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Rapid and accurate remethylation of DNA in
Dnmt3a-deficient hematopoietic cells with restoration

of DNMT3A activity

Yang Li, Haley J. Abel, Michelle Cai, Taylor A. LaVallet, Tiankai Yin, Nichole M. Helton,

Amanda M. Smith#, Christopher A. Miller, Timothy J. Ley*

Here, we characterize the DNA methylation phenotypes of bone marrow cells from mice with hematopoietic deficiency
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of Dnmt3a or Dnmt3b (or both enzymes) or expressing the dominant-negative Dnmt3a®®’® mutation [R882H in
humans; the most common DNMT3A mutation found in acute myeloid leukemia (AML)]. Using these cells as substrates,
we defined DNA remethylation after overexpressing wild-type (WT) DNMT3A1, DNMT3B1, DNMT3B3 (an inactive
splice isoform of DNMT3B), or DNMT3L (a catalytically inactive “chaperone” for DNMT3A and DNMT3B in early
embryogenesis). Overexpression of DNMT3A for 2 weeks reverses the hypomethylation phenotype of Dnmt3a-
deficient cells or cells expressing the R878H mutation. Overexpression of DNMT3L (which is minimally expressed

in AML cells) also corrects the hypomethylation phenotype of Dnmt3a

RE78H* marrow, probably by augmenting

the activity of WT DNMT3A encoded by the residual WT allele. DNMT3L reactivation may represent a previously
unidentified approach for restoring DNMT3A activity in hematopoietic cells with reduced DNMT3A function.

INTRODUCTION

DNMT3A and DNMT3B are the dominant mammalian de novo
DNA methyltransferases, required for generating CpG methylation
patterns in early embryogenesis, and are essential for tissue speci-
fication and development (1-4). In early embryogenesis, the methyl-
transferase activity of these proteins is greatly augmented by DNMT3L,
a highly related chaperone protein that has no DNA methyltransferase
activity per se (5); however, it forms heterotetramers with DNMT3A
or DNMT3B that greatly increase their DNA methyltransferase activi-
ties (6, 7). The DNMT3L gene is silenced by epigenetic mechanisms
in adult tissues and is minimally expressed in normal or malignant
hematopoietic cells (8, 9). However, studies in tissue culture cells
have suggested that DNMT3L can be reactivated by hypomethylating
agents (HMAs; like 5-azacytidine) and/or histone deacetylase (HDAC)
inhibitors, which can synergize to augment its expression (10-13).
Further, when DNMT3L is coexpressed with DNMT3A (but not
DNMT3B) in human 293 tissue culture cells, it greatly increases the
activity of DNMT3A, increasing methylation at many sites throughout
the genome (14).

In normal mouse and human hematopoietic cells, the active isoforms
of DNMT3A (DNMT3A1 and DNMT3A2) are highly expressed during
early development and then gradually silenced during terminal differen-
tiation (15). Dnmt3a is not absolutely required for hematopoiesis in
mice: A complete loss of Dnmit3a in the germline yields a phenotypically
normal hematopoietic compartment that can be harvested at 2 to
3 weeks of age and transplanted into secondary recipients (16). These
bone marrow cells have a focal, canonical DNA hypomethylation phe-
notype, but they can reconstitute all hematopoietic lineages in lethally
irradiated recipients (16). Hematopoietic stem cells completely deficient
for Dnmt3a appear to be immortalized with serial transplantation (17),
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and, over time, their progeny develop myeloid skewing (16-19) and
an increased risk of the development of hematopoietic malignancies
(17-20).

Likewise, Dnmt3b-deficient bone marrow cells can reconstitute
long-term hematopoiesis, but they have reduced B cells, mimicking
what is seen in human patients with the “immunodeficiency, centro-
meric instability, and facial dysmorphism syndrome, type I’ [Online
Mendelian Inheritance in Man (OMIM), no. 242860] (1, 21, 22), often
caused by loss-of-function mutations in the DNMT3B gene. In adult
hematopoietic cells and acute myeloid leukemia (AML) cells, the
DNMT3B gene is expressed, but the dominant isoform is DNMT3B3,
which does not contain part of the DNA methyltransferase domain (8,
9, 23). Although DNMT3B3 is inactive as a methyltransferase, re-
cent studies have demonstrated its ability to interact with DNMT3A to
augment its activity (24-26), suggesting that it may have a “chaperone”
function for DNMT3A in adult hematopoietic cells, akin to that of
DNMT3L in embryonic cells. The DNA methylation phenotype in
Dnmt3b-deficient bone marrow cells was inferred in a study by
Challen et al. (23), who measured methylation phenotypes in hemato-
poietic stem/progenitor cells (HSPCs) from Dnmt3a or Dnmt3a x
Dnmt3b-deficient mice, but not from Dnmt3b-deficient mice per se.
This study suggested that the two enzymes may have unique methylation
target sites in the genome, but this has not yet been directly verified in
humans or in mice.

While DNMT3B mutations are rarely detected in hematopoietic
malignancies (27-29), DNMT3A mutations are very common in
patients with clonal hematopoiesis and/or myeloid malignancies, and
also cause the DNMT3A overgrowth syndrome (DOS). Nearly all
DNMT3A mutations in these diseases appear to cause loss-of-function,
resulting in focal, canonical DNA hypomethylation phenotypes that
vary in severity (18, 30-32). Deletions and premature stop codons
(i.e., causing haploinsufficiency) can cause mild hypomethylation
phenotypes that are very similar to that of many missense mutations,
suggesting that many of these also cause loss of function (18, 33).
Mutations at amino acid R882 in humans (R878 in mice) cause a
more severe hypomethylation phenotype, probably reflecting the
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dominant-negative activity of these mutations (8, 18); they directly
reduce methyltransferase activity by ~80%, and the mutant protein
also preferentially interacts with wild-type (WT) DNMT3A, trapping
it in inactive heterodimeric complexes (8). Despite the methylation
consequences of these mutations, patients with DOS and patients
with clonal hematopoiesis can live for many years (or even decades)
with essentially normal blood counts, so the effects on blood cell
development are relatively small and slow to develop. Because nearly
all DNMT3A mutations are heterozygous, a residual WT allele is
usually present and expressed, providing a potential source of WT
DNMTS3A that could potentially overcome the loss-of-function or
dominant-negative effects of mutations, if its activity could be
increased.

In this study, we use whole-genome bisulfite sequencing (WGBS)
to define the DNA methylation phenotypes of the bone marrow cells
of adult mice that had undergone somatic inactivation of Dnmt3a or
Dnmt3b (or both enzymes) at embryonic days 9 to 10, using Vav1-Cre
to induce near-complete floxing of these alleles in hematopoietic
cells (34, 35). Likewise, we define the methylation phenotype of
Dnmt3a™"%* % Vav1-Cre bone marrow cells, which is intermediate in
severity between haploinsufficiency and complete loss of Dnmt3a
expression. In all these studies, bone marrow cells were derived directly
from unmanipulated mice, eliminating potential methylation pheno-
types caused by the stress of transplantation (which increases HSPC
cycling and the expression of Dnmt3a) (9). We have previously shown
that the differentially methylated regions (DMRs) in Dnmt3a-deficient
HSPCs, progenitor populations, mature B cells, and mature myeloid
cells are nearly identical (16), strongly suggesting that Dnmt3a must
perform de novo methylation predominantly in early stem/progenitor
cells; this methylation phenotype is probably maintained in differen-
tiated progeny by Dnmt1 (15, 16). These observations make it possible
to examine the consequences of Dnmt3a mutations in unfractionated
whole-bone marrow samples, because all of the purified populations
have similar methylation phenotypes at regions where DNMT3A acts.

Last, we explore the effects of retroviral overexpression of DN-
MT3A1, DNMT3B1, DNMT3B3, and DNMTL on the DNA methyla-
tion phenotypes of bone marrow cells deficient for Dnmt3a, Dnmt3b,
or both enzymes. Hypomethylation phenotypes were corrected
within weeks by overexpressing DNMT3A1 or DNMT3B1. Methyla-
tion can also be completelgf and rapidly corrected in cells expressing
a heterozygous Dnmt3a™**"'* mutation by overexpressing DNMT3L,
which may act to increase the activity of WT DNMT3A protein encoded
by the residual WT allele. These data clarify the contributions of
DNMT3A and DNMT3B to the methylation patterns of adult hemato-
poietic cells and suggest a potential strategy for increasing the activity
of DNMT3A in AML cells initiated by DNMT3A mutations.

RESULTS

Focal, canonical hypomethylation phenotypes in the bone
marrow cells of Dnmt3a- or Dnmt3b-deficient mice

Previous studies of the methylation patterns of Dnmt3a-deficient
hematopoietic cells have predominantly used transplanted cells
from mice with germline mutations (16) or conditional knockout
mice that have been serially transplanted (17). To better understand
the consequences of the loss of DNA methyltransferases in unma-
nipulated hematopoietic cells, we used the Vavi-Cre transgene to
induce floxing at embryonic days 9 to 10 in mice with Dnmt3a"*,
Dnmt3b" or Dnmt3a" x Dnmit3b""* alleles. We determined
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floxing efficiency in the bone marrow samples of every tested mouse
using sequence coverage of the floxed (i.e., deleted) regions of each gene,
measured in the whole-genome bisulfite data (fig. S1A); the mean
value for all mice was 96%. Mice from these crosses were born at the
expected Mendelian frequencies and had no overt abnormalities in
growth or development. At 6 to 8 weeks of age, their blood counts
were not significantly different from those in WT mice (fig. S1B).
Whole-bone marrow cells were harvested from mice at 6 to 12 weeks
of age for DNA methylation studies. WGBS was performed on all
samples to define the CpG methylation phenotypes across the
genome. For all WGBS samples combined in all studies, we achieved
a mean genome coverage of 18.6X (minimum coverage, 13.1x). We
first defined DMRs by comparing four bone marrow samples from
Dnmt3ad™*1%% % Vay1-Cre mice (henceforth “3a KO;” one male and
three females) to nine WT bone marrow samples (“W'T;” six males
and three females) using previously published methods, to identity
Dnmt3a-dependent methylation changes (Fig. 1, A and B). DMRs
were defined as having at least 10 CpGs, a mean methylation differ-
ence between two groups of >0.2 and a false discovery rate (FDR) of
<0.05. Contiguous DMRs within 50 base pairs (bp) of each other
were combined. We identified 10,724 DMRs (Fig. 1A and table S1)
in the 3a KO mice; there were no differences based on the sex of the
mice. The average width of these DMRs was 746 bp, and the mean
number of CpGs per DMR was 19.5. In total, these DMRs encompassed
~8 Mb of DNA, accounting for about 0.3% of the mouse genome. A
total of 10,714 of the 10,724 DMRs (~99.9%) were hypomethylated in
the 3a KO bone marrow samples. We also “passivel?lf” plotted the mean
methylation values for the same DMRs in Dnmt3b"™ x Vav1-cre bone
marrow samples (“3b KO”), samples from mice deficient for both
enzymes (“DKO”), or samples from Dnmt3a™*"*"* x Vavi-Cre mice
(“R878H”). The 3b KO and R878H samples had more subtle methyla-
tion changes at these 10,724 DMRs, and the DKO samples had more
pronounced reductions in methylation. The aggregated mean methyla-
tion values for the 3a KO DMRs are shown in a summary “canyon
plot” in Fig. 1B, which quantifies the average differences in methyla-
tion for each genotype at the 3a KO DMRs.

