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Loss of the de novo DNA methyltransferases Dnmt3a and Dnmt3b in embryonic stem cells
obstructs differentiation; however, the role of these enzymes in somatic stem cells is largely
unknown. Using conditional ablation, we show that Dnmt3aloss progressively impairs
hematopoietic stem cell (HSC) differentiation over serial transplantation, while simultaneously
expanding HSC numbers in the bone marrow. Dnmt3a-null HSCs show both increased and
decreased methylation at distinct loci, including substantial CpG island hypermethylation.
Dnmt3a-null HSCs upregulate HSC multipotency genes and downregulate differentiation factors,
and their progeny exhibit global hypomethylation and incomplete repression of HSC-specific
genes. These data establish Dnmt3a as a critical participant in the epigenetic silencing of HSC
regulatory genes, thereby enabling efficient differentiation.

Hematopoietic stem cells reside in the bone marrow and are defined by their capacity for the
lifelong maintenance of blood and bone marrow, achieved through their differentiation into
a myriad of cell types, as well as the regeneration of stem cells via self-renewal. The
mechanisms that dictate a fate of differentiation versus self-renewal are still poorly
understood. A number of transcription factors involved in the maintenance of HSC function
have been identified; however, there is little insight into how epigenetic mechanisms
orchestrate the activities of these factors to ensure blood homeostasis.

DNA methylation of CpG dinucleotides is a key epigenetic modification that influences
tissue- and context-specific gene expression!. CpG methylation is catalyzed by a family of
DNA methyltransferase enzymes comprising three members—Dnmt1, Dnmt3a and
Dnmt3b?. Studies of mouse mutants have shown that these factors are essential for normal
embryonic development, as their absence results in death from the ten-somite stage to 4
weeks after birth, depending on which Dnmt gene is inactivated and how this inactivation
was achieved®. Whereas the Dnmt1 methyltransferase is thought to be principally involved
in the maintenance of pre-existing methylation®, Dnmt3a and Dnmt3b act as de novo
methyltransferases, modifying unmethylated DNA3. Embryonic stem (ES) cells lacking both
Dnmt3a and Dnmt3b progressively lose differentiation potential with cell passage?, although
the potential for self-renewal is maintained.

The role of DNA methylation in somatic stem cells has recently begun to surface. In neural
progenitors, Dnmt3a has been shown to enable the expression of neurogenic genes through
gene-body methylation®. In HSCs, loss of Dnmt1 leads to nearly immediate and complete
loss of HSC activity inn vivo’, and HSCs from mice with impaired Dnmt1 activity cannot
suppress key myeloerythroid regulators and cannot differentiate into lymphoid progeny?.
Loss of Dnmt3a or Dnmt3b alone was thought to have no impact on HSC function®;
however, loss of both together was reported to abolish self-renewal but maintain the
capacity for differentiation”. Given recent reports of DNMT3A mutations in over 20% of
individuals with acute myeloid leukemia (AML)!%-12 and around 10% of those with
myelodysplastic syndrome (MDS)!3, we re-evaluated the role of Dnmt3a in hematopoiesis.

RESULTS

Expression and function of Dnmt3a in HSCs

In the hematopoietic system, Dnmt3a expression was highly enriched in the most primitive
long-term HSCs (LT-HSCs) compared to progenitors and differentiated cells (Fig. 1a). To
investigate the function of Dnmt3a in hematopoiesis, we generated inducible conditional
knockout mice by crossing mice carrying a JoxP-flanked (floxed) copy of the gene
(Dnmt3a™ mice)'* with mice carrying the Mx/-Cre driver. To examine the result of
Dnmt3aloss in HSCs independent of possible effects on the niche, purified HSCs were
transplanted into wild-type recipients before the induction of Dnmt3a deletion, with 250
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Mx I-Cre*; Dnmt3a™ HSCs (side population™ c-Kit*, lineage™, Sca-17) transplanted along
with 250 x 103 whole bone marrow (WBM) cells from distinguishable wild-type mice. Four
weeks after transplantation, Dnmt3a deletion was induced by injection with polyinosinic-
polycytidylic acid (pIpC). Control mice throughout this study (unless otherwise specified)
consisted of Dnmt3a™? littermates lacking Mx I-Cre, which were treated identically to
experimental mice, including receiving injections of pIpC to control for interferon-mediated
effects!>. We cannot exclude the possibility of minor Dnmt3a-independent effects from the
Mx[-Cre transgene. Analysis of pIpC-treated, donor-derived HSCs or bone marrow showed
efficient Dnmt3a mRNA ablation and no detectable full-length or truncated protein
(Supplementary Fig. 1).

Monthly analysis of test cell contribution to peripheral blood generation in primary
recipients revealed no differences between mice transplanted with Dnmt3a-null or control
HSCs (Supplementary Fig. 2). Although Dnmt3a was ablated, we reasoned that the DNA
methylation already present might not be eliminated unless the HSCs divided. Thus, we
forced stem cell turnover by transplanting the HSCs into secondary recipients. We purified
Dnmt3a-null or control HSCs from primary recipients and transferred 250 of each to
secondary recipients along with fresh wild-type competitor WBM cells. In this context,
Dnmt3a-null HSCs exhibited a substantially greater contribution to peripheral blood
production compared to control HSCs (Fig. 1b). The Dnmt3a-null HSCs retained
multilineage engraftment, with a slight bias toward B-cell differentiation relative to controls
(Fig. 1c).

Analysis of the bone marrow 18 weeks later revealed a striking increase in the number of
phenotypically defined HSCs in the recipients of Dnmt3a-null HSCs. The approximate
doubling of peripheral blood production was accompanied by a >7-fold increase in HSC
numbers in mice transplanted with Dnm¢3a-null cells (Fig. 1d,e). Whereas in recipients of
control HSCs, ~35-60% of the regenerated HSCs were derived from the test cells, in
recipients of Dnmt3a-null HSCs, over 90% of the HSC pool was comprised of HSCs derived
from the transplanted Dnmt3a-null cells, regardless of the criteria used for HSC
identification (Fig. 1f). The wild-type WBM competitor cells generated approximately 5,000
HSCs in the bone marrow of mice transplanted with either control or Dnmt3a-null HSCs.
Whereas control HSCs generated 3,000-5,500 HSCs in each recipient per 250 input HSCs,
transplantation of 250 purified Dnm#3a-null HSCs generated 40,000-85,000 HSCs per
mouse.

