RefSeq annotations (O’Leary et al.
2016). For comparison to Dnmt3a-mutant CLL WGBS data, gene body
and promoter DMRs hypomethylated in Dnmt3a/ CLL relative to B-1a
were obtained from Haney et al. (2016a), and coordinates were converted
to mm9 using liftOver. A Z-test for the difference between two proportions
was utilized to test whether the proportion of hypo- or hyper-methylated
DMRs overlapping a given genomic feature differs from that of a length-
matched random null coordinate set.

Data availability

The datasets generated during the current study are available in the NCBI
GEO (Edgar et al. 2002) and are accessible through GEO series accession
number GSE100262 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE100262). File S1 contains a summary of WGBS processing met-
rics (Table S1 in File S1) and summaries of hypomethylated DMRs
(Table S2 in File S1) and hyper-methylated DMRs (Table S3 in File S1).

RESULTS

Targeted knockout of Dnmt3a in mouse B cells
A conditional knockout allele was used to target the Dnmt3a gene, where
exons encoding the catalytic domain (exons 18-20) of Dnmt3a were
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flanked by loxP sites (Nguyen et al. 2007), in conjunction with the
Cre-loxP recombination system (Figure 1A). Dnmt3a/¥f°x mice
were bred to mice containing the CdI19-Cre allele (Cd19°7¢/~)
(Rickert et al. 1997) to selectively inactivate the Dnmt3a gene in B
lymphocytes. The CdI9 promoter specifically directs Cre expression
at the earliest stages and throughout B lymphocyte development and
differentiation. As compared to Dnmt3a/¥flox x Cd19*/+ (Dnmt3a*/*)
littermate control mice, a 91% mean deletion efficiency was ob-
served in splenic naive B cells (B220*IgD**GL7~) of Dnmt3aoflex x
Cd19%* (Dnmt3a~/~) mice (Figure 1B), which is within the known
range for splenic B cell deletion efficiency associated with CdI19-Cre-
mediated mutagenesis (Rickert et al. 1997).

To understand the phenotypic consequences of B cell-specific
Dnmt3a deletion, we first characterized B cell maturation in the bone
marrow by flow cytometry. The acute depletion of Dnmt3a (Dnmt3a™/~)
did not disrupt the total number or frequency of developing B cells
(pro B cells, pre B cells, immature B cells) as compared to littermate
control mice (Dnmt3a*’*, Figure 1C). In addition, the depletion of
Dnmt3a did not affect the total number or frequency of lymphocytes
(B cells, T cells) in the spleen (Figure 1D). Further, characterization of
lymphocyte populations in the spleen showed no change in the ratio
of Bto T (CD4* or CD8") cells in Dnmt3a-deficient mice as compared
to control mice. Thus, we conclude that B cell development is not
grossly affected by deletion of Dnmt3a, and since B cells develop
normally, we are able to study the effects of Dnmt3a on downstream
DNA methylation patterns.

Base-resolution methylomes of Dnmt3a knockout

splenic naive B cells

To assess the effect of Dnmt3a on genome-wide DNA methylation pat-
terns, we generated base-resolution methylomes using WGBS for splenic
naive B cells (B220*IgD**GL7 ™) from adult Dnmt3a** and Dnmt3a™/~
mice. To minimize bias caused by a biological outlier, multiple animals
were used, and libraries from three independent animals per genotype
were sequenced to a total depth of 20-30x per genotype, as is common
practice in the field (Yang et al. 2016; Kawakatsu et al. 2017). To control
for variations in genetic background and to exclude polymorphic CpG
sites in our mixed genetic background model (B6;129), a genomic context
validation strategy was implemented to restrict downstream analyses to
mm9 CpG sites that occur in CpG context in all samples (see Materials
and Methods). A total of 18,312,876 out of 21,722,957 (84.3%) CpG sites
passed the genomic context validation criteria and were utilized for
downstream analyses. For Dnmt3a*’+ and Dnmt3a~/~ cells, at least
91.2% of validated CpG sites have a read depth of at least 10 (Figure
S1). A summary of sequence alignment and processing metrics is in-
cluded in Table S1 of File S1.