A comparison of the same nine WT samples and three 3b KO samples
(all males) yielded 2012 DMRs (Fig. 1, C and D), with a mean size of
597 bp and an average of 17 CpGs per DMR, encompassing ~1.2 Mb
(0.045% of the mouse genome). A total of 2009 of the 2012 DMRs
(~99.9%) were hypomethylated. Passive plotting of the mean methyla-
tion values of the 3b KO DMRs was performed for the 3a KO samples,
the DKO samples, and the R878H samples (Fig. 1C and table S2). In
most of these regions, the 3a KO samples were likewise hypomethyl-
ated, suggesting that Dnmt3a and Dnmt3b may act at many of the
same genomic regions. However, some regions in the 3b KO samples
were more hypomethylated than the 3a KOs; manual review of these
regions revealed that the vast majority also had reduced methylation
in the 3a KO samples (only two DMRs appeared to be 3b KO specific).
The mean methylation values of 3b KO DMRs were further reduced
in the DKO samples, again suggesting that the DNMT3A and DNMT3B
may be acting synergistically at many sites. The R878H methylation
values at 3b KO DMRs were similar to those of the 3a KO samples.
Comparative quantification of the aggregated mean methylation values
of these DMRs for all genotypes is shown in the canyon plot and is
consistent with the observations in the heatmap (Fig. 1D).

We next defined DMRs in the DKO bone marrow samples (three
males) versus the same nine WT samples. We detected 23,411 DMRs
(Fig. 1, E and F), of which 23,408 of the 23,411 DMRs (99.99%) were
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Fig. 1. DNA methylation phenotypes of Dnmt3a, Dnmt3b, or doubly deficient mouse bone marrow cells. (A) Heatmap showing the methylation values for 10,724 DMRs
defined by comparing WGBS data from wild-type (WT, n = 9) versus Dnmt3a™1 x Vavi-Cre (3a KO, n = 4) samples. Values for the same DMRs were plotted passively for
Dnmt36™1% « vav1-Cre (3b KO), Dnmt3a™/™* x Dnmt36™/%* x vav1-Cre (DKO), and Dnmt3a™#"* x Vav1-Cre (R878H) samples. (B) Aggregate (mean) methylation values from
the 10,724 DMRs identified in (A) for each genotype. (C) Heatmap showing the methylation values of 2012 DMRs defined by comparing WGBS data from WT (n = 9) versus 3b KO
(n = 3) samples. Values for the same DMRs were plotted passively for the 3a KO, 3b KO, DKO, and R878H samples. (D) Aggregate (mean) methylation values from the 2012 DMRs
identified in (C) for each genotype. (E) Heatmap showing the methylation values of 23,411 DMRs defined by comparing WGBS data from WT (n = 9) versus DKO (n = 3) samples.
Values for the same DMRs were plotted passively for the 3a KO, 3b KO, and R878H samples. (F) Aggregate (mean) methylation values from the 23,411 DMRs identified in (E) for each
genotype. (G) Heatmap showing the methylation values of 4453 DMRs defined by comparing WGBS data from WT (n = 9) versus R878H (n = 6) samples. Values for the same DMRs
were plotted passively for the 3a KO, 3b KO, and DKO samples. (H) Aggregate (mean) methylation values from the 4453 DMRs identified in (G) for each genotype.
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hypomethylated. These DMRs span 21.4 Mb of DNA in total (~0.8%
of the mouse genome). The mean size of these DMRs was 916 bp,
with an average of 23 CpGs per DMR. Passive plotting of these
DMRs with data from the other genotypes revealed that the DKO
DMRs were the most hypomethylated and that all genotypes have
reduced DNA methylation at these sites in the genome (Fig. 1F and
table S3).

We also evaluated the phenotypes of Dnmt3a™7*"* x Vavi-Cre
mice (using the floxed allele established by (36). Using RNA sequencing
(RNA-seq) data from the bone marrows of WT and R878H mice, we
determined that the mean floxing efficiency in these mice was >96%.
These mice had no gross phenotypic abnormalities at 6 to 12 weeks
of age (i.e., no overgrowth or obesity) (15) and had essentially normal
complete blood counts (fig. S1B). We harvested bone marrow cells
from six Dnmt3a™87%* mice (R878H, four males and two females)
for WGBS. By comparing these data to WT bone marrow samples,
we identified 4453 DMRs in the R878H samples (Fig. 1, G and H,
and table $4), of which 4450 were hypomethylated (99.9%). The average
size of R878H DMRs was 672 bp, and each contained a mean of
20 CpGs; these DMRs encompassed ~3 Mb of DNA (~0.1% of the
mouse genome). Passive plotting of these DMRs for the other geno-
types revealed that all had some reduction of methylation at virtu-
ally all sites; this reduction was uniformly more pronounced for the
3a KO and DKO samples. No differences could be ascribed to the
sex of the animals.

To evaluate the global methylation defects caused by loss of function
of Dnmt3a and Dnmt3b, we took the union of all DMRs from the
above comparisons, merging overlaps to create a “unified set” of
24,420 DMRSs, plotted for all genotypes in Fig. 2A (table S5). No
consistent differences could be ascribed to the sexes of the mice. As
expected, DKO samples had the lowest methylation levels at nearly
all DMRs. 3a KO methylation values were the next most hypo-
methylated, suggesting the important role of Dnmt3a in defining
these DMRs. To extend these findings to all CpGs (i.e., not just
DMREs), we first performed a global analysis of CpG methylation
values for all samples in the methylation density plot shown in
Fig. 2B. The relative methylation values for all CpGs were WT > 3b
KO > R878H > 3a KO > DKO. A plot showing CpG methylation
values in annotated regions of the genome for all samples is shown
in Fig. 2C (also see fig. S2, A and B); because DMRs encompass less
than 1% of the genome, the overall differences from WT samples
were relatively small. All of the differences from WT samples were
statistically significant. The most notable changes in methylation
were found in shores, shelves, gene bodies, and enhancers, which
are much more methylated than CpG islands and promoters. In all
regions, the DKO samples had the most notable reductions in methyla-
tion, and the R878H samples tended to have milder changes. To
directly visualize the differential methylation phenotypes for all geno-
types at a typical, informative DMR (in the HoxA gene cluster), we
show an Integrative Genomics Viewer (IGV) view of the methylation
values for all CpGs in this region in Fig. 2D. The size and shape of
the DMRs in this region reflect the depth and width of DMRs
genome-wide for these genotypes, providing context for the average
values shown for methylation in the heatmaps. An IGV view of each
sample plotted individually for this locus is shown in fig. S2C (high-
lighted by red box), demonstrating the reproducibility of this phenotype
across many WGBS samples from different mice.

Last, to confirm that the altered methylation phenotypes are due
to the cell-intrinsic loss of DNA methyltransferases per se (and not
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to shifts in hematopoietic cell populations with altered DNA methyla-
tion patterns) (15), we used the 10X Genomics Chromium platform
to perform single-cell RNA-seq (scRNA-seq) on whole-bone marrow
cells derived from two independent mice each (6 to 12 weeks of age)
for WT, 3a KO, 3b KO, and DKO mice. Cell identities were inferred
on the basis of the Haemopedia Database (37) and graphic-based
manual review (Fig. 2E and fig. S2D). The numbers of early B cells
were significantly reduced in 3a KO, 3b KO, and DKO marrows
compared to those in WT, with 3b KOs showing the most reduction
(Fig. 2F). The mature B cell population in 3b KO cells was also
reduced, but the change was not statistically significant (Fig. 2G).
The sizes of all other populations were not statistically different from
WT marrow samples. Collectively, these data suggest that the genotype-
specific change in DNA methylation is not due to markedly altered
marrow populations but rather due to the loss-of-function mutations
themselves.

Correction of Dnmt3a KO DMRs by addback of

DNA methyltransferases

To determine whether the hypomethylation phenotype of Dnmt3a-
deficient mouse bone marrow could be corrected with a genetic
addback approach, we created retroviral vectors to express full-length
human DNMT3A1, DNMT3B1, or DNMT3B3 ¢cDNAs in mouse
hematopoietic cells. We used human cDNAs because these genes are
highly conserved between mice and humans (fig. S3A) and because we
have previously shown that a human DNMT3A1I transgene can com-
pletely correct the focal hypomethylation phenotype in Dumt3a-
deficient mouse hematopoietic cells (14); further, our long-term goal is to
use proven cDNAs to restore DNMT3A function in human cells. To
define the most common splicing isoforms expressed in mouse bone
marrow cells, we analyzed bulk RNA-seq data from WT versus R878H
mice, which revealed that the dominant isoform of Dnmt3a is Dnmt3al
[88.6% of transcripts in WT (n = 10; range, 63 to 100%) and 88.5%
in R878H (n = 12; range, 73 to 100%), P = 1.0], and the dominant
isoform of Dnmt3b is Dnmt3b3 [78.2% of transcripts in WT (n = 10;
range, 63 to 100%) and 78.1% in R878H (n = 12; range, 37 to 100%),
P =1.0] (Fig. 3A and fig. S3, B and C). Transduced cells were harvested
2 days after back-to-back daily transductions to define the fractions
of cells that were green fluorescent protein (GFP)™; purified GFP* cells
were used to perform quantitative Western blots (using the “Pro-
teinSimple” platform) to ascertain the level of expression of proteins
from each transduced retrovirus; no endogenous DNMT3A was detected
in the 3a KO cells, but this protein was expressed in cells transduced
either with WT DNMT3A1 or the same cDNA with the R882H muta-
tion (which reduces methyltransferase activity by ~80%) (Fig. 3, B
and C); compared to endogenous DNMT3B3 levels detected in the
empty vector (EV)-transduced cells on same Western blot (Fig. 3B), ret-
roviral DNMT3B1 levels were increased ~17-fold, and DNMT3B3
levels were increased ~16-fold. Transduced cells were then placed in
“transplant media” [RPMI 1640 with 15% fetal bovine serum (FBS)
and murine interleukin-3 (IL-3), stem cell factor (SCF), FMS-like
tyrosine kinase 3 ligand (FLT3L), and thrombopoietin (TPO)] for
2 weeks, and GFP percentages were determined; fractions of GFP*
cells were minimally altered from baseline values (Fig. 3C), suggesting
that overexpression of these proteins does not select for or against
expressing cells over this time frame. DNA methylation was assessed
by performing WGBS from DNA harvested from purified GFP*
cells at day 14 and is displayed in heatmap form in Fig. 3D. DMRs
previously defined for WT versus 3a KO bone marrow samples were
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Fig. 2. Characterization of methylation and cellular phenotypes in DNA methyltransferase-deficient mouse bone marrow cells. (A) Heatmap showing the methylation
values for individual samples of DMRs from combining all the DMRs (“Unified” DMRs) generated from the comparisons of WT versus 3a KO, WT versus 3b KO, WT versus DKO, and WT
versus R878H samples. (B) Density plot of mean methylation values from the unified DMRs for 3a KO, 3b KO, DKO, and R878H samples. (C) Mean CpG methylation values from WGBS
of bone marrow cells from WT, 3a KO, 3b KO, DKO, and R878H samples. Mean values across all CpGs in annotated regions of the genome are shown. (D) IGV view of a representative
region of the Hoxa gene cluster. Mean methylation values for each CpG are shown as a bar ranging from 0 to 100% methylated for each genotype. Blue bars at the bottom indicate
DMRs identified in this region. (E) t-distributed Stochastic Neighbor Embedding (t-SNE) projections of merged scRNA-seq data from whole—-bone marrow cells derived from WT
(n =3, two males and one female), 3a KO, 3b KO, and DKO mice, 6 to 8 weeks of age (n = 2 for each for each knockout genotype; all samples were from males) Cell populations were
assigned according to the Haemopedia algorithm and manual review. B progenitors include pro-B cells and pre-B cells; DC, dendritic cell; GMP, granulocyte-monocyte progenitors;
MDP, monocyte dendritic cell progenitors; MEP, megakaryocyte erythrocyte progenitor; MPP, multipotent progenitor; NK, natural killer cells. (F) Progenitor population distributions
for each genotype using the scRNA-seq data in (E). *P < 0.05 and **P < 0.01 via analysis of variance (ANOVA) test. (G) Mature cell population distributions for each genotype, using
the scRNA-seq data in (E). PMN, polymorphonuclear leukocyte, including neutrophils and basophils in (E); Macro, macrophages; Mono, monocytes.