This dominance of the HSC pool by cells derived from Dnmt3a-null HSCs was not matched
by a similar contribution of these HSCs to the quantity or proportion of the immediate
downstream progenitors (Fig. 1g and Supplementary Table 1), indicating that the effect of
Dnmt3aloss was largely restricted to the most primitive HSCs. Expansion of Dnmt3a-null
HSCs in vivo could not be attributed to enhanced proliferation (Fig. 2a,b and Supplementary
Fig. 3) nor to exceptional resistance to apoptosis (Fig. 2c). Nevertheless, the function of
Dnmt3a-null HSCs was not normal: compared to control mice, blood production was not
proportional to the representation of cognate HSCs in the marrow, suggesting a possible
differentiation defect.

Dnmt3a loss impairs long-term HSC differentiation in vivo

The potential differentiation defect in Dnmt3a-null HSCs was reminiscent of ES cells
deficient for both Dnmt3a and Dnmt3b. Self-renewal of ES cells lacking both of these genes
is maintained, but these cells lose the ability to differentiate with serial passage’. To test
whether HSCs lacking Dnmit3a would behave similarly, we purified 250 secondary HSCs
and transplanted them into tertiary recipients, effectively passaging them in vivo. Although
the differentiation capacity of both control and Dnmt3a-null HSCs declined, Dnmt3a-null
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HSCs continued to show modestly enhanced peripheral blood generation (Fig. 3a), with
contribution to all lineages (Supplementary Fig. 2b). However, Dnmt3a-null HSCs again
regenerated remarkable numbers of HSCs, with an average of 50-fold more HSCs derived
from Dnmt3a-null cells than from their control counterparts (Fig. 3b). This trend continued
in quaternary recipients (Fig. 3a—c). The effect of Dnmt3aloss on HSC activity was cell
autonomous, as Dnmt3a-null HSCs showed higher in vitro colony-forming activity
compared to control HSCs after each stage of transplantation (Supplementary Fig. 4a). PCR
analysis of single HSC-derived colonies showed highly efficient Dnm#3a deletion
(Supplementary Fig. 4b,c).

Together, these data suggested a crucial role for Dnmt3a in the choice between
differentiation and self-renewal. Whereas Dnmt3a-null HSCs contributed more to blood
production compared to control HSCs, the observed increase in contribution was not
proportional to the robust expansion of HSCs derived from Dnmt3a-null cells in the bone
marrow (Supplementary Fig. 5). To quantify these HSC characteristics, we calculated HSC
amplification (the number of donor-derived HSCs recovered at the end of transplantation per
original input HSC, or the ‘self-renewal quotient’) and differentiation capacity (16-week
white blood cell count per microliter of blood multiplied by the percentage of test cell
chimerism and divided by the number of donor-derived HSCs, or the ‘differentiation
quotient’) (Fig. 3d and Supplementary Table 2). This analysis showed that control HSCs
exhibit a gradual decline in both differentiation and self-renewal after each successive round
of serial transplantation. In contrast, the in vivo differentiation capacity of Dnmt3a-null
HSCs declined sharply, but their self-renewal potential amplified after secondary
transplantation and was sustained, showing no decrease even after four rounds of
transplantation. These data suggest that Dnmt3a loss particularly affects LT-HSCs, such that
in the absence of Dnmt3a, cell division is more likely to result in self-renewal rather than
differentiation.

Dnmt3a loss in HSCs results in both hyper- and hypomethylation

We began to investigate the mechanisms through which Dnmt3a enables HSC
differentiation by examining DNA methylation alterations in Dnm#3a-null HSCs.
Comparison of global 5-methylcytosine (5SmC) levels by high-performance liquid
chromatography—mass spectrometry (HPLC-MS) between transplanted control and Dnmt3a-
null HSCs showed no overall difference in the level of SmC in the whole genome (Fig. 4a).
To investigate methylation differences in specific genomic regions, we performed reduced
representation bisulfite sequencing (RRBS), which enables quantitative methylation analysis
of relatively small cell numbers!'®-17, comparing transplanted control and Dnmt3a-null HSCs
(Supplementary Table 3). For each genotype, two RRBS replicates with high correlation
(~0.98; Supplementary Table 4) were analyzed (the final DNA methylation map is a
composite of the data from the two biological replicates). The mean methylation ratio was
not different between Dnmt3a-null and control HSCs, an observation in agreement with the
HPLC-MS data.

In the composite methylation map, ~1 million CpGs, termed covered CpGs, had at least
tenfold coverage in both control and Dnmt3a-null samples. Although covered CpGs only
make up 5% of the total 21.3 million CpGs in the mouse genome, ~5 of 6 CpG islands
(CGls) and two-thirds of promoters had more than three covered CpGs (Supplementary Fig.
6). This coverage allowed the examination of differential DNA methylation throughout
various genomic features; for this analysis, we defined a change of 333% to indicate a
differentially methylated CpG (DMC)!©. Whereas some genomic features showed the
expected loss of methylation (hypomethylation) following Dnmt3a ablation, some regions
showed a notable increase in methylation (hypermethylation) (Fig. 4b). When all DMCs
were considered, approximately 58% showed hypermethylation, and 42% were
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hypomethylated. CpG-rich and CpG-poor regions were affected differently. Within CGIs,
nearly 95% of DMCs became hypermethylated in Dnmt3a-null HSCs (Fig. 4b). Regulatory
regions (for example, promoters) lacking CGIs were 3—7 times more susceptible to
alterations in DNA methylation than their CGI-containing counterparts (Supplementary
Table 5). DMCs in CGI-associated promoters similarly tended to be hypermethylated,
whereas DMCs in promoters without CGIs were in general equally likely to become hypo-
or hypermethylated (Supplementary Fig. 7). This relationship between local CpG density
and Dnmt3a-dependent methylation held true for many genomic features (Supplementary
Fig. 7).

Because it seemed counterintuitive that loss of the Dnmt3a DNA methyltransferase enzyme
would lead to hypermethylation of CGlIs, we verified the hypermethylation of some of the
gene-associated CGIs in Dnmt3a-null HSCs by independent bisulfite sequencing. This
analysis confirmed hypermethylation of CGIs associated with Baspl, Pdxdcl and Wbscrl7
in Dnmt3a-null HSCs (Fig. 4c), validating the RRBS data. Although hypermethylation in
Dnmt3a-null HSCs is paradoxical, the expression levels of Dnmtl and Dnmt3b were
unchanged (Supplementary Fig. 8), leaving the possibility that the aberrant activity of these
enzymes in the absence of Dnmt3a could account for this phenomenon.