B cell-specific deletion of Dnmt3a does not globally

alter DNA methylation distribution in splenic naive

B cells

Using the base-resolution methylomes, we first asked if B cell-specific
deletion of Dnmt3a effects DNA methylation levels at a global scale in
splenic naive B cells. The baseline distribution of CpG methylation in
wild-type mouse naive B cells was largely bimodal, and the vast major-
ity of CpG sites were found to be methylated (Figure S2A), consistent
with reported methylomes of sorted human naive B cells (Kulis et al.
2015). We found global methylation distributions to be extremely con-
sistent between Dnmt3a*’* and Dnmt3a~/~ B cells (Figure S2, A and
B). In both Dnmt3a*/+ and Dnmt3a~/~ B cells, 82% of validated CpG
sites with read depth of at least 10 were largely methylated (mCG/CG >
0.75) whereas 7% were largely unmethylated (mCG/CG < 0.25). CpGs
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Figure 2 Comparison of single-site CoG methylation levels in splenic
naive B cells with and without Dnmt3a. Smoothed kernel density scat-
terplot of Dnmt3a*/* mCG/CG (x-axis) vs. Dnmt3a=~'~ mCG/CG
(y-axis) for all validated CpG sites with read depth of at least 10 in
both groups (N = 16,233,681). Points to the upper left of the diagonal
reflect CpGs with greater methylation in Dnmt3a~/~ and points to the
lower right of the diagonal reflect CpGs with greater methylation in
Dnmt3a*/*.

with intermediate methylation level (mCG/CG between 0.25 and 0.75)
accounted for 11% of all validated sites assayed in each sample. Com-
parison of single-CpG methylation levels across the genome in naive B
cells with and without Dnmt3a confirmed that knockout of Dnmt3a
does not induce a gross global shift of DNA methylation, as site-specific
mCG/CG values exhibit a strong positive linear relationship between
Dnmt3a*"* and Dnmt3a~/~ B cells (Figure 2).

B cell-specific deletion of Dnmt3a induces a limited
number of site-specific DNA methylation alterations in
splenic naive B cells
We next asked if B cell-specific deletion of Dnmt3a induces focal, site-
specific DNA methylation alterations in splenic naive B cells. To define
regions that are differentially methylated between Dnmt3a*/* and
Dnmt3a~'~ B cells, we utilized the differential methylation analysis
algorithm, MOABS (Model-based Analysis of Bisulfite Sequencing
data) (Sun et al. 2014). In total, 449 DMRs were identified, and both
hypomethylated DMRs (Table S2 in File S1) and hypermethylated
DMRs (Table S3 in File S1) were identified. However, regions hypo-
methylated in Dnmt3a™/~ cells (N = 313) were over twofold more fre-
quently observed than hypermethylated regions (N = 136), consistent
with loss of methyltransferase activity. Loci that became hypo- or
hypermethylated in Dnmt3a='~ cells were found to occur at regions
spanning a broad range of methylation levels in Dnmt3a*/* cells,
specifically 22-100% for hypomethylated loci and 0-76% for
hypermethylated loci (Figure 3A). At the majority of DMRs, inter-
mediate regional methylation levels are observed in both Dnmt3a*/*
and Dnmt3a~/~ cells. Together, the relatively small number of DMRs
occurring in both directions (hypo- and hypermethylation) across
a broad range of methylation levels are consistent with the lack of
an observed systematic effect on global methylation distribution.
However, the hypo- and hypermethylated DMRs exhibit differ-
ential distributions relative to genomic context. The percentage of
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Figure 3 Summary characteristics of Dnmt3a-dependent DMRs. (A) Methylation levels at Dnmt3a-dependent DMRs by direction of methylation
change. Box and whisker plots represent methylation levels for Dnmt3a*/* (gray fill) and Dnmt3a="~ (yellow fill) B cells at hypomethylated DMRs
(red outline) and hyper-methylated DMRs (blue outline). (B) Percent of DMRs that fall in distance-dependent bins relative to the single nearest TSS.
(C) Percent of DMRs that fall in gene model contexts for promoter, exon, intron, 3’ end, and intergenic regions. (D) Percent of DMRs that overlap
with CpG-islands (UCSC genome browser), CpG-shores (2 kb from islands), and CpG shelves (+2 kb from shores). Hypomethylated (red) and
hypermethylated (blue) DMRs are compared with a length-matched random genomic null region set (black). Significant differences from the
random set are noted; * P < 0.05, ** P < 0.001, two-sample Z-test for the difference in proportions.

hyper-methylated DMRs that fall in distance-dependent bins relative
to the nearest TSS closely resemble the percentage of length-matched
random genomic null regions (Figure 3B). However, hypermethylated
DMRs exhibited significant enrichment within 5 kb downstream
of TSSs (Figure 3B). Alternatively, hypomethylated DMRs were
highly enriched between 0 and 50 kb downstream of TSSs. Further,
hypomethylated DMRs were notably depleted at TSS-distal regions
and were completely absent in gene-poor regions, i.e., >500 kb away
from the nearest TSS (Figure 3B). Likewise, hypomethylated DMRs
were enriched in gene body elements, including exons, introns, and
3’-ends while being highly depleted in intergenic regions (Figure 3C).
Consistent with enrichment of both hypo- and hypermethylated
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DMRs within 5 kb of TSSs, both were highly enriched near CpG
islands, particularly at CpG shores (Figure 3D). Together, these results
support a model in which B cell-specific methylation by DNMT3A is
targeted to gene-centric regions.