used to calibrate DNA methylation changes caused by Dnmt3a deficiency, methylation of the 3a KO DMRs, as expected. The data presented in
and methylation values for each of the “addback” samples were plotted  the heatmap are quantified (Fig. 3, E to G) to reveal that nearly all of
passively at these genomic locations. DNMT3A1 addback to 3a KO  the hypomethylated 3a DMRs are remethylated by DNMT3A1 over-
samples remethylated nearly all of the 3a KO DMRs. Overexpression of  expression for 2 weeks, without evidence for excess methylation at
DNMT3BI partially remethzlated the 3a KO DMRs. Overexpression of  these sites. In contrast, DNMT3B1 overexpression remethylated a large
DNMT3B3, DNMT3A® and the MSCV “EV” minimally altered ~ fraction of the 3a KO DMRs but less efficiently than DNMT3A1 (Fig. 3,
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Fig. 3. Effects of retroviral addback ex vivo in primary 3a KO bone marrow cells. (A) Schematic workflow for an ex vivo addback experiment using Dnmt3a™" pri-
mary mouse bone marrow cells. (B) ProteinSimple “Western blot” showing DNA methyltransferase protein abundance in Dnmt3a™" lineage depleted bone marrow
cells, 2 days after transduction. (C) Fraction of transduced (i.e., GFP™) Dnmt3a™’~ bone marrow cells at 2 and 14 days after transduction. (D) Heatmap showing the
methylation values for 10,724 DMRs (from Fig. 1A) defined by comparing WGBS data from WT (n = 9) versus 3a KO (n = 4) samples. DNA methylation values for the
same DMRs were plotted passively for purified GFP* cells from the indicated retroviral vectors into Dnmt3a™~ bone marrow progenitors, after 14 days in liquid culture.
“3A DNMT3A1 cDNA-expressing vector; “3B1, DNMT3B1 cDNA vector; “3B3 DNMT3B3 cDNA vector; “R882H,” DNMT3A1%8 cDNA vector. EV, empty vector (i.e., no
cDNA inserted). (E) Mean methylation values for all of the 3a KO DMRs in WT, 3a KO, and transduced 3a KO samples from the WGBS data shown in (D). (F) Extent of
methylation correction (i.e., the methylation difference between addback and 3a KO scaled by the methylation difference between WT and 3a KO) for all the 3a KO
DMRs in non-transduced or transduced 3a KO samples. The vertical line at 1.0 indicates remethylation of DMRs to WT levels. (G) Extent of remethylation of Dnmt3a™""
DMRs in DNMT3AT-transduced 3a KO bone marrow cells versus DNMT3B1-transduced Dnmt3a™~ bone marrow cells.

Fand G). Overexpression of DNMT3B3 or DNMT3A** had minimal ~ which does not contain a large portion of the methyltransferase domain
effects on remethylation, similar to that of the empty retroviral vector. (fig. S3C). To further define the functions of DNMT3B1 and DNMT3B3

in hematopoietic cells, we did an ex vivo addback experiment using
DNMT3B3 facilitates DNA remethylation in a Dnmt3b-deficient mouse bone marrow cells, using an experimen-
DNMT3A-dependent manner tal strategy identical to the one shown in Fig. 3 (Fig. 4A). We
RNA-seq analysis of adult mouse bone marrow cells revealed that confirmed overexpression of appropriately sized DNMT3B proteins
the majority of Dnmt3b transcripts are of the Dnmt3b3 isoform, by Western blotting of samples obtained 2 days after transduction
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(Fig. 4B); in these samples, we could define the endogenous level
DNMT3A protein expression and determined that WT DNMT3A1
was overexpressed 2.5-fold compared to the level detected in EV-
transduced cells and that DNMT3A 1% was overexpressed ~3.7-fold
(the smaller apparent fold change for DNMT3A [~3X versus ~16X
for 3B] probably reflects the 5.4-fold higher background level of
endogenous Dnmt3a mRNA in mouse bone marrow cells, which
reduces the apparent fold change that can be achieved for 3A;
fig. S3D). Flow cytometry revealed that the fraction of GFP* cells
was similar for all constructs at days 2 and 14 (Fig. 4C). DNA was
harvested from GFP* cells for all transductions on day 14 and subjected
to WGBS (Fig. 4, D to G). Methylation values of DMRs defined by
comparing WT versus 3b KO bone marrow cells (n = 2012) were
used to define the impact of the addbacks, which were passively
plotted for the same DMRs. As expected, DNMT3BI restored the
methylation values of the 3b KO DMRs to levels that were nearly
equivalent to WT samples (Fig. 4, D to F). Likewise, DNMT3A1
restored methylation at the 3b KO DMRSs to levels that were nearly
equivalent to WT or DNMT3B1 addback cells, suggesting that
DNMT3A1 and DNMT?3B1 can remethylate the same regions of the
genome (Fig. 4G). DNMT3B3 overexpression likewise induced re-
methylation of the 3b KO DMRs to near WT levels, suggesting that
DNMT3B3 may be augmenting the activity of DNMT3A to cause
remethylation at these sites; DNMT3B3 was shown to be completely
inactive in addback experiments with 3a KO cells (see above) or
DKO cells (see below). We also noted that the EV and DNMT3AR2H
addback caused some remethylation at the 3b KO DMRs, suggesting
that the proliferative stress of tissue culture expansion under the
influence of four potent hematopoietic cytokines (IL-3, TPO, FLT3L,
and SCF) increases the expression of endogenous Dnmt3a (9). We
demonstrated that DNMT3A protein levels are high in unmanipulated,
lineage negative, WT bone marrow cells (due to progenitor enrich-
ment, where Dnmt3a is expressed at its highest level) and that high
levels of DNMT3A persist for 14 days in this culture system, which
contains high levels of hematopoietic growth factors that cause prolife
rative stress (fig. S4).

To extend these findings, we used the same experimental strategy
to perform addback experiments using DKO mouse bone marrow
cells (Fig. 5A). Expression of each protein in GFP* cells on day 2 was
confirmed by ProteinSimple Western assays (Fig. 5B); the fraction of
GFP* cells in each transduction was similar at days 2 and 14 (Fig. 5C).
The methylation values of DKO versus WT DMRs (n = 23,411) were
used to calibrate the heatmap showing in Fig. 5D, and methylation
values for the addback samples were plotted passively. DNMT3A1
addback restored methylation values at these DMRs to near WT levels
(Fig. 5, E and F). DNMT3B1 addback partially remethylated these
sites, but not as efficiently as DNMT3A1 (Fig. 5G); however, we cannot
definitively determine whether levels of DNMT3A1 and DNMT3B1
overexpression were equivalent because unique antibodies (presumably
with different affinities for their target proteins) were used to detect
their expression. As expected, the EV, DNMT3B3-,and DNMT3ARH.
expressing vectors had equivalent levels of methylation at DKO
DMRs. Some “remethylation” of DKO DMRs was detected, which may
reflect normal DNA methylation in the small fraction of residual WT
cells (i.e., non-floxed) in these samples.

In summary, the addback experiments described above suggest
that DNMT3A is the dominant de novo DNA methyltransferase in
hematopoietic cells and that DNMT3B3 primarily acts as a chaperone to
augment the activity of DNMT3A, consistent with the observations
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of Duymich et al. (25) and Zeng et al. (26). These data also suggested
to us that DNMT3L, which is minimally expressed in both human
and mouse hematopoietic cells (7, 38), might also be capable of aug-
menting the activity of DNMT3A with addback. In the next set of
experiments, we tested the ability of overexpressed DNMT3A and
DNMT3L to overcome the dominant-negative effect of the hetero-
zygous Dnmt3a™*"*" mutation in hematopoietic cells.

DNMT3L potentiates DNMT3A activity more than DNMT3B3
Both DNMT3L and DNMT3B3 can facilitate DNA methylation in
the presence of DNMT3A (6), but the relative abilities of each to
augment DNMT3A have not been defined. We designed an experiment
to test this question, using recombinant proteins. We transiently trans-
fected human embryonic kidney (HEK) 293T cells with eukaryotic
expression plasmids (using a pcDNA3.1 backbone) containing His-
tagged DNMT3A1, with or without DNMT3L or DNMT3B3 (both
without His-tags). Two days after transfection, we purified DNMT3A
using immobilized metal affinity chromatography Nickel resin
columns, as previously described (8). Tryptic peptides from the
enriched proteins were identified with mass spectrometry, and protein
abundance was defined after normalization to DNMT3A content in
each sample and to protein mass (fig. S5A and table S6). When
DNMT3A1 was transfected alone, little or no endogenous DNMT3B
or DNMT3L was copurified with the His-tagged DNMT3A. However,
when DNMT3A1 was cotransfected with DNMT3B3, alarge amount
of DNMT3B was copurified (the ratio of DNMT3A:DNMT3B was
1.3:1); similarly, cotransfection of DNMT3A1 and DNMT3L yielded
alarge amount of copurified DNMTS3L (the ratio of DNMT3A:DNMT3L
was 1:4:1). Therefore, in this system, the accessory proteins DNMT3B3
or DNMT3L are “captured” and copurified via their interactions the
His-tagged DNMT3A1. Methyltransferase activities of the purified
proteins from each transfection (performed in triplicate) were deter-
mined using an in vitro methyltransferase assay, as previously described
(fig. S5B) (7). Equivalent amounts of immunoreactive DNMT3A
(defined by quantitative Western blotting) were evaluated in each
assay. The methyltransferase activity of co-purified DNMT3A and
DNMT3B3 was significantly increased compared to that of DNMT3A
alone (49% increase). The methyltransferase activity of co-purified
of DNMT3A and DNMT3L was significantly increased as well and
5.5 times higher than that of DNMT3A alone. These data strongly
suggest that DNMT3L is more active than DNMT3B3 as a DNMT3A1
chaperone in vitro. We also evaluated the ability of DNMT3B3
and DNMT3L to augment the activity of purified recombi-
nant DNMT3ARH protein, which is much less active than W'T
DNMT3A (fig. S5B). DNMT3B3 coexpression resulted in a non-
significant augmentation of activity, but DNMT3L coexpression
increased its activity 4.2-fold, similar to that of the 5.5-fold augmen-
tation of WT DNMT3A.