To examine whether particular gene functional categories were associated with changes in
DNA methylation, we grouped DMC:s into differentially methylated regions (DMRs)
defined by at least three nearby DMCs of the same class, identifying 1,063 hypermethylated
DMRs associated with 534 genes and 741 hypomethylated DMRs associated with 434 genes
in Dnmt3a-null HSCs (Supplementary Table 6). Many of the hypomethylated genes are
commonly associated with human hematopoietic malignancies, such as Prdm16, Statl1,
Cendl, Myc, Mnl, Msi2, Menl, Erg and Runx1, and several were validated by targeted
bisulfite sequencing (Fig. 4d). KEGG pathway and Oncomine concept analyses revealed a
significant enrichment for hypomethylated genes in the categories of cancer-causal genes (P
=2.76 x 1077) and gene sets overexpressed in leukemias such as AML (P=5.25 x 107%)
and acute lymphoblastic leukemia (ALL, P=2.67 x 107°) (Supplementary Fig. 9).

Multipotency gene upregulation in Dnmt3a-null HSCs

The effects of these altered methylation patterns in Dnm¢3a-null HSCs on gene expression
were examined using global transcriptional profiling. Using stringent bioinformatic criteria,
we identified 516 unique genes differentially expressed between transplanted Dnmt3a-null
and control HSCs (225 downregulated and 291 upregulated in Dnmt3a-null HSCs;
Supplementary Table 7). In the group of genes upregulated in Dnmt3a-null HSCs, there was
an enrichment for genes highly expressed in normal HSCs, including 22 genes previously
identified as ‘HSC fingerprint’ genes (expressed in mouse HSCs but not differentiated blood
cellsls), as well as other genes known to be crucial for HSC function, such as Gata3 (ref.
19), RunxI (ref. 20), Pbx1 (ref. 21) and Cdknla**. Conversely, Dnmt3a-null HSCs showed
lower expression of factors that are crucial for HSC differentiation, such as those encoded
by FIk2 (vef. 23), Ikaros**, Stpil (PU.1)?> and Mef2c*°. Changes in expression for several
genes from each category were validated by real-time PCR (Fig. 5a). The concomitant
upregulation of HSC multipotency genes and downregulation of differentiation genes may
contribute to the bias of Dnmt3a-null HSCs toward self-renewal.

Basal gene expression broadly correlated with global methylation patterns in control and
Dnmt3a-null HSCs, in that expressed genes tended to have lower overall levels of
methylation compared to transcriptionally silent genes (Supplementary Fig. 10a). However,
there was little correlation between changes in methylation and differential gene expression
in the mutant HSCs (Supplementary Fig. 10b). Other studies have similarly observed a poor
correlation in various human disease states!?-27. Although the relationship between DNA
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methylation and gene expression is also dependent on other epigenetic factors and the
presence of required transcription factors at specific developmental stages, this finding
suggests that the dysregulation of a limited number of key direct targets of Dnmt3a produces
a wide array of indirect effects.

We next examined specific genes, linking methylation and gene expression changes to probe
the mechanisms behind the loss of differentiation capacity in Dnmt3a-null HSCs. The
upregulation of several genes in Dnmt3a-null HSCs relative to control cells might contribute
to this phenotype (inhibition of differentiation, enhanced self-renewal, lower proliferative
index), including Runx1 (4.3-fold increase), Gata3 (2.3-fold increase) and Nr4aZ2 (1.9-fold
increase). Overexpression of both Gata3 (ref. 19) and Runx/ (ref. 28) in normal HSCs leads
to the inhibition of differentiation, and overexpression of Nr4aZ forces HSCs into
quiescence?’. According to the RRBS data, the Runx/ and Gata3loci contained some of the
largest hypomethylated DMRs in Dnmt3a-null HSCs. Independent bisulfite sequencing of
these regions showed notable hypomethylation of the associated CGIs (Fig. 5b). These
genes fit into the classic regulatory model, in which decreased methylation leads to
increased transcription. The increased expression of Nr4aZ2in Dnmt3a-null HSCs relative to
control HSCs could not be attributed to hypomethylation, as there was only a marginal
decrease in methylation in the CGI in exon 3 of Nr4aZ2 (Fig. 5b). Notably, the Gata3 and
Runx1 CGIs that were methylated in control HSCs were associated with the gene body
rather than with promoter regions; the genes were still highly expressed and their promoters
unmethylated in both control and Dnm¢3a-null HSCs (Supplementary Fig. 11). These data,
although on a limited number of genes, support the view that Dnmt3a can affect non-
promoter DNA methylation®.

A recent study of Dnmt3a-null neural progenitors correlated Dnmt3a target genes with high
levels of trimethylation of lysine 4 on histone H3 (H3K4me3), a histone mark indicative of
transcriptionally permissive chromatin states®. Consistent with their higher expression level,
Runx1, Gata3 and NrdaZ all showed increased H3K4me3 in Dnmt3a-null HSCs in the
hypomethylated regions when compared with control cells (Fig. 5¢). To determine whether
these genes are direct targets of the Dnmt3a enzyme, we performed chromatin
immunoprecipitation (ChIP) with Dnmt3a in wild-type hematopoietic stem and progenitor
cells (c-Kit", lineage™, Sca-1%). Strong binding of Dnmt3a was detected for Runx/ and
Gata3 but not for Nr4a2 (Fig. 5d). The data from this small group of genes suggest that the
loss of Dnmt3a in HSCs leads to the upregulation of HSC multipotency genes by two
distinct mechanisms: (i) regulation of direct targets, which are characterized by Dnmt3a
binding in wild-type HSCs and hypomethylation in Dnmt3a-null HSCs (for example, Runx/
and Gata3), and (ii) regulation of indirect targets, which show no significant methylation
changes in Dnmt3a-null HSCs but have altered histone modifications. The second class of
genes (for example, Nr4a2) may be regulated by factors encoded by direct Dnmt3a targets,
like Runx1. Thus, in HSCs, Dnmt3a may have direct and indirect effects on gene
expression.