Dnmt3a/-associated hypomethylation targets genes
involved in B cell-related phenotypes and disease

To gain insight on the functional significance of genes associated with
Dnmt3a-dependent hypo- and hypermethylation events, we performed
gene ontology analyses using GREAT (McLean et al 2010), which
enables prediction of function for cis-regulatory regions. Interestingly,
statistical enrichments for association between putative target genes of
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Dnmt3a-dependent hypomethylated DMRs and annotations of the
MGI Phenotype Ontology (Blake et al. 2009) indicated significant
links to B cell-related mouse phenotypes such as abnormal B cell
morphology, cell number, and differentiation (Figure 4A). Con-
versely, significant enrichments of B cell-related mouse phenotypes
were not observed for genes associated with hypermethylated DMRs
or random null control regions. Furthermore, upon examination of
associations with terms of the Disease Ontology, a standardized ontol-
ogy for human disease, putative target genes of Dnmt3a-dependent
hypomethylated DMRs were found to be enriched for genes involved
in lymphoblastic leukemia, a term including the B cell malignancy, CLL
(Figure 4B). Again, functional enrichment of B cell-related phenotypes
and disease were solely driven by hypomethylated DMRs, rather than
hypermethylated DMRSs.

Based on the functional enrichment of Dnmt3a-dependent DMRs
in B cell-related phenotypes and on previous work supporting the role
of DNMT?3A in catalyzing DNA methylation in gene bodies of tran-
scriptionally permissive genes (Wu et al. 2010), we hypothesized that in
B cell development, DNMT3A is likely catalyzing DNA methylation in
gene bodies of transcripts expressed in B cells. To test this hypothesis,
we first utilized existing RNA-seq data for follicular B cells (small
B220*CD21*CD23") (Shi et al. 2015), which represent the majority of
naive splenic B cells, to define the set of genes expressed in B cells. Next,
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we asked whether Dnmt3a-dependent DMRs overlap gene bodies,
defined as the region from the TSS to the TES, of B cell-expressed
genes. Indeed, nearly 40% of hypomethylated DMRs were found to
overlap gene bodies of transcripts expressed in B cells. Hypomethylated
DMRs were found to overlap B cell-expressed gene bodies approxi-
mately twofold more frequently than hypermethylated regions or a
length-matched random genomic null region set (Figure 4C).
Next, we asked to what extent do the Dnmt3a-dependent DMRs
observed here overlap with DNA methylation alterations observed in a
mouse model of Dnmt3a-null CLL. To do this, we assessed DMRs
recently reported by Haney et al, contrasting splenic B-1a cells from
a Dnmt3a*"* control mouse and a EpSRa-tTA;Teto-Cre;Dnmt3af/f
Rosa26LOXPEGFPEGFP (Dymt3g2/A) mouse with CLL (Haney et al.
2016a). Hypo- and hypermethylated Dnmt3a*/* CLL DMRs located
in promoter and gene body regions were compared with Dnmi3a=/~
naive B cell hypo- and hypermethylated DMRs, respectively. A total of
~4% of hypomethylated Dnmt3a~/~ naive B cell DMRs directly over-
lapped with hypomethylated Dnmt3a”/* CLL DMRs, which was sig-
nificantly greater than the overlap observed with a random genomic
null region set (Figure 4D). Conversely, no overlap was observed be-
tween the hypermethylated DMR sets. Together, these data indicate
that the limited number of Dnmt3a~/~-associated hypomethylation
events target genes involved in B cell-related phenotypes, primarily in
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gene bodies of transcripts expressed in B cells, a small fraction of which
are associated with B cell malignancies.