Overexpression of DNMT3A or DNMT3L can overcome the
hypomethylation defect caused by the dominant-negative
Dnmt3a®®7%""* mutation in hematopoietic cells

To perform these experiments, we used a human DNMT3L ¢cDNA
in a retroviral construct. To determine whether human DNMT3L
could efficiently interact with mouse DNMT3A, we coexpressed
MYC-tagged human DNMT3L cDNA with either a mouse Dnmt3al
c¢DNA or a human DNMT3A1 cDNA (neither of which were MYC-
tagged). Pull-down experiments with an anti-MYC antibody followed
by Western blotting revealed that both mouse and human DNMT3A1
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Fig. 4. Effects of retroviral addback ex vivo in primary 3b KO bone marrow cells. (A) Schematic workflow for an ex vivo addback experiment using 3b KO primary
mouse bone marrow cells. (B) ProteinSimple Western blot showing DNA methyltransferase protein abundance in 3b KO lineage depleted bone marrow cells, 2 days after
transduction. (C) Percentage of transduced, GFP* 3b KO bone marrow cells at 2 and 14 days after transduction. (D) Heatmap showing the methylation values for 2012
DMRs (from Fig. 1B) defined by comparing WGBS data from WT (n = 9) versus 3b KO (n = 3) samples. DNA methylation values for the same DMRs were plotted passively
for purified GFP* cells from the indicated retroviral vectors into 3b KO bone marrow progenitors, after 14 days in liquid culture. (E) Mean methylation values for all the 3b
KO DMRs in WT, 3b KO, and transduced 3b KO samples from the WGBS data shown in (D). (F) Extent of correction of methylation values for all the 3b KO DMRs in
non-transduced or transduced 3b KO samples. The vertical line drawn at 1.0 indicates the level of methylation for these DMRs in WT bone marrow cells. (G) Extent of
remethylation of 3b KO DMRs in DNMT3A1-transduced 3b KO bone marrow cells, versus DNMT3B1-transduced 3b KO bone marrow cells.

were capable of interacting with human DNMT3L (fig. S5C). Retroviral
addback experiments using an empty MSCV vector or vectors con-
taining DNMT3A1 or DNMT3L ¢cDNAs were transduced into bone
marrow cells from of 6- to 8-week-old Dnmt3a™**"* x Vay1-Cre
mice (Fig. 6A). GFP" cells were purified after 2 days of in vitro culture
exactly as described above and assessed for overexpression of each

Lietal., Sci. Adv. 10, eadk8598 (2024) 31 January 2024

protein by Western blotting (Fig. 6B). GFP™ cells from both vectors
were minimally changed after 14 days of culture, suggesting that
these proteins did not select for or against expressing cells (Fig. 6C).
GFP" cells were purified after 14 days from three biological replicates,
and WGBS was performed. Methylation data for these samples were
plotted passively for the DMRs defined for R878H versus WT bone
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Fig. 5. Effects of retroviral addback ex vivo in primary DKO bone marrow cells. (A) Schematic workflow for an ex vivo addback experiment using DKO primary
mouse bone marrow cells. (B) ProteinSimple Western blot showing DNA methyltransferase protein abundance in DKO lineage depleted bone marrow cells, 2 days after
transduction. (C) Percentage of transduced, GFP™ DKO bone marrow cells at 2 and 14 days after transduction. (D) Heatmap showing the methylation values for 23,411 DMRs
(from Fig. 1E) defined by comparing WGBS data from WT (n = 9) versus DKO (n = 3) samples. DNA methylation values for the same DMRs were plotted passively for purified
GFP™ cells from the indicated retroviral vectors into DKO bone marrow progenitors, after 14 days in liquid culture. (E) Mean methylation values for all the DKO DMRs in
WT, DKO, and transduced DKO samples from the WGBS data shown in (D). (F) Extent of correction of methylation values for all the DKO DMRs in non-transduced or
transduced DKO samples. The vertical line drawn at 1.0 indicates the level of methylation for these DMRs in WT bone marrow cells. (G) Extent of remethylation of DKO
DMRs in DNMT3A1-transduced DKO bone marrow cells versus DNMT3B1-transduced DKO bone marrow cells.

marrow cells (Fig. 6D). Although some remethylation was observed
with the EV addback alone (for reasons described above), near-
complete remethylation was observed with either DNMT3A1 or
DNMTS3L overexpression (Fig. 6, E and F); remethylation was virtually
indistinguishable with the two vectors (Fig. 6G). The identical ex-
periment, when performed with 3a KO cells as the substrate, revealed

Lietal., Sci. Adv. 10, eadk8598 (2024) 31 January 2024

near-complete restoration of methylation with DNMT3A1 addback
but no remethylation (over background) with DNMT3L overex-
pression (fig. S6). These data demonstrate that DNMT3L has no
intrinsic activity in this system in the absence of DNMT3A, and
confirms that remethylation in R878H cells requires an intact WT
Dnmt3a allele.
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Overexpression of DNMT3A or DNMT3L can overcome the
hypomethylation defect caused by the DNMT3AR®78H/+
mutation in vivo

To determine whether overexpression of DNMT3A1 or DNMT3L
in vivo could correct the methylation phenotype of the R878H muta-
tion, we performed the experiment shown in Fig. 7A. Bone marrow
cells were transduced with these vectors exactly as described above.

Two days after transduction, 1 million total cells from each transduction
(20 to 50% GFP*) were transferred to sublethally irradiated (6 Gy)
C57BL/6 mice via retroorbital injection. Bone marrow samples were
harvested 1 month after transplantation, and GFP™ cells were har-
vested for analysis. DNMT3A and DNMTS3L protein levels in GFP*
cells were evaluated by Western blotting on the ProteinSimple platform
(Fig. 7B), revealing persistent expression of both proteins in GFP*
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Fig. 6. Effects of retroviral addback ex vivo in primary R878H bone marrow cells. (A) Schematic workflow for an ex vivo addback experiment using R878H primary
mouse bone marrow cells. (B) ProteinSimple Western blot showing DNA methyltransferase protein abundance in R878H lineage depleted bone marrow cells, 2 days after
transduction. (C) Percentage of transduced, GFP™ R878H bone marrow cells at 2 and 14 days after transduction. (D) Heatmap showing the methylation values for 4453
DMRs defined by comparing WGBS data from WT (n = 9) versus R878H (n = 6) samples. DNA methylation values for the same DMRs were plotted passively for purified
GFP* cells (i.e., transduced) from the indicated retroviral vectors into R878H bone marrow progenitors, after 14 days in liquid culture. “3L, DNMT3L. (E) Mean methylation
values for all the R878H DMRs in WT, R878H, and transduced R878H samples from the WGBS data shown in (D). (F) Extent of correction of methylation values for all the
R878H DMRs in non-transduced or transduced R878H samples. The vertical line drawn at 1.0 indicates the level of methylation for these DMRs in WT bone marrow cells.
(G) Extent of remethylation of R878H DMRs in DNMT3A1-transduced R878H bone marrow cells versus DNMT3L-transduced R878H bone marrow cells.
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cells at this time point. Methylation levels for the R878H DMRs in
the addback samples are passively plotted in Fig. 7C, revealing near-
complete remethylation with either vector after 1 month (Fig. 7D
and fig. S7, A and B) in four independent biological replicates.
DNMT3A and DNMT3L addback minimally altered global methyla-
tion levels (Fig. 7 and fig. S7C), but analysis of DMRs in all
annotated genomic regions revealed near-complete correction of
methylation values after 1 month in vivo (Fig. 7E).

To further define the functional consequences of overexpressing
DNMT3A and DNMT3L in hematopoietic cells, we performed
scRNA-seq on the GFP* in vivo Dnmt3a”*7*"* addback samples
1 month after transplantation (Fig. 8A), as well as unmanipulated WT
and Dnmt3a™*%* whole-bone marrow cells from littermate-matched,
8-week-old mice. The in vivo addback samples (EV, DNMT3A, and
DNMT3L) were all subjected to ex vivo cytokine-driven expansion
and retroviral transduction, and then transplanted into sublethally
irradiated mice; 1 month later, the transduced, GFP™ cells were puri-
fied for scRNA-seq. These cells are therefore not equivalent to the
unmanipulated marrow controls from WT versus Dnmt3a®%78%/+
mice. Regardless, several key observations can be made from these
data. First, persistent overexpression of the human DNMT3A and
DNMT3L mRNAs for 1 month was confirmed in the scRNA-seq
data (fig. S8, A and B). Second, scRNA-seq data from unmanipu-
lated bone marrow cells of 2 month old WT versus R878H mice
revealed a small increase in bone marrow B cells with the R878H
sample and a small decrease in mature monocytes and polymorpho-
nuclear cells (PMNs; Fig. 8B) (39); these data are similar to that of
the bone marrow of mice with a germline Dnmt3a™**"* mutation
(16). Third, the control (EV) in vivo addback R878H sample exhibited
even more prominent skewing toward B cell progenitors and B cells
and away from mature PMNs and monocytes (Fig. 8, A and C). The
more notable lineage shifts (compared to the unmanipulated R878H
marrow) may be related to the proliferative stress caused by trans-
plantation (8). Fourth, the addback of DNMT3L and DNMT3A both
caused a partial reversal of this abnormal lineage shift, reducing B
cells and increasing the proportion of mature PMNs and monocytes
in the addback samples (Fig. 8, A and C). Last, we compared %lobal
patterns of gene expression for genes within 1 kb of Dnmt3a™78%*
DMRs, using the addback scRNA-seq data for PMNs, B cell pro-
genitors, and monocytes, because these populations were abundant
in all samples (Fig. 8, D to F). The methylation levels at DMRs in the
R878H samples were nearly completely corrected with DNMT3L or
DNMT3A addback in vivo (Fig. 7 and fig. S7, for global CpG
remethylation). However, the expression of genes within 1 kb of the
R878H DMRs were small and most were nonsignificant; there
were < 50 differentially expressed genes in each compartment for
the comparison of WT versus Dnmt3a"*"*"'* mice, and the global
expression patterns of these genes were not notably altered with
addback (Fig. 8, D to F). We extended this analysis to all genes within
10 kb of DMRs, with similar results (fig. S9).

Last, to determine whether long-term overexpression of DNMT3A1
or DNMT3L might have adverse consequences in WT hemato-
poietic cells, we performed in vivo addback experiments using an
EV or DNMT3A or DNMT3L vectors in WT mouse bone marrow cells,
exactly as described in Fig. 7. One and 2 months after transplan-
tation, purified GFP* cells were subjected to WGBS. DMRs were
identified by comparing EV GFP* cells (from both the 1- and
2-month samples) with the 1-month samples from the DNMT3A
and DNMT3L addback. Only 39 DMRs were identified, of which 34
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were hypermethylated (fig. S10A and table S7). Evaluation of the
methylation status of these DMRs in the samples harvested at 2 months
revealed similar findings at most sites. The nearest neighbor genes
for these DMRs were not dysregulated in bulk RNA-seq datasets
for WT versus R882H bone marrow samples, suggesting that the
expression of these genes was not affected by this mutation. Last, we
performed complete blood counts on mice transplanted with mar-
rows transduced with EV, DNMT3A, or DNMT3L after 1 or 2 months
and noted only small changes (fig. S10B).

DISCUSSION

Here, we describe the DNA methylation phenotypes of unmanipu-
lated primary bone marrow samples from mice that are deficient for
one or both of the de novo DNA methyltransferases or expressing
the Dnmt3a™*%* mutation. In all cases, highly efficient floxing was
induced with VavI-Cre. Focal, canonical hypomethylation pheno-
types in similar areas of the genome were observed in all the mouse
models, with different grades of severity depending on genotypes
(DKO > 3a KO > R878H > 3b KO). Using a retroviral overexpression
system, we established an efficient method to restore the methylation
values of DMRs in each deficiency state in 14 days. Overexpression
of active full-length DNMT3A1 remethylated DMRs in all DNA
methyltransferase-deficient bone marrow cells. DNMT3B1 overex-
pression fully restored Dnmt3b KO DMRs and partially restored the
methylation phenotype in other models. DNMT3B3 was inactive in
3a and DKO mice, but its addback was able to reverse the hypo-
methylation phenotype in 3b KO mice, suggesting that it acts to
increase the activity of DNMT3A in this setting. Because DNMT3L
also is known to augment the activity of DNMT3A and DNMT3B
during early embryogenesis, we evaluated its ability to augment the
activity of the R878H mice; short-term overexpression of DNMT3L
nearly completely corrected the hypomethylation phenotype of these
cells within weeks, without causing inappropriate hypermethylation.
Last, addback of DNMT3L or DNMT3A in vivo also had functional
consequences for hematopoietic differentiation, partially correcting
a differentiation block in terminal myeloid maturation associated
with the Dnmt3a"*"*" mutation.