Dnmt3a represses the stem cell program during HSC differentiation

If Dnmt3a is important for the differentiation of HSCs, we hypothesized that the impact of
its loss may also be evident in differentiated Dnmt3a-null progeny. To test this idea, we
examined DNA methylation in a representative cell lineage, purifying B cells from
secondary transplant recipient mice in which Dnm¢3a was ablated but differentiation was
still effective. In contrast to our observations in HSCs, the overall level of 5SmC was reduced
in Dnmt3a-null B cells relative to control B cells (Fig. 6a). Because we could obtain
relatively large numbers of differentiated cells, we used digital restriction enzyme analysis
of methylation (DREAM) sequencing3? to identify at high resolution and independent of
bisulfite treatment loci differentially methylated in control and Dnmt3a-null B cells.
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Analyzing CpGs with >20 reads, differences in methylation of >25% could be detected with
a false discovery rate (FDR) <0.07% (Supplementary Table 8). Of the 20,365 CpGs with
sufficient reads, 282 sites (1.4%) showed >25% hypomethylation in Dnmt3a-null B cells,
whereas only 10 sites (0.05%) showed hypermethylation (hypomethylation was above the
expected FDR, hypermethylation was not). Unlike in HSCs, Dnmt3a-null B cells showed a
net reduction in global methylation and almost all DMCs were hypomethylated (Fig. 6b).

Several of the hypomethylated sites in Dnmt3a-null B cells were associated with genes that
in the hematopoietic system are normally expressed primarily in HSCs, including Runx/ and
Vasn. These genes were almost completely methylated in control B cells (Fig. 6¢) but were
largely unmethylated in Dnmt3a-null B cells, which correlated with incomplete gene
silencing in the knockout cells (Fig. 6d). As in the Dnmt3a-null HSCs, these genes also
exhibited higher H3K4me3 levels than seen in control cells (Fig. 6e).

In addition to the hypomethylation of Runx/ and Vasnin B cells, there was a striking
enrichment for HSC fingerprint genes, including Mycn, Ptpni4, Prdmi6, Pdk4, Vwfand
VIdIr (Supplementary Table 8). These same genes were upregulated in Dnmt3a-null HSCs
(Supplementary Table 7), and several continued to be expressed in Dnm#3a-null B cells, as
determined by real-time PCR (data not shown). This pattern of hypomethylation and
residual expression of stem cell-specific genes in B cells suggests that a major role of
Dnmt3a in HSCs is to methylate and repress the stem cell program, silencing HSC genes
and permitting differentiation. The persistently higher expression of HSC multipotency
genes in Dnmt3a-null HSCs may also reinforce the stem cell program, contributing to
preferential self-renewal.

To test our hypothesis that Dnmt3a-mediated silencing of the stem cell program permits
differentiation, we analyzed the behavior of candidate Dnmt3a-regulated genes following
artificial stimulation of differentiation using 5-flurouracil (5-FU), which kills cycling
hematopoietic cells, thus forcing HSCs to proliferate and differentiate to replenish the
hematopoietic compartment. Six days after 5-FU exposure, HSCs are undergoing maximal
proliferation, a state characterized by markedly reduced expression of the regulators of HSC
quiescence, such as Nr4a2 and Pbx [ (ref. 31). At this time, control HSCs showed a
significant decrease in the expression of Runx/, Ni4a2and Vasn when compared to cells at
day 0 of 5-FU exposure (Fig. 6e), coupled with increases in their methylation levels (Fig.
6f), indicating that the silencing of these genes is concomitant with HSC proliferation and
differentiation. In contrast, in Dnmt3a-null HSCs, there was no difference in the methylation
or expression levels of these genes at day 0 and day 6 after 5-FU exposure (Fig. 6f,g).

Exogenous Dnmt3a partially restores Dnmt3a-null HSC function

Finally, we considered whether the aberrant preference toward self-renewal could be
partially corrected in Dnmit3a-null HSCs that had already lost substantial differentiation
capacity. Dnmt3a-null HSCs that had been serially transplanted into two mice were
transduced with retroviruses coexpressing Dnmt3a and GFP (MSCV-Dnmt3a-IRES-GFP,
abbreviated to MSCV-Dnmt3a) or expressing GFP alone (MSCV-GFP) and were
transplanted into tertiary recipients. At long intervals after transplantation (>18 weeks), the
frequency of HSCs transduced with MSCV-GFP remained at levels near those for Dnmt3a-
null HSCs transplanted into tertiary recipients, but the frequency of MSCV-Dnmt3a-
transduced HSCs was substantially reduced, although not quite to the levels seen with
control HSCs transplanted into tertiary recipients (Fig. 7a and Supplementary Fig. 12a).
Moreover, when GFP* HSCs from these recipient mice were purified and cultured 7n vitro,
the colony-forming potential of the Dnmt3a-null HSCs transduced with MSCV-Dnmt3a was
indistinguishable from that of control HSCs purified from tertiary recipient mice (Fig. 7b),
whereas Dnmt3a-null HSCs transduced with MSCV-GFP generated higher colony numbers.
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Restoration of Dnmt3a expression in Dnmt3a-null HSCs was also able to restore the
methylation patterns of Vasnand Runx/ in B cells (Fig. 7c) and limit their expression in
HSCs and B cells (Supplementary Fig. 12b,c). Transduction of control HSCs with MSCV-
Dnmt3a resulted in a reduction in colony-forming capacity compared to control HSCs
transduced with MSCV-GFP alone (Supplementary Fig. 12d), also suggesting a possible
gene dosage effect.

DISCUSSION

Loss of de novo DNA methyltransferases in ES cells leads to a progressive block in
differentiation potential. Here we show that this principle also holds true for at least one
somatic stem cell, the HSC, although loss of only Dnmt3a is sufficient to cause this
phenotype. A previous study, which reported a contrary result®, likely missed the phenotype
due to less efficient expression of the Cre driver from a retroviral vector and a lack of serial
transplantation. The phenotype of Dnmt3a-null HSCs is markedly distinct from that of
DnmtI-null HSCs, which show premature HSC exhaustion and lymphoid-deficient
differentiation’-8, indicating distinct roles for the different DNA methyltransferases in
HSCs.

We show that Dnmt3a has a specific role in permitting HSC differentiation, as in its
absence, phenotypically normal stem cells accumulate but progressively lose their
differentiation capacity. In the differentiated progeny of Dnmt3a-null HSCs, there is a
reduction in global DNA methylation, along with the presence of hypomethylated sites that
correlates with increased expression of genes normally restricted to stem cells (HSC
multipotency genes). Dnmt3a-null HSCs also downregulate early differentiation factors and
are thus retained in the stem cell state by biasing cell divisions toward self-renewal as
opposed to differentiation (Fig. 8). Histone modifications are thought to have a primary and
dynamic role in the epigenetic regulation of gene expression during development32-33, with
the more stable DNA methylation events having a secondary or ‘lock-down’ function.
However, our data suggest that DNA methylation also has a critical role, at least at some
loci, in cell type—specific epigenetic instruction.

At the level of DNA methylation, the Dnmt¢3a-null HSC phenotype is paradoxical. Despite
the dramatic expansion of stem cells, there is no overall change in total methylcytosine
level. We see a modest number of differentially methylated regions (1,804 DMRs) that
surprisingly represent both increases and decreases in methylation in Dnmt3a-null HSCs,
although our methylation profiling strategy interrogates only a fraction of the genome. It is
possible that there are relatively few direct targets of Dnmt3a in HSCs, but their
dysregulation in Dnmt3a-null HSCs causes widespread indirect changes. Consistent with
this hypothesis, we show that Runx/ is a direct target of Dnmt3a in HSCs, and the encoded
Runx1 protein has over 5,000 DNA binding sites in hematopoietic stem and progenitor
cells3*. However, it is unlikely that the phenotype of Dnmt3a-null HSCs can be attributed to
a single gene but rather a constellation of changes mediated by DNA methylation, histone
modification and gene expression.

The lack of correlation between methylation and differential gene expression in Dnmt3a-null
HSCs is consistent with other studies!? and is indicative of the complex and still obscure
role of DNA methylation. Accumulating evidence suggests that DNA methylation outside of
promoter regions may have a major role in gene regulation®. The bias of the RRBS strategy
and the fraction of the genome sampled may limit our ability to observe DNA methylation
changes in the regions that would more readily explain the Dnmt¢3a-null HSC phenotype.
Alternatively, other roles of Dnmt3a may contribute to the phenotype. For example, loss of
Dnmt3a may affect the location of 5-hydroxymethylcytosine3?, the role of which remains to
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be elucidated. Telomere integrity may also be affected, as Dnmt3a-null ES cells have
elongated telomeres>®, and telomere length can influence the replicative lifespan of HSCs?’.
Finally, Dnmt3a may interact with DNA within a protein complex in HSCs. The function of
other proteins in this complex might be compromised in the absence of Dnmt3a.

Despite our currently incomplete understanding, we do observe that alterations in DNA
methylation in Dnmt3a-null HSCs are broadly reminiscent of those associated with human
malignancies. Hypermethylated CGIs and hypomethylated proto-oncogenes are a hallmark
of many cancers¥-40, including AML, in which DNMT3A mutations have recently been
reported!%-12, In this context, it may be surprising that we have not yet observed overt
leukemia in mice transplanted with Dnmt3a-null HSCs, even more than a year after
quaternary transplantation. Although we see dramatic expansion of the stem cell pool, these
cells do not overwhelm the majority of hematopoietic elements in the bone marrow.
Hematopoiesis in the transplant-recipient mice is derived mainly from the normal,
competitor bone marrow cells. Thus, Dnmt3a deficiency alone appears insufficient to
generate AML in this model, and second hits are likely to be required. Furthermore, the
Dnmt3a-null status achieved here is distinct from DNM73A mutation in humans with AML.
The distinction could lead to different mechanisms of oncogenic transformation.
Nevertheless, this mouse model should serve as a powerful tool to explore the relationship
between Dnmt3aloss and the cooperating mutations found in humans with AML.

Although a direct link between mutations in DNMT3A, epigenetic changes and AML
oncogenesis remains to be established, this study provides the first mechanistic insight into
how Dnmt3a controls normal HSC function. We also show that Dnmt3aloss in HSCs leads
to the inhibition of differentiation and the hypomethylation of genes with a causal role in
cancer. Although hypomethylation per se may not be oncogenic in stem cells, the inability to
shut down stem cell genes during differentiation may drive transformation with a secondary
oncogenic event.

Genome browser tracks and additional data related to this paper are available at http://dldcc-
web.brc.becm.edu/lilab/HSC/; Bioconductor software, http://www.bioconductor.org/; R
statistical software, http://cran.r-project.org/.

ONLINE METHODS

Mice and transplantation

All animal procedures were approved by the institutional animal care and use committee of
the Baylor College of Medicine and were conducted in accordance with institutional
guidelines. All mice were in the C57BL/6 background, distinguished by the presence of
CD45.1 or CD45.2 alleles. Dnmt3a™ mice were obtained from the Beaudet laboratory and
crossed to Mx /-Cre mice. For bone marrow transplantation, recipient C57BL/6 CD45.1*
mice were transplanted by retro-orbital injection following a split dose of 10.5 Gy of
irradiation. Donor HSCs (250, CD45.2%) were competed against 2.5 x 107 unfractionated
WBM cells with the opposite CD45 allele (matched to the recipient). Deletion of floxed
alleles in donor HSCs was carried out 5—6 weeks after transplantation in primary recipients
by six intraperitoneal injections (300 g per mouse) of pIpC (Sigma) in PBS every other
day. For serial HSC transplantation, WBM from transplanted recipients was isolated 18
weeks after transplantation, and donor HSCs were re-purified using CD45.2%, side
populationXLS gating. Of these purified donor HSCs, 250 were competed against 2.5 x 10°
fresh CD45.1% WBM cells in new lethally irradiated recipients.
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HSC purification and flow cytometry

WBM was isolated from femurs, tibiae and iliac crests. Side population staining was
performed with Hoechst 33342 (Sigma) as previously described*!. Magnetic enrichment
was carried out on an AutoMACS using microbeads conjugated to antibodies recognizing
biotin or mouse CD117 (all from Miltenyi Biotec). For the analysis of transplant-receiving
mice, WBM was stained with antibodies to discriminate cells derived from competitors and
donors (CD45.1* and CD45.2%, respectively) and to isolate the cell type of interest
(Supplementary Table 1), as previously described*2. All antibodies were obtained from
Becton Dickinson or eBioscience and used at 1:100 dilutions. Cell sorting was performed on
a MoFlo cell sorter (Dako North America) and analysis performed on an LSR IT (Becton
Dickinson).

Plasmids and retroviral overexpression

Full-length mouse Dnmt3a cDNA (BC007466; Open Biosystems) was subcloned into
MSCV-RFB-IRES-GFP vector using Gateway recombination. Viruses were packaged by
co-transfection with pCL-Eco into 293T cells. The supernatants containing viruses were
collected 48 h after transfection, and titers were determined using 3T3 cells. For
transduction of hematopoietic progenitors, donor mice were treated with 5-FU (150 mg/kg;
American Pharmaceutical Partners) 6 d before the harvest of bone marrow. WBM was
enriched for Sca-1* cells using magnetic enrichment and adjusted to a concentration of 5 x
103 cells/ml in transduction medium containing Stempro 34 (Gibco), nutrient supplement,
penicillin/streptomycin, l-glutamine (2 mM), mouse stem cell factor (mSCF, 10 ng/ml; R&D
Systems), mouse thromboprotein (mTPO, 100 ng/ml; R&D Systems) and polybrene (8 g/
ml; Sigma). The suspension was spin-infected at 250 at room temperature for 2 h, and cells
were incubated for an additional 3 h at 37 °C.

Peripheral blood analysis

Mice were bled retro-orbitally, the red blood cells were lysed and each sample was
incubated with the following antibodies on ice for 20 min: CD45.1-FITC, CD45.2-APC,
CD4—-Pacific Blue, CD8—Pacific Blue, B220-Pacific Blue, B220-PeCy7, Mac1-PeCy7 and
Gr-1-PeCy7, as previously described*2. Cells were then spun down and resuspended in a
propidium iodide solution, and analysis was performed on live cells with an LSR II.
Peripheral blood counts were performed with a Hemavet 950 (Drew Scientific).

Methocult assays and genotyping

Single HSCs were sorted into 96-well plates containing Methocult 3434 medium (Stem Cell
Technologies) supplemented with penicillin/streptomycin and cultured in vitro at 37 °C for 2
weeks. Genomic DNA was prepared from Methocult colonies with the Spin Doctor
Genomic DNA Isolation kit (Gerard Biotec). PCR screening of floxed allele deletion was
performed as previously described®.

BrdU, Ki67 and propidium iodide staining

BrdU analysis of HSCs was performed as described!>*3, with 1 mg BrdU per 6 g of mouse
weight injected intraperitoneally 12 h before analysis. WBM was stained with antibodies to
identify stem and progenitor cell compartments and then prepared for analysis of BrdU
incorporation using the FITC-BrdU Flow kit (BD Pharmingen). For Ki67 analysis, WBM
was prepared as above, with the substitution of antibody to human Ki67 (BD Pharmingen).
For cell cycle analysis using propidium iodide, HSCs were sorted into deionized water
containing 0.1% sodium citrate and 50 mg/ml propidium iodide and analyzed with a
FACScan flow cytometer (BD Biosciences).

Nat Genet. Author manuscript; available in PMC 2013 April 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Challen et al. Page 11

Annexin V staining

WBM was stained with antibodies to identify stem and progenitor cell compartments and
then washed twice with cold PBS and incubated at room temperature for 15 min in 1x
binding buffer (10 mM HEPES, 140 mM NaCl and 2.5 mM CacCl,) containing Annexin V—
APC (BD Pharmingen) and propidium iodide. Cells were analyzed by flow cytometry within
1 h of staining.

Quantitative real-time PCR

RNA was isolated using the RNAqueous kit (Ambion) and reverse transcribed with random
hexamer primers using SuperScript I (Invitrogen). cDNA input was standardized, and RT-
PCR was performed in Tagman Master Mix (Applied Biosystems) with 18 S rRNA probe
(VIC-MGB) and a gene-specific probe (FAM-MGB) for 60 cycles with an AbiPrism
7900HT (all from Applied Biosystems). Samples were normalized to 18S rRNA levels and
fold change determined by the A A Cr method.

Western blotting

Western blots were prepared, probed with rabbit antibody to Dnmt3a (sc-20703, Santa Cruz
Biotechnology) and mouse antibody to B-actin (sc-47778, Santa Cruz Biotechnology) and
visualized using enhanced chemiluminescence (ECL) detection reagents according to the
manufacturer’s instructions (RPN2132, GE Healthcare).

Microarrays

HSCs (CD45.2*, side populationKLS, CD150%) were sorted from three biological replicate
pools of secondary recipient mice for each genotype. Re-sorting of initial samples confirmed
the purity of each sort was >98%. RNA was isolated with the RNAqueous kit as above and
linearly amplified in two rounds of T7 in vitro transcription (MessageAmp, Ambion), with
labeled biotin-UTP and biotin-CTP (Enzo Biotech) incorporated during the second
amplification step. Labeled RNA (20 Lg) was hybridized to Affymetrix MOE430.2 chips.
Raw images and intensity files were generated with GCOS 1.0 software (Affymetrix).
Microarray chips had to pass quality control tests, including having a scale factor of <5, a
50-to-30 probe ratio of <20, a replicate correlation coefficient of >0.96 in unbiased global
clustering analysis and limited RNA degradation as determined using the 50-to-30 signal
intensity ratios from chip probes. Normalization and model-based expression measurements
were performed with GC-RMA software (see URLs). Differentially expressed genes were
defined as those having a fold change of >1.50 between samples that was accompanied by
an adjusted Pvalue of <0.05 (Benjamini Hochberg FDR). Final gene lists were further
filtered to remove sex chromosome genes, as the genders of donor HSCs were not matched,
and genes significantly different between control HSCs and non-transplanted, wild-type
HSCs*, to remove any genes that might be differently expressed as a result of serial
transplantation.