DISCUSSION

Here, we report high-quality base-resolution CpG methylation profiles
of Dnmt3a** and Dnmt3a~/~ mouse naive splenic B cells. Globally,
the observed bimodal CpG methylation distribution in naive B cells is
largely consistent with features of the mouse ES cell methylome (Stadler
et al. 2011) and with previously reported genome-wide profiles in
human naive B cells (Kulis et al. 2015). Similar to human uncommitted
hematopoietic progenitor cells, pre-BII cells, and naive B cells (Kulis
et al. 2015), examination of global DNA methylation distributions
revealed that the vast majority of CpG sites (82%) in mouse naive
splenic B cells are methylated, while only a small proportion (7%) are
unmethylated. In contrast, DNA methylation is known to be remodeled
in GC B cells, memory B cells, and plasma cells during a B cell immune
response, and is characterized by hypomethylation and increased meth-
ylome diversity in conjunction with dynamic regulation of three meth-
yltransferases: Dnmtl, Dnmt3b, and Dnmt3a (Barwick et al. 2016;
Dominguez et al. 2015; Kulis et al. 2015; Lai et al. 2013; Shaknovich
et al. 2011).

Examining the effects of Dnmt3a on DNA methylation patterns in B
cell development, we generally observed modest changes in naive B
cells lacking Dnmt3a. Methylation changes downstream of B cell-
specific Dnmt3a knockout occur at a focal scale rather than by
affecting DNA methylation at a global scale. The observed DMRs
represent a small fraction of the genome (<1%), which is consistent
with our observation that B cells lacking Dnmt3a develop normally.
However, while B cell-specific deletion of Dnmt3a affected only a small
fraction of the genome, the regions which are differentially methylated
reflect a connection to B cell biology.

Based on the data presented here, DNA methylation changes
associated with B cell-specific Dnmt3a knockout most frequently cor-
respond to hypomethylation, which is consistent with loss of DNMT
activity. Further, the higher proportion of hypomethylation in naive B
cells is consistent with observations of hypomethylation in DNMT3A-
mutant and Dnmt3a-null leukemias (Haney et al. 2016a,b; Russler-
Germain et al. 2014; Yang et al. 2016). Contrary to observations of
promoter hypomethylation in Dnmt3a*/~ and Dnmt3a~'~ CLL
(Haney et al. 2016b), promoters were minimally affected in Dnmt3a~/~
naive B cells. This difference in outcomes may be influenced by
DMRSs resulting from the pathogenesis of CLL itself rather than loss of
Dnmt3a.

The hypomethylation events observed in Dnmt3a-null B cells were
enriched in gene bodies, particularly in bodies of genes that are
poised for transcription in B cells. Correspondingly, gene-poor
regions (gene deserts) are devoid of hypomethylated DMRs in
Dnmt3a~/~ cells. Together, this evidence is consistent with existing
models that one function of DNMT3A is to methylate gene bodies
(Wuet al. 2010). Hypermethylation events observed in this work were
enriched in promoter proximal regions within gene bodies (Figure
4B). While the mechanistic basis of these events is currently unclear, it
is conceivable that these loci are preferential targets for methylation
by other DNMTs (including DNMT?3B) that are revealed upon loss of
DNMT3A activity.

Further, the results presented here allow us to speculate on
comparisons of Dnmt3a loss-of-function in B cell-derived cells
and early hematopoietic cell types. It is clear that DNMT3A is
crucial to embryonic stem (ES) cell and hematopoietic stem cell
(HSC) differentiation and regulates the function of stem cells.
DNMT3A mutations occur in human HSCs, in which they act as
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a preleukemic lesion (Yang et al. 2015). In the mouse, loss of
Dnmt3a in ES cells progressively impairs HSC differentiation over
serial transplantation, causes HSC expansion (Challen et al. 2011),
and predisposes HSCs to malignant transformation (Mayle et al.
2015). Further, conditional inactivation of Dnmt3a in HSCs and
progenitors results in the development of CLL (Peters et al. 2014).
The functional and epigenomic data here are consistent with the
hypothesis that the cells of origin for these tumors are early hemato-
poietic cell types rather than B cell-derived descendants.

Dnmt3a, in conjunction with DnmtI and Dnmt3b, is known to be
dynamically regulated throughout normal B cell development and dur-
ing a B cell immune response, and its inactivation in hematopoietic
stem cells has been shown to drive B cell-related malignancies. Here, we
tested whether B cell-specific loss of Dnmt3a leads to DNA methylation
defects in B cells that might impair function. While we identified a
subset of CpGs that require Dnmt3a to maintain DNA methylation
patterns in naive B cells, we do not observe DNA methylation changes
that would indicate large functional changes and predict that pheno-
typic consequences would be minimal. The results from this study
suggest that factors other than Dnmt3a are the major drivers for meth-
ylome maintenance in B cell development.
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