Previous studies have suggested that DNMT3B has distinct
functions from DNMT3A (23, 40) and that it methylates different
regions of the genome during embryogenesis. However, in both human
and mouse hematopoietic cells, the dominant splice isoform detected
is DNMT3B3, which is missing a portion of the catalytic domain
and therefore inactive as a DNA methyltransferase (8, 9, 23). The
hematopoietic cells of 3b KO mice had far fewer DMRs than 3a KO
mice, and the level of hypomethylation was less severe. However, the
locations of these DMRs overlapped almost completely with the 3a
KO DMRSs, suggesting that these two enzymes may synergize to pro-
vide the de novo methyltransferase activity of early hematopoietic
cells. Addback experiments strongly suggested that this synergy is a
consequence of DNMT3B augmenting the activity of DNMT3A,
probably by forming a functional heterodimer and/or heterotetra-
mers with DNMT3A, as previously suggested (25, 26, 41). We there-
fore hypothesize that the 3b KO DMRs may actually reflect a small
decrease in the activity of DNMT3A, a hypothesis that is also sup-
ported by the similarity of the methylation phenotypes of 3b KO
and R878H mice (see Fig. 1).

The ability of DNMT3B3 to augment the function of DNMT3A
is reminiscent of the chaperone function of DNMT3L in early
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Fig. 7. Effects of retroviral addback in vivo with R878H bone marrow cells. (A) Schematic workflow for in vivo addback experiment using R878H mouse bone marrow
cells. (B) ProteinSimple Western blot showing DNA methyltransferase protein abundance in R878H lineage depleted bone marrow cells 2 days after transduction (Pre) and
1 month after transplantation of GFP* bone marrow cells. (C) Heatmap showing the methylation values for individual samples of 4453 DMRs defined by comparing WGBS

data from WT (n = 9) versus R878H (n = 6) samples. Values for the same DMRs were

plotted passively for R878H samples that were retrovirally transduced, transplanted to

recipient mice, and harvested at 1 month after transplantation. WGBS was performed on purified GFP* cells from each mouse. (D) Mean methylation values for the R878H
DMRs in WT, R878H, and transduced R878H samples from WGBS data used in (C). (E) Mean methylation values of CpGs from WGBS of WT, R878H, and addback samples.
Mean values for all CpGs and DMR associated CpGs in annotated regions of the genome are shown.

embryogenesis (25). DNMT3L not only can substantially enhance
the methyltransferase activity of DNMT3A in vitro (38) and in tissue
culture cells (14) but also can increase the binding of DNMT3A to
its DNA targets by changing the conformation of DNMT3A multimers.
DNMTS3L can also recognize modified histone marks (including
unmethylated H3K4 and H3K36me3-enriched regions) (25, 42).
Because DNMTS3L is epigenetically silenced in adult hematopoietic
cells (including AML cells) (9), it probably does not contribute to
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the function of DNMT3A in this compartment. However, if it could
be reactivated genetically or pharmacologically, then it may have
the potential to remethylate DNA if cells contain a residual WT
DNMTS3A allele.

The overexpression of DNMT3A1 or DNMT3L in Dnmt3a"78%*
mouse bone marrow cells accurately restored the methylation land-
scape of these cells within weeks. Inappropriate hypermethylation
was not detected at promoters or CpG islands nor at regions where
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DNMT3A is not normally active (low methylated regions). Hyper-
methylated regions were not detected genome-wide nor in any an-
notated regions of the genome (16). Furthermore, overexpression of
DNMT3A1 or DNMT3L in WT bone marrow cells in vivo for 1 or
2 months caused only 39 DMRs in the entire genome and did not
significantly alter the blood counts of these mice (fig. S10). These
data suggest that additional (as yet undefined) factors may restrict
the ability of DNMT3A to methylate some specific CpGs; further, an
autoregulatory loop was suggested by the downregulation of endog-
enous Dnmt3a and Dnmt3b expression with the in vivo addback of
DNMT3A or DNMT3L for 1 month (see fig. S8A). Alternatively, it is
possible that hypermethylation is not tolerated and that cells with
this phenotype are selected against. However, we did not find any
evidence for selection against DNMT3A overexpressing cells in any
in vitro addback experiment (based on stable levels of GFP* cells
overexpressing DNMT3A1 for 2 weeks after transduction). Because
the correction of hypomethylated DMRs was complete within weeks
for DNMT3A1 or DNMT3L addback, and because the maintenance
methyltransferase, DNMT1, would be expected to maintain a cor-
rected methylation phenotype, it may be possible to repair hypo-
methylation phenotypes with short-term bursts of excess DNMT3A
activity mediated by DNMT3A or DNMT3L (16, 43). If persistent
DNMTS3A loss-of-function (and its associated hypomethylation pheno-
type) is essential for the survival of fully transformed AML cells, then
transient reactivation of DNMT3L could potentially allow for the
remethylation of these cells, perhaps causing differentiation and or
growth arrest. Additional studies to address this possibility are in
progress.

In summary, these observations suggest a potentially relevant strat-
egy for reactivating DNMT3A function: reexpression of DNMT3L. The
rapidity and accuracy of remethylation caused by short-term reex-
pression of DNMT3L do not appear to be deleterious in WT cells, nor
in non-transformed hematopoietic cells expressing the Dnmt3a""*"
mutation. Additional experiments will need to be required to deter-
mine whether fully transformed AML cells with DNMT3AR** muta-
tions are “addicted” to their DNA hypomethylation phenotype, and
whether its correction will slow the growth of these cells or change
their developmental fate (9, 19, 20, 44). However, therapies that are
capable of reactivating the expression of DNMT3L in human cells
[including HDAC inhibitors and/or HMAs (10-13)] have already
shown some promise in treating AML patients, and the observa-
tions noted here should be explored in future studies.

MATERIALS AND METHODS

Mouse models

All mice were in the C57BL/6] background. Dnmt3a™"" and Dnmt3a™*/~
mice were generated by crossing Cre/loxP conditional mutant mice
Dnmt3a"™ B from the Mutant Mouse Regional Resource Centers
repository (MMRRC strain name: B6;129S4- Dnmt3a"™> 15"
Mmnc) (45) and Vavl-iCre mice [the Jackson Laboratory, B6.Cg-
Commd10Tg(Vavl-icre)A2Kio/]]. Dnmt3b™'~ mice were generated
by crossing Cre/loxP conditional mutant mice Dnmt3b™> 15"
from the Mutant Mouse Regional Resource Centers repository
[MMRRC strain name: B6.129S4(Cg)—Dnmt3btm5‘1E"l/anc] (46)
with Vav-iCre mice. Dnmt3a™~ x Dnmt3b™'~ were generated
with the Dnmt3a™* 5", Dnmt3b™> ", and Vav1-iCre mice. Mice
with Dnmt3a™¥*"* mutation (mouse homolog of the human
DNMT3A®H mutation) in bone marrow cells were generated by
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crossing Cre/loxP conditional mutant mice C57BL/ 6-Dnmt3a™ Ry

Grynv] (the Jackson Laboratory, strain no. 031514) (36) with Vav1-iCre
mice. These mice were provided by O. Guryanova and R. Levine.
Whenever possible, littermate controls were used for all experi-
ments. All mouse studies were done in accordance with institutional
guidelines and were approved by the Animal Studies Committee at
Washington University.

Retroviral transductions

Retroviruses were generated by transfecting GP2-293 T cells (Takara
Bio) with murine stem cell virus (MSCV)-internal ribosomal entry
site-GFP retroviral plasmids having either no insertion, full-length
WT DNMT3A1, DNMT3A® [generated by QuickChange II site
directed mutagenesis (Agilent)], full-length DNMT3B1, DNMT3B3, or
DNMT3L cDNAs using TransIT-LT1 (Muris Bio). The DNA se-
quences of all plasmids used in these studies were verified by whole
plasmid sequencing performed by Plasmidsaurus. We harvested
supernatants at 24 and 48 hours after transfection by filtering
through 0.45-pum filter (Corning) and added the filtered viral super-
natants to six-well non-tissue-treated plates coated with Retronectin
(Takara Bio; 5 pg/ml, 24 hours at 4°C). The plates containing viral
supernatants were spun at 2500g for 90 min at 32°C. One to 2 million
lineage depleted cells in bone marrow transplant media were added
to each well of the six-well plate after the viral supernatants were
discarded and were spun at 1000 rpm for 7 min at 32°C. Cells were
scraped from the plates and transduced again with the 48-hour
harvested viral supernatants.

Bone marrow transplantation

Femur, tibia, pelvic, and humerus-derived bone marrow cells were
harvested from mice in RPMI 1640 media (Gibco) with 15% FBS
(Atlanta Biologicals). Bone marrow cells were treated with 1X am-
monium chloride/KCl red blood cell lysis buffer and resuspended in
transplant media [RPMI 1640 with 15% FBS, 1% penicillin-
streptomycin (Gibco), and cytokines (mouse FLT3L, 50 ng/ml; mouse
Kit Ligand, 100 ng/ml; mouse IL-3, 6 ng/ml; and mouse TPO, 10 ng/
ml)] for ex vivo cultures.

Ly45.1 C57BL/6 recipients were purchased from Charles River
Laboratories. Sublethal irradiation was performed by exposing mice
to 6 Gy as a single dose. Transduced bone marrow cells were resus-
pended in phosphate-buffered saline (PBS) buffer at 1 million
cells/100 pl. Transplantation was performed by injecting 1 million
transduced bone marrow cells into the retro-orbital venous sinus.
Mice were on antibiotic-supplemented water (sulfamethoxazole and
trimethoprim) for 2 weeks after transplantation. Peripheral blood
was obtained by piercing retro-orbital veins with heparinized capillary
tubes (Thermo Fisher Scientific) after anesthesia with isoflurane.

WGBS and analysis

DNA was isolated with the QIAamp DNA Micro Kit (QIAGEN,
56304). Input DNA (50 to 100 ng) was bisulfite converted with the
DNA Methylation Gold Kit (Zymo Research). Whole-genome bisulfite—
converted sequencing libraries were generated with an Accel NGS
Methyl-Seq DNA library kit (Swift Biosciences, no. 30096). Indexed
sequencing was performed on Illumina NovoSeq 6000 instruments.
Reads were mapped using biscuit, and DMRs were called using
metilene (47) as previously described (9, 15, 16, 19). The workflow
for WGBS data is described in detail at https://github.com/genome/
analysis-workflows/blob/v1.5.0_fix_1/definitions/pipelines/bisulfite.
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cwl. All data for WGBS studies were deposited in the Short Read
Archive (SRA) under BioProject PRINA1008414.