Digital restriction enzyme analysis of methylation (DREAM)

Genomic DNA (5 pg) was digested with 5 pl of FastDigest Smal endonuclease (Fermentas)
for 3 h at 37 °C. Subsequently, 50 U (5 pl) of Xmal endonuclease (NEB) was added, and the
digestion was continued for an additional 16 h. The digested DNA was purified using
QIAquick PCR purification kit (Qiagen). The 3" recessed ends of the DNA created by Xmal
digestion were filled in with 3"-dA tails added by Klenow DNA polymerase lacking 3’-
to-5” exonuclease activity (NEB) and dCTP, dGTP and dATP mix (0.4 mM of each).
Ilumina paired-end sequencing adaptors were ligated using Rapid T4 DNA ligase
(Enzymatics). The ligation mix was size selected by electrophoresis in 2% agarose. A slice
corresponding to a 250- to 500-bp window, according to the DNA ladder, was cut out, and
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DNA was extracted from agarose. Eluted DNA was amplified with [llumina paired-end PCR
primers using iProof High-Fidelity DNA Polymerase (Bio-Rad) and 18 cycles of
amplification. The resulting sequencing library was cleaned with AMPure magnetic beads
(Agencourt) and sequenced on an [llumina Genome Analyzer II. Sequencing reads were
mapped to Smal sites in the mouse genome (mm?9), and signatures corresponding to
methylated and unmethylated CpGs were enumerated for each Smal site. Methylation
frequencies for individual Smal sites were then calculated. The methylation ratio is the ratio
of the number of tags starting with CCGGG divided by the total number of tags mapped to a
given Smal site. We used at least 20 sequencing reads to analyze methylation levels at
individual Smal sites. Based on technical replicate experiments (data not shown), we could
distinguish differences in methylation of >25% with an FDR of 0.07%.

High-performance liquid chromatography—mass spectrometry (HPLC-MS)

DNA hydrolysis was performed as previously described*. Briefly, 1 pg of genomic DNA
was denatured by heating at 100 °C. Nuclease P1 (5 U; Sigma) was added and the mixture
incubated at 37 °C for 2 h. A 1/10 volume of 1 M ammonium bicarbonate and 0.002 U of
venom phosphodiesterase 1 (Sigma) were added to the mixture and the incubation continued
for 2 h at 37 °C. Next, 0.5 U of alkaline phosphatase (Roche) was added and the mixture
incubated for 1 h at 37 °C. Before injection into an Agilent Zorbax Eclipse XDB-C g 4.6 x
50-mm column (3.5-pm particle size), the reactions were diluted with water to dilute out the
salts and enzymes. Liquid chromatography separation was performed at a flow rate of 220
pl min~!. Quantification was performed using a LC-ESI-MS/MS system in the multiple
reaction—monitoring (MRM) mode as described?®.

Chromatin immunoprecipitation and real-time PCR

ChIP was performed as described previously*®. FACS-sorted cells were used as a source of
chromatin. Antibodies used included IgG control (sc-2027; Santa Cruz Biotechnology) and
antibodies to H3K4me3 (07-473; Millipore) and Dnmt3a (64B1446; Abcam). The
immunoprecipitated DNA was quantified by using real-time PCR with SYBR Green dye on
an ABI Prism 7000 system (Applied Biosystems). All PCR signals from non-
immunoprecipitated samples were referenced to their respective input to normalize for
differences in cell number and for primer efficiency. The sequences for the primers used in
this study are provided in Supplementary Table 9.

Reduced representation bisulfite sequencing (RRBS)

Genomic DNA (50-100 ng) was digested with 10 U MspI (NEB), which cuts at CCGG sites
in a methylation-insensitive manner*’. Digested fragments were end repaired, A tailed and
ligated to Illumina adaptors. End repair and 3" adenylation was performed in a 50-pl
reaction volume containing 4 mM 5" methylated dCTP, 4 mM dGTP, 40 mM dATP and 10
U of 3’-to-5" exo- Klenow DNA polymerase and incubated at 30 °C for 20 min followed by
20 min at 37 °C. Adaptor ligation was performed in 50-jL1 reactions containing 300 mM pre-
methylated adaptors and 1,000 U of T4 DNA polymerase and incubated at 16 °C overnight.
Adaptor-ligated DNA was subjected to size selection on a 3% NuSieve 3:1 agarose gel.
DNA marker lanes were excised from the gel and stained with SYBR Gold (Invitrogen).
Slices of 160-350 bp were excised from the unstained gel and purified using MinElute spin
columns (Qiagen). Size-selected fragments were bisulfite treated using the EpiTect Bisulfite
Kit (Qiagen), with the minor modification that five additional cycles (5 min at 95 °C
followed by 90 min at 60 °C) were included. After bisulfite conversion, DNA was eluted in
40 pl of elution buffer, and 0.8 pl of DNA was used for analytical PCR to determine the
minimum number of PCR cycles required to obtain enough material for sequencing. Final
PCR products were purified on MinElute columns, assessed on 4-20% polyacrylamide
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Criterion Tris-buffered EDTA (TBE) gels (Bio-Rad) and quantified using a Qubit
fluorometer (Invitrogen). The libraries were sequenced on the Illumina Genome Analyzer II.

Sequences were identified by standard Illumina base-calling software. After qualify control
filtering!®17, the RRBS reads were mapped to the mouse genome (mm9) using
RRBSMAP*8 software. Three biological samples were subjected to RRBS for each
genotype, and the two replicates with the highest correlation were chosen for analysis (the
final DNA methylation map is the composite of two replicates). The Pvalue and difference
of methylation ratios for each covered CpG were calculated using Fisher’s exact test. DMCs
were defined such that the adjusted Pvalue is <0.05 and the methylation ratio difference is
X).33. Candidate DMRs were first selected as regions with at least three consecutive DMCs
in the same methylation class (for example, all hypomethylated DMCs or all
hypermethylated DMCs), and the distance between any two consecutive DMCs had to be
<300 bp. We assigned a DMR to a RefSeq gene as long as the DMR was located between 1
kb upstream of the transcription start site and 1 kb downstream of the transcription
termination site of the gene.

Bisulfite PCR sequencing

Statistics

Bisulfite PCR was performed as described previously*?. Genomic DNA (2 g) was
denatured with 0.2 M NaOH at 37 °C for 10 min followed by incubation with 30 .l of
freshly prepared 10 mM hydroquinone and 520 pl of 3 M sodium bisulfite (pH 5.0) at 50 °C
for 16 h. DNA was purified on a Wizard Miniprep Column (Promega), desulfonated with
0.3 M NaOH at 25 °C for 5 min, precipitated with ammonium acetate and ethanol and
dissolved in 50 pl of Tris-EDTA buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0). Bisulfite-
treated DNA (40-80 ng) was amplified with gene-specific primers in a two-step PCR. PCR
products from the second step were cloned into the pCR4-TOPO vector (Invitrogen),
transformed into competent bacteria and sequenced. Sequences for the primers used in this
study are provided in Supplementary Table 9.