ProteinSimple Western blotting

Western blotting was performed on the Jess ProteinSimple platform.
Lysates were generated by sonicating cells (100,000 cells/pl) in 1X
NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Invitrogen)
with the Sonifier 450 (Branson) setting Output Control to 3, 20%
pulse for 20 s. Lysates were clarified at 13,000 rpm for 10 min at
4°C. Samples were blotted with rabbit anti-DNMT3A (Cell Signaling
Technology, D23G1; 1:100 dilution), rabbit anti-DNMT3B (Cell
Signaling Technology, D7070; 1:100 dilution), mouse anti-Beta-Actin
(Novus, NB600-532S; 1:100 dilution), rabbit anti-DNMT3B (Abcam,
ab2851; 1:50 dilution), rabbit anti-DNMT3L (Abcam, ab194094;
1:50 dilution), horseradish peroxidase (HRP)-conjugated anti-Rabbit
(ProteinSimple), near-infrared (NIR)-conjugated anti-mouse (Protein-
Simple), and HRP-conjugated anti-mouse (ProteinSimple). Protein
abundance on blots was quantified by Compass for Simple Western
software.

scRNA-seq and analysis

scRNA-seq was performed as previously described (16). Libraries
were generated with the 10X Genomics system Chromium Single
Cell 5’ library Kit (v2) and sequenced on Illumina NovaSeq machines.
scRNA-seq data were aligned using the Cell Ranger pipeline. Cells
were annotated on the basis of the Haemopedia expression atlas
(37). Cell populations were further defined by manual review on
Partek Flow software, based on gene expression profiles. Differentially
expressed genes were defined by the analysis of variance (ANOVA)
algorithm with Partek Flow software. All RNA-seq data were deposited
in the SRA (under BioProject PRINA1008414).

Total RNA-seq and identification of transcript isoforms

Total RNA-seq of Dnmt3a™" and Dnmt3a™*"* mice was per-
formed using the Illumina TruSeq Stranded Total RNA Library Kit
on deoxyribonuclease-treated RNA and sequenced on the NovaSeq
6000 platform, with 2 X 151-bp reads.

Drnmt3aand Dnmit3b isoforms (24, 48) were defined using the following
approach. The Dnmt3al (Ensembl transcript ENSMUST00000020991)
and Dnmt3a2 (Ensembl transcript ENSMUST00000172689) isoforms
were differentiated using bulk RNA-seq and based on RegTools
analysis [PubMed IDentifier (PMID): 36949070] of splice junction
usage at exon 7 of the longer Dnmt3al transcript. Reads splicing
from the 3’ untranslated region of the internal promotor to exon
7 supported Dnmt3a2, while reads splicing from exon 6 to exon 7
supported the full-length Dnmt3al. Isoform usage percentage was
calculated as the number of reads supporting one junction over the
total number of reads in both junctions. Dnmt3b isoform usage was
calculated similarly (24), using the count of splice junctions that skip
exons 22 and 23 to identify the inactive Dnmt3b3 isoform (ENS-
MUST00000088976/ENSMUST00000103150) and the mean count
of splice junctions that connect exons between 21 and 24 to determine
the Dnmt3b1 counts (ENSMUST00000109774/ENSMUST0000008
1628). A Fisher’s exact test on pooled counts was used to test the
difference in proportions between WT and R878H mice.

Recombinant DNMT3A1 production
This proceedure was performed as previously described (8). Six million
HEK293T cells were plated on 15-cm plates in RPMI 1640 (Gibco)
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[including 10% FBS (Atlanta Biologicals) and 1% penicillin-strepto
mycin (Gibco)] overnight. Total 6xHis-DNMT3A-FLAG expression
plasmids (25 pg), 6xHis-DNMT3A-FLAG (12.5 pg) with 12.5 pg of
DNMT3B3-myc expression plasmids, or 6xHis-DNMT3A-FLAG
(12.5 pg) with 12.5 pg of DNMT3L-myc expression plasmids were
transfected with calcium-phosphate transfection methods on the
following day. Medium was changed without disturbing the cells
16 hours after transfection. Cells were harvested in cold PBS at 48 hours
after transfection and resuspended at 10 million cells/ml in lysis buf-
fer [20 mM sodium phosphate (pH 7.65), 150 mM NaCl, and 20 mM
imidazole]. Cell lysates were prepared by sonication, using a Soni-
fier 450 (Branson) (8 s, Output Control to 3.5, constant, repeated
three times). Lysates were clarified at 13,000 rpm for 10 min at
4°C. The supernatants were passed through 0.45-pm filters (Corning)
and loaded into a 1-ml HisTrap HP column (Cytiva) and washed
with 10 ml of buffer [20 mM sodium phosphate (pH 7.65), 150 mM
NaCl, and 50 mM imidazole]. Proteins were eluted in elution buffer
[20 mM sodium phosphate (pH 7.65), 150 mM NaCl, and 400 mM imid-
azole] and dialyzed into 20 mM Hepes (pH 7.65), 30 mM NaCl, and
1 mM EDTA with 10% glycerol. DNMT3A protein abundance was
measured using Western blotting using the ProteinSimple Jess sys-
tem. Purified proteins were stored at —80°C in individual aliquots
and never subjected to more than one freeze-thaw cycle.

Mass spectrometry and data analysis

Purified samples with recombinant DNMT3A were digested for 2 hours
at 30°C in a ThermoMixer with gyration at 750 rpm. Trypsin (1 pg)
was added, and the samples were incubated overnight at 30°C in
the ThermoMixer, gyrating at 750 rpm. Tryptic peptides were then
transferred to a fresh tube, the bead samples were washed with an
additional 50 pl of ammonium bicarbonate (ABC) buffer, and the
wash was combined with the peptides. Residual detergent was re-
moved by ethyl acetate extraction. In preparation for desalting, pep-
tides were acidified to pH 2 with 1% trifluoroacetic acid (TFA) final
concentration. The peptides were desalted using two micro-tips (po-
rous graphite carbon, BIOMETNT3CAR) (Glygen) on a Beckman
robot (Biomek NX). The peptides were eluted with 60% MeCN in
0.1% TFA and dried in a Speed-Vac (Thermo Scientific, Model No.
Savant DNA 120 concentrator) after adding TFA to 5%. The pep-
tides were dissolved in 20 pl of 1% MeCN in water. An aliquot (10%)
was removed for quantification using the Pierce Quantitative Fluo-
rometric Peptide Assay kit (Thermo Fisher Scientific, cat. no. 23290).
The remaining peptides were transferred to autosampler vials (Sun-
Sri, cat. no. 200046), dried, and stored at —80°C for liquid chroma-
tography-mass spectrometry (MS) analysis on timsTOF Pro mass
spectrometer. Peptide counts were normalized according to the size
of each protein, and relative abundance was calculated after normaliza-
tion to detected levels of DNMT3A as follows: Data from the mass
spectrometer were converted to peak lists using Proteome Discoverer
(version 2.1.0.81, Thermo Fisher Scientific). The MS2 spectra with
charges 42, 43, and +4 were analyzed using Mascot software (Matrix
Science, London, UK; version 2.8.1). The searches were performed
with a mass tolerance of 20 parts per million for both precursor and
fragment ions. Tandem MS spectra were set up to search against a
UniProt database of human proteins (January 2023; 20,423 entries)
and common contaminant proteins (version 1.0; January 2012; 116
entries), assuming that the digestion enzyme was trypsin/P with a
maximum of four missed cleavages allowed. Carbamidomethylation
of cysteine was specified as a fixed modification. Deamidation of
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asparagine and glutamine, formation of pyro-glutamic acid from N-
terminal glutamine, acetylation of protein N terminus, and oxida-
tion of methionine were specified as variable modifications. Peptide
spectrum matches (PSMs) were filtered at 1% FDR by searching
against a reversed database and the ascribed peptide, and protein
identities were accepted.

The precursor intensities were converted to logarithmic ratios at
base two (log2FC), relative to the average precursor intensity across
all samples. Under each sample, Dixon’s outlier removals were car-
ried out recursively for peptides with greater than two identifying
PSMs. The median of the PSM log2FC that could be assigned to the
same peptide was taken to represent the ratios of the incumbent
peptide. The median of the peptide log2FC was taken to represent
the 1og2FC of the inferred protein. To align protein ratios across
samples, likelihood functions were first estimated for the protein log2FC
using finite mixture modeling (R package: mixtools::normalmixEM),
assuming two-component Gaussian mixtures. The distributions of
log2FC were then aligned so that maximum likelihood was centered
at zero for each sample. Scaling normalization was performed to
standardize the protein log2FC across all samples. To reduce the
influence of outliers, the values between the 5th and 95th percentile
of log2FC and 5th and 95th percentile of intensity were used in the
calculations of SDs. Following the normalization of protein log2FC,
protein intensities were calibrated by an anti-logarithmic conversion of
2%, where d is the distance of log2FC before and after the ratio nor-
malization. The obtained protein intensities were used for protein
stoichiometry predictions. These data are available at ProteomeXchange
(accession number: PXD044808).

In vitro methyltransferase assay

Equivalent amount of immunoreactive DNMT3A, defined by quan-
tification with Western blotting (DNMT3A, DNMT3A/DNMT3B3,
and DNMT3A/DNMT3L), was incubated with 5 uM *H-labeled S-
Adenosyl methionine (SAM) (PerkinElmer) and 1 pg of pcDNA3.1
(Invitrogen) in 20 mM Hepes (pH 7.65), 30 mM NaCl, 1 mM EDTA,
0.5 mM dithiothreitol, and bovine serum albumin (0.2 mg/ml) at
37°C for 20 hours. Samples were spotted on filters in NucleoSpin Gel
and PCR clean-up kits (Macherey-Nagel) and washed twice with the
washing buffer provided in the kit. The columns were dried by centrifu-
gation at 13,000 rpm for 2 min, and incorporated radioactivity was
measured by liquid scintillation (Beckman Coulter LS 6500).

Co-immunoprecipitation assays

Three million K562 cells were electroporated with 4 pg of a plasmid
expressing a human DNMT3L-myc-tagged cDNA alone or with
4 pg of plasmids expressing either a human DNMT3A cDNA or a
mouse Dnmt3a cDNA, using the Lonza SF cell line kit (Lonza,
V4XC-2024). After electroporation, cells were cultured in RPMI
1640 media with 10% FBS and harvested 24 later in 500 pl of Pierce
IP lysis buffer (Thermo Fisher Scientific, product no. 87787), followed
by sonication with Sonifier 450 (Branson) setting Output Control to
3,30% pulse, for 20 s. Lysates were clarified at 13,000 rpm for 10 min
at 4°C. Myc-binding beads were prepared by adding 10 pl of a conju-
gated anti-myc-tag antibody (Cell Signaling Technology, no. 9B11)
with 50 pl of prewashed Pierce Protein A/G Magnetic Beads (Ther-
mo Fisher Scientific, product no. 88802) in 250 pl of Pierce IP lysis
buffer for 1 hour at 4°C. Supernatants were removed, and then
500 pl of the clarified cell lysates were added to each tube, rotating the
mixture gently overnight at 4°C. Beads were purified using a magnetic
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stand and washed three times with 500 pl of 1X tris-buffered saline
(Thermo Fisher Scientific, product no. 28360). Last, 100 pl of LDS
sample buffer was added to the beads, and proteins were eluted at
99°C for 10 min; the supernatants were then analyzed by Western
blotting on the ProteinSimple platform. Antibodies used for Western
blotting included anti-myc-tag antibody (Cell Signaling Technology,
no. 9B11) for Myc-tagged DNMT3L and anti-DNMT3A antibody
(Cell Signaling Technology, no. D23G1) for DNMT3A, which cross-
reacts with mouse and human DNMT3A.

Statistical comparisons

All statistical comparisons were made using GraphPad Prism 5
software, except for statistics on sequencing data, which were calcu-
lated using the R statistical programming software as described
above. Statistical tests used and significance cutoffs are detailed in
each figure legend. All data represent means + SD or SEM, as speci-
fied in the figure legends.

Supplementary Materials
This PDF file includes:

Figs.S1to S10

Legends for tables S1to S7

Other Supplementary Material for this manuscript includes the following:
Tables S1to S7

REFERENCES AND NOTES

1. M.Okano, D.W. Bell, D. A. Haber, E. Li, DNA methyltransferases Dnmt3a and Dnmt3b are
essential for de novo methylation and mammalian development. Cell 99, 247-257 (1999).

2. A.D.Riggs, X inactivation, differentiation, and DNA methylation. Cytogenet. Cell Genet.
14,9-25(1975).

3. T.Chen,Y.Ueda, J. E. Dodge, Z. Wang, E. Li, Establishment and maintenance of genomic
methylation patterns in mouse embryonic stem cells by Dnmt3a and Dnmt3b. Mol. Cell.
Biol. 23, 5594-5605 (2003).

4. D.Watanabe, |. Suetake, T. Tada, S. Tajima, Stage- and cell-specific expression of Dnmt3a
and Dnmt3b during embryogenesis. Mech. Dev. 118, 187-190 (2002).

5. M.S. Kareta, Z. M. Botello, J. J. Ennis, C. Chou, F. Chédin, Reconstitution and mechanism of
the stimulation of de novo methylation by human DNMT3L. J. Biol. Chem. 281,
25893-25902 (2006).

6. Z.Chen, J.R.Mann, C-L. Hsieh, A. D. Riggs, F. Chédin, Physical and functional interactions
between the human DNMT3L protein and members of the de novo methyltransferase
family. J. Cell. Biochem. 95, 902-917 (2005).

7. D.lJia, R.Z. Jurkowska, X. Zhang, A. Jeltsch, X. Cheng, Structure of Dnmt3a bound to
Dnmt3L suggests a model for de novo DNA methylation. Nature 449, 248-251 (2007).

8. D.A.Russler-Germain, D. H. Spencer, M. A. Young, T. L. Lamprecht, C. A. Miller, R. Fulton,
M. R. Meyer, P. Erdmann-Gilmore, R. R. Townsend, R. K. Wilson, T. J. Ley, The R882H
DNMT3A mutation associated with AML dominantly inhibits wild-type DNMT3A by
blocking its ability to form active tetramers. Cancer Cell 25, 442-454 (2014).

9. D.H.Spencer, D. A. Russler-Germain, S. Ketkar, N. M. Helton, T. L. Lamprecht, R. S. Fulton,
C. C. Fronick, M. O’Laughlin, S. E. Heath, M. Shinawi, P. Westervelt, J. E. Payton,

L. D. Wartman, J. S. Welch, R. K. Wilson, M. J. Walter, D. C. Link, J. F. DiPersio, T. J. Ley, CpG
island hypermethylation mediated by DNMT3A is a consequence of AML progression.
Cell 168,801-816.e13 (2017).

10. A.Basu, V. Dasari, R. K. Mishra, S. Khosla, The CpG island encompassing the promoter and
first exon of human DNMT3L gene is a PcG/TrX response element (PRE). PLOS ONE 9,
€93561 (2014).

11. Y.-G.Hu, R. Hirasawa, J.-L. Hu, K. Hata, C.-L. Li, Y. Jin, T. Chen, E. Li, M. Rigolet,
E.Viegas-Péquignot, H. Sasaki, G.-L. Xu, Regulation of DNA methylation activity through
Dnmt3L promoter methylation by Dnmt3 enzymes in embryonic development. Hum.
Mol. Genet. 17, 2654-2664 (2008).

12. G. Gokul, G. Ramakrishna, S. Khosla, Reprogramming of HeLa cells upon DNMT3L
overexpression mimics carcinogenesis. Epigenetics 4, 322-329 (2009).

13. U. Aapola, K. Maenpas, A. Kaipia, P. Peterson, Epigenetic modifications affect Dnmt3L
expression. Biochem. J. 380, 705-713 (2004).

14. F.Chédin, M. R. Lieber, C.-L. Hsieh, The DNA methyltransferase-like protein DNMT3L
stimulates de novo methylation by Dnmt3a. Proc. Natl. Acad. Sci. 99, 16916-16921 (2002).

16 0of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

15.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Lietal., Sci. Adv. 10, eadk8598 (2024)

A. M. Smith, A. M. Verdoni, H. J. Abel, D.Y. Chen, S. Ketkar, E. R. Leight, C. A. Miller, T. J. Ley,
Somatic Dnmt3a inactivation leads to slow, canonical DNA methylation loss in murine
hematopoietic cells. iScience 25, 104004 (2022).

. S. Ketkar, A. M. Verdoni, A. M. Smith, C. V. Bangert, E. R. Leight, D. Y. Chen, M. K. Brune,

N. M. Helton, M. Hoock, D. R. George, C. Fronick, R. S. Fulton, S. M. Ramakrishnan,
G.S.Chang, A. A. Petti, D. H. Spencer, C. A. Miller, T. J. Ley, Remethylation of Dnmt3a~'~
hematopoietic cells is associated with partial correction of gene dysregulation and
reduced myeloid skewing. Proc. Natl. Acad. Sci. 117, 3123-3134 (2020).

. G.A.Challen, D. Sun, M. Jeong, M. Luo, J. Jelinek, J. S. Berg, C. Bock, A. Vasanthakumar,

H. Gu, Y. Xi, S. Liang, Y. Lu, G. J. Darlington, A. Meissner, J.-P. J. Issa, L. A. Godley, W. Li,
M. A. Goodell, Dnmt3a is essential for hematopoietic stem cell differentiation. Nat. Genet.
44,23-31(2011).

. A.M. Smith, T. A. LaValle, M. Shinawi, S. M. Ramakrishnan, H. J. Abel, C. A. Hill,

N. M. Kirkland, M. P. Rettig, N. M. Helton, S. E. Heath, F. Ferraro, D.Y. Chen, S. Adak,

C. F. Semenkovich, D. L. Christian, J. R. Martin, H. W. Gabel, C. A. Miller, T. J. Ley, Functional
and epigenetic phenotypes of humans and mice with DNMT3A Overgrowth Syndrome.
Nat. Commun. 12, 4549 (2021).

. C.B.Cole, D. A. Russler-Germain, S. Ketkar, A. M. Verdoni, A. M. Smith, C. V. Bangert,

N. M. Helton, M. Guo, J. M. Klco, S. O’Laughlin, C. Fronick, R. Fulton, G. S. Chang, A. A. Petti,
C. A. Miller, T. J. Ley, Haploinsufficiency for DNA methyltransferase 3A predisposes
hematopoietic cells to myeloid malignancies. J. Clin. Invest. 127, 3657-3674 (2017).
A.Mayle, L. Yang, B. Rodriguez, T. Zhou, E. Chang, C. V. Curry, G. A. Challen, W. Li,
D.Wheeler, V. |. Rebel, M. A. Goodell, Dnmt3a loss predisposes murine hematopoietic
stem cells to malignant transformation. Blood 125, 629-638 (2015).

Y. Ueda, M. Okano, C. Williams, T. Chen, K. Georgopoulos, E. Li, Roles for Dnmt3b in
mammalian development: A mouse model for the ICF syndrome. Development 133,
1183-1192 (2006).

C.Wijmenga, R. S. Hansen, G. Gimelli, E. J. Bjorck, E. G. Davies, D. Valentine,

B. H. Belohradsky, J. J. van Dongen, D. F. Smeets, L. P. van den Heuvel, J. A. Luyten,

E. Strengman, C. Weemaes, P. L. Pearson, Genetic variation in ICF syndrome: Evidence for
genetic heterogeneity. Hum. Mutat. 16, 509-517 (2000).

G. A.Challen, D. Sun, A. Mayle, M. Jeong, M. Luo, B. Rodriguez, C. Mallaney, H. Celik,
L.Yang, Z. Xia, S. Cullen, J. Berg, Y. Zheng, G. J. Darlington, W. Li, M. A. Goodell, Dnmt3a
and Dnmt3b have overlapping and distinct functions in hematopoietic stem cells. Cell
Stem Cell 15, 350-364 (2014).

B. O.Van Emburgh, K. D. Robertson, Modulation of Dnmt3b function in vitro by
interactions with Dnmt3L, Dnmt3a and Dnmt3b splice variants. Nucleic Acids Res. 39,
4984-5002 (2011).

C. E. Duymich, J. Charlet, X. Yang, P. A. Jones, G. Liang, DNMT3B isoforms without catalytic
activity stimulate gene body methylation as accessory proteins in somatic cells. Nat.
Commun. 7,11453 (2016).

Y.Zeng, R. Ren, G. Kaur, S. Hardikar, Z. Ying, L. Babcock, E. Gupta, X. Zhang, T. Chen,

X. Cheng, The inactive Dnmt3b3 isoform preferentially enhances Dnmt3b-mediated DNA
methylation. Genes Dev. 34, 1546-1558 (2020).

The Cancer Genome Atlas Research Network, Genomic and epigenomic landscapes of
adult de novo acute myeloid leukemia. N. Engl. J. Med. 368, 2059-2074 (2013).

T.J. Ley, L. Ding, M. J. Walter, M. D. McLellan, T. Lamprecht, D. E. Larson, C. Kandoth,

J. E. Payton, J. Baty, J. Welch, C. C. Harris, C. F. Lichti, R. R. Townsend, R. S. Fulton,

D. J. Dooling, D. C. Koboldt, H. Schmidt, Q. Zhang, J. R. Osborne, L. Lin, M. O’Laughlin,

J. F. McMichael, K. D. Delehaunty, S. D. McGrath, L. A. Fulton, V. J. Magrini, T. L. Vickery,
J.Hundal, L. L. Cook, J. J. Conyers, G. W. Swift, J. P. Reed, P. A. Alldredge, T. Wylie, J. Walker,
J. Kalicki, M. A. Watson, S. Heath, W. D. Shannon, N. Varghese, R. Nagarajan, P. Westervelt,
M. H.Tomasson, D. C. Link, T. A. Graubert, J. F. DiPersio, E. R. Mardis, R. K. Wilson, DNMT3A
mutations in acute myeloid leukemia. N. Engl. J. Med. 363, 2424-2433 (2010).

J.W.Tyner, C. E. Tognon, D. Bottomly, B. Wilmot, S. E. Kurtz, S. L. Savage, N. Long,
A.R.Schultz, E. Traer, M. Abel, A. Agarwal, A. Blucher, U. Borate, J. Bryant, R. Burke,

A. Carlos, R. Carpenter, J. Carroll, B. H. Chang, C. Coblentz, A. d’Almeida, R. Cook,

A. Danilov, K.-H.T. Dao, M. Degnin, D. Devine, J. Dibb, D. K. Edwards, C. A. Eide, I. English,
J. Glover, R. Henson, H. Ho, A. Jemal, K. Johnson, R. Johnson, B. Junio, A. Kaempf,
J.Leonard, C. Lin, S. Q. Liu, P. Lo, M. M. Loriaux, S. Luty, T. Macey, J. MacManiman,

J. Martinez, M. Mori, D. Nelson, C. Nichols, J. Peters, J. Ramsdill, A. Rofelty, R. Schuff,

R. Searles, E. Segerdell, R. L. Smith, S. E. Spurgeon, T. Sweeney, A. Thapa, C. Visser,

J. Wagner, K. Watanabe-Smith, K. Werth, J. Wolf, L. White, A. Yates, H. Zhang, C. R. Cogle,
R. H. Collins, D. C. Connolly, M. W. Deininger, L. Drusbosky, C. S. Hourigan, C.T. Jordan,

P. Kropf, T. L. Lin, M. E. Martinez, B. C. Medeiros, R. R. Pallapati, D. A. Pollyea, R. T. Swords,
J. M. Watts, S. J. Weir, D. L. Wiest, R. M. Winters, S. K. McWeeney, B. J. Druker, Functional
genomic landscape of acute myeloid leukaemia. Nature 562, 526-531 (2018).