Student’s ¢tests and one-way ANOVA were used for statistical comparisons where
appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Dnmt3ais highly expressed in HSCs and its ablation has profound functional effects. (&)
Real-time PCR analysis of Dnmt3a mRNA in LT-HSCs, short-term HSCs (ST-HSCs) and
representative committed progenitors and differentiated cells. MPPs, multi-potential
progenitors; CLPs, common lymphoid progenitors; CMPs, common myeloid progenitors;
MEPs, megakaryocyte-erythroid progenitors; GMPs, granulocyte-macrophage progenitors
(see Online Methods for purification schemes). Mean + s.e.m. values are shown for three
biological replicates. (b) Contribution of control (Dnmt3aV8: Mx - Cre™) and Dnmt3a-null
(Dnmt3a™, Mx 1- Cret) HSCs to recipient mouse peripheral blood in secondary competitive
transplants, measured at monthly intervals. Mean * s.e.m. values are shown. (C) Lineage
differentiation in secondary recipients of transplanted control and Dnmt3a-null HSCs.
Shown are percentages of donor-derived (CD45.2%) myeloid cells (Gr1* or Mac1™), B cells
(B220%) and T cells (CD4* or CD8%) in peripheral blood analyzed 16 weeks after
transplantation. Differences that are significant between control and Dnmt3a-null HSCs are
indicated. Mean + s.e.m. values are shown (N= 15-37 mice). (d) Hoechst staining and flow
cytometry analysis of the bone marrow of secondary recipient mice. Top, the boxed region
shows the percentage of side population (SP) cells from mice transplanted with HSCs of the
indicated genotypes. Bottom, SP cells were further gated using c-Kit*, lineage™ and Sca-1*
(KLS) markers to reveal the proportion of test (CD45.2%) versus competitor (CD45.1%)
HSC:s. (e) Alternative HSC phenotype schemes for test cells gated first by KLS show similar
expansion of the Dnmt3a-null HSC compartment. (f) Quantification of total HSC frequency
in the bone marrow of secondary recipient mice by three phenotypic definitions. Hatched
area indicates the proportion of CD45.2% test cells. SLAM is CD150%, CD48~, KLS gating.
Mean + s.e.m. values are shown. (g) Analysis of progenitor frequencies in secondary
recipient mice. Hatched area indicates the contribution of CD45.2% test cells. Mean + s.e.m.
values are shown. **P< 0.001; ***P<0.001.
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Figure2.

Cellular kinetics of Dnmt3a-null HSCs. (a) HSC gating scheme for the analysis of
proliferation and apoptosis in secondary recipient mice transplanted with control or Dnmt3a-
null HSCs. (b) Ki67 staining shows a significant reduction in the proliferative index of
Dnmt3a-null HSC:s relative to control HSCs; * P < 0.05. (C) Annexin V staining shows no
difference in the apoptotic rate between control and Dnmt3a-null HSCs. Bars in b and ¢
indicate the mean values for each genotype.
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Figure 3.

Dnmt3a-null HSCs show inhibition of long-term differentiation in serial competitive
transplantation of HSCs. (&) The proportion of peripheral blood generated from the test cells
in recipient mice 16 weeks after transplantation. (b) Quantification of donor-derived HSCs
in the bone marrow of recipient mice 18 weeks after transplantation, defined as CD45.2%,
SPKLS cells. Data are representative of at least three individual transplantation experiments
for each stage of serial transfer (V= 15-37 mice per group). Mean + s.e.m. values are
shown. (C) Flow cytometry data of quaternary recipient mice transplanted with control or
Dnmt3a-null HSCs showing virtually all continuously amplified HSCs in bone marrow were
derived from Dnmt3a-null HSCs (CD45.2%). (d) Differentiation and self-renewal quotients,
calculated at the end of each round of transplantation with Dnmt3a-null and control HSCs.
*#%kP<0.001.
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Figure 4.

Dnmt3aloss in HSCs results in both hyper- and hypomethylation. (&) HPLC-MS analysis of
global Smc levels as a proportion of the total cytosine in purified HSCs from secondary
recipient mice (V= 2). (b) RRBS analysis of tertiary recipient mice transplanted with
control or Dnmt3a-null HSCs. Plots show the degree of differential methylation (between
Dnmt3a-null and control HSCs) and its relationship to local CpG density (blue). Left, all
hypomethylated (red, CpGs 33% methylated) and hypermethylated (green, CpGs 33%
methylated) DMCs in Dnmt3a-null HSCs. Right, DMCs located within CGIs. (C)
Independent bisulfite sequencing analysis of selected hypermethylated CGIs in Dnmt3a-null
HSCs. (d) Bisulfite sequencing analysis of selected hypomethylated genes in Dnmit3a-null
HSCs. Schematic diagrams for each gene are shown in € and d (not to scale). Exons are
represented by vertical rectangles. White horizontal bars indicate CGIs, and black horizontal
bars show the tested region. Open and filled circles represent unmethylated and methylated
CpGs, respectively. Differences in methylation between control and Dnmi#3a-null cells that
were statistically significant are indicated; *P < 0.05, ***P< 0.001.
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Figureb.

Dnmt3aloss in HSCs leads to higher expression of HSC multipotency genes. (&) Relative
expression levels of select multipotency, HSC fingerprint!® and differentiation genes
measured by real-time PCR analysis. Mean + s.e.m. values are from three replicates in
Dnmt3a-null HSCs normalized to the expression levels in control HSCs (dashed line). (b)
Bisulfite sequencing analysis of multipotency and HSC fingerprint genes in control and
Dnmt3a-null HSCs. Open horizontal bars indicate CGls, and black horizontal bars show the
tested region. Open and filled circles represent unmethylated and methylated CpGs,
respectively. Differences in methylation between control and Dnmt3a-null HSCs that were
statistically significant are indicated. (C) H3K4me3 ChIP analysis of DMRs in control and
Dnmt3a-null HSCs. Mean + s.e.m. values are shown (V= 3 replicate experiments). (d)
Dnmt3a ChIP analysis of DMRs in wild-type hematopoietic progenitors (KLS cells, N=2
replicate experiments) reveals Dnmt3a binding to CGIs in Runx/ and Gata3 but not in
Nrd4a2. Mean + s.e.m. values are shown. *P< (0.05, **P<0.01, ***P<0.001.
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Figure®6.

Dnmt3a is required to suppress the stem cell program in HSCs to permit differentiation. (&)
HPLC-MS analysis of global 5mc levels as a proportion of the total cytosine in B cells from
secondary recipient mice. Mean + s.e.m. values are shown (N =7 mice). (b)) DREAM
analysis of B cells in secondary recipient