B. Xin, T. Cruz Marino, J. Szekely, J. Leblanc, K. Cechner, V. Sency, C. Wensel, M. Barabas,
V. Therriault, H. Wang, NovelDNMT3Agermline mutations are associated with inherited
Tatton-Brown-Rahman syndrome. Clin. Genet. 91, 623-628 (2017).

K. Tatton-Brown, A. Zachariou, C. Loveday, A. Renwick, S. Mahamdallie, L. Aksglaede,

D. Baralle, D. Barge-Schaapveld, M. Blyth, M. Bouma, J. Breckpot, B. Crabb, T. Dabir,

31 January 2024

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

V. Cormier-Daire, C. Fauth, R. Fisher, B. Gener, D. Goudie, T. Homfray, M. Hunter,
A.Jorgensen, S. G. Kant, C. Kirally-Borri, D. Koolen, A. Kumar, A. Labilloy, M. Lees,

C. Marcelis, C. Mercer, C. Mignot, K. Miller, K. Neas, R. Newbury-Ecob, D.T. Pilz, R. Posmyk,
C. Prada, K. Ramsey, L. M. Randolph, A. Selicorni, D. Shears, M. Suri, I. K. Temple,
P.Turnpenny, L. Val Maldergem, V. Varghese, H. E. Veenstra-Knol, N. Yachelevich, L. Yates,
Clinical Assessment of the Utility of Sequencing and Evaluation as a Service (CAUSES)
Research Study, Deciphering Developmental Disorders (DDD) Study, N. Rahman, The
Tatton-Brown-Rahman Syndrome: A clinical study of 55 individuals with de novo
constitutive DNMT3A variants. Wellcome Open Res. 3, 46 (2018).

K. Tatton-Brown, S. Seal, E. Ruark, J. Harmer, E. Ramsay, S. del Vecchio Duarte,

A. Zachariou, S. Hanks, E. O'Brien, L. Aksglaede, D. Baralle, T. Dabir, B. Gener, D. Goudie,

T. Homfray, A. Kumar, D.T. Pilz, A. Selicorni, I. K. Temple, L. Van Maldergem, N. Yachelevich,
The Childhood Overgrowth Consortium, R. van Montfort, N. Rahman, Mutations in the
DNA methyltransferase gene DNMT3A cause an overgrowth syndrome with intellectual
disability. Nat. Genet. 46, 385-388 (2014).

Y.-H. Huang, C.-W. Chen, V. Sundaramurthy, M. Stabicki, D. Hao, C. J. Watson, A. Tovy,

J. M. Reyes, O. Dakhova, B. R. Crovetti, C. Galonska, M. Lee, L. Brunetti, Y. Zhou,

K. Tatton-Brown, Y. Huang, X. Cheng, A. Meissner, P. J. M. Valk, L. Van Maldergem,

M. A. Sanders, J. R. Blundell, W. Li, B. L. Ebert, M. A. Goodell, Systematic profiling of
DNMT3A variants reveals protein instability mediated by the DCAF8 E3 ubiquitin ligase
adaptor. Cancer Discov. 12, 220-235 (2022).

S.Ogilvy, A. G. Elefanty, J. Visvader, M. L. Bath, A.W. Harris, J. M. Adams, Transcriptional regulation of
vav, a gene expressed throughout the hematopoietic compartment. Blood 91, 419-430 (1998).

J. de Boer, A. Williams, G. Skavdis, N. Harker, M. Coles, M. Tolaini, T. Norton, K. Williams,

K. Roderick, A. J. Potocnik, D. Kioussis, Transgenic mice with hematopoietic and lymphoid
specific expression of Cre. Eur. J. Inmunol. 33, 314-325 (2003).

O. A. Guryanova, K. Shank, B. Spitzer, L. Luciani, R. P. Koche, F. E. Garrett-Bakelman,

C. Ganzel, B. H. Durham, A. Mohanty, G. Hoermann, S. A. Rivera, A. G. Chramiec, E. Pronier,
L. Bastian, M. D. Keller, D. Tovbin, E. Loizou, A. R. Weinstein, A. R. Gonzalez, Y. K. Lieu,

J. M. Rowe, F. Pastore, A. S. McKenney, A. V. Krivtsov, W. R. Sperr, J. R. Cross, C. E. Mason,

M. S. Tallman, M. E. Arcila, O. Abdel-Wahab, S. A. Armstrong, S. Kubicek, P. B. Staber,

M. Gonen, E. M. Paietta, A. M. Melnick, S. D. Nimer, S. Mukherjee, R. L. Levine, DNMT3A
mutations promote anthracycline resistance in acute myeloid leukemia via impaired
nucleosome remodeling. Nat. Med. 22, 1488-1495 (2016).

C. A. de Graaf, J. Choi, T. M. Baldwin, J. E. Bolden, K. A. Fairfax, A. J. Robinson, C. Biben,

C. Morgan, K. Ramsay, A. P. Ng, M. Kauppi, E. A. Kruse, T. J. Sargeant, N. Seidenman,

A. D’Amico, M. C. D’'Ombrain, E. C. Lucas, S. Koernig, A. B. Morelli, M. J. Wilson, S. K. Dower,
B. Williams, S. Y. Heazlewood, Y. Huy, S. K. Nilsson, L. Wu, G. K. Smyth, W. S. Alexander,

D. J. Hilton, Haemopedia: An expression atlas of murine hematopoietic cells. Stem Cell
Reports 7,571-582 (2016).

I. Suetake, F. Shinozaki, J. Miyagawa, H. Takeshima, S. Tajima, DNMT3L stimulates the DNA
methylation activity of Dnmt3a and Dnmt3b through a direct interaction. J. Biol. Chem.
279, 27816-27823 (2004).

J. Koya, K. Kataoka, T. Sato, M. Bando, Y. Kato, T. Tsuruta-Kishino, H. Kobayashi,

K. Narukawa, H. Miyoshi, K. Shirahige, M. Kurokawa, DNMT3A R882 mutants interact with
polycomb proteins to block haematopoietic stem and leukaemic cell differentiation. Nat.
Commun. 7,10924 (2016).

M. Yagi, M. Kabata, A. Tanaka, T. Ukai, S. Ohta, K. Nakabayashi, M. Shimizu, K. Hata,

A. Meissner, T. Yamamoto, Y. Yamada, Identification of distinct loci for de novo DNA
methylation by DNMT3A and DNMT3B during mammalian development. Nat. Commun.
11,3199 (2020).

T-H. Xu, M. Liy, X. E. Zhou, G. Liang, G. Zhao, H. E. Xu, K. Melcher, P. A. Jones, Structure of
nucleosome-bound DNA methyltransferases DNMT3A and DNMT3B. Nature 586,
151-155 (2020).

S.K. Ooi, C. Qiu, E. Bernstein, K. Li, D. Jia, Z. Yang, H. Erdjument-Bromage, P. Tempst,

S.-P. Lin, C. D. Allis, DNMT3L connects unmethylated lysine 4 of histone H3 to de novo
methylation of DNA. Nature 448, 714-717 (2007).

A. P. Bird, A. P. Wolffe, Methylation-induced repression—Belts, braces, and chromatin. Cell
99, 451-454 (1999).

M. Jeong, H. J. Park, H. Celik, E. L. Ostrander, J. M. Reyes, A. Guzman, B. Rodriguez, Y. Lei,

Y. Lee, L. Ding, O. A. Guryanova, W. Li, M. A. Goodell, G. A. Challen, Loss of Dnmt3a
immortalizes hematopoietic stem cells in vivo. Cell Rep. 23, 1-10 (2018).

M. Kaneda, M. Okano, K. Hata, T. Sado, N. Tsujimoto, E. Li, H. Sasaki, Essential role for de
novo DNA methyltransferase Dnmt3a in paternal and maternal imprinting. Nature 429,
900-903 (2004).

J. E. Dodge, M. Okano, F. Dick, N. Tsujimoto, T. Chen, S. Wang, Y. Ueda, N. Dyson, E. Li,
Inactivation of Dnmt3b in mouse embryonic fibroblasts results in DNA hypomethylation,
chromosomal instability, and spontaneous immortalization. J. Biol. Chem. 280,
17986-17991 (2005).

F.Juhling, H. Kretzmer, S. H. Bernhart, C. Otto, P. F. Stadler, S. Hoffmann, metilene: Fast and
sensitive calling of differentially methylated regions from bisulfite sequencing data.
Genome Res. 26, 256-262 (2016).

17 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

48. T.Chen,Y.Ueda, S. Xie, E. Li, A novel Dnmt3a isoform produced from an alternative
promoter localizes to euchromatin and its expression correlates with activede novo
methylation. J. Biol. Chem. 277, 38746-38754 (2002).

Acknowledgments: D. George and M. Hoock provided animal husbandry support. The expert
technical assistance of Y. Mi, P. Erdmann-Gilmore, J. Malone, Q. Zhang, A. Davis, and R. Connors,
as well as R. Reid Townsend, is acknowledged for the proteomic experiments, which were
performed at the Washington University Proteomics Shared Resource (WU-PSR). The WU-PSR is
supported, in part, by the WU Institute of Clinical and Translational Sciences (NCATS UL1
TR000448), the Mass Spectrometry Research Resource (NIGMS P41 GM103422; R24GM136766),
and the Siteman Comprehensive Cancer Center Support Grant (NCI P30 CA091842). Funding:
This work was funded by National Institutes of Health (NIH) grants CA211782 [C.A.M,; National
Cancer Institute (NCI)] and CA101937 and CA197561 (T.J.L,; NCl) and by the Barnes-Jewish
Hospital Foundation (T.J.L.). Author contributions: Y.L. and T.J.L. conceived the project. Y.L,

Lietal., Sci. Adv. 10, eadk8598 (2024) 31 January 2024

M.C, TA.L, N.M.H., and A.M.S. performed research. Y.L, HJ.A, M.C, T.Y,, CAM., and

T.J.L. analyzed data. Y.L. and T.J.L. wrote the manuscript. Competing interests: A.M.S. is now an
employee of Incyte Corporation. A provisional patent application has been filed by T.J.L. based
on this work. All other authors declare that they have no competing interests. Data and
Materials Availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials. The data for this study have been deposited in
the database: ProteomeXchange (accession number: PXD044808) for proteomic data and
Short Read Archive (under BioProject PRINA1008414) for RNA-seq data and WGBS data.

Submitted 16 September 2023
Accepted 26 December 2023
Published 31 January 2024
10.1126/sciadv.adk8598

180f 18



	Rapid and accurate remethylation of DNA in Dnmt3a-​deficient hematopoietic cells with restoration of DNMT3A activity
	INTRODUCTION
	RESULTS
	Focal, canonical hypomethylation phenotypes in the bone marrow cells of Dnmt3a-​ or Dnmt3b-deficient mice
	Correction of Dnmt3a KO DMRs by addback of DNA methyltransferases
	DNMT3B3 facilitates DNA remethylation in a DNMT3A-dependent manner
	DNMT3L potentiates DNMT3A activity more than DNMT3B3
	Overexpression of DNMT3A or DNMT3L can overcome the hypomethylation defect caused by the dominant-negative Dnmt3aR878H/+ mutation in hematopoietic cells
	Overexpression of DNMT3A or DNMT3L can overcome the hypomethylation defect caused by the DNMT3AR878H/+ mutation in vivo

	DISCUSSION
	MATERIALS AND METHODS
	Mouse models
	Retroviral transductions
	Bone marrow transplantation
	WGBS and analysis
	ProteinSimple Western blotting
	scRNA-seq and analysis
	Total RNA-seq and identification of transcript isoforms
	Recombinant DNMT3A1 production
	Mass spectrometry and data analysis
	In vitro methyltransferase assay
	Co-immunoprecipitation assays
	Statistical comparisons

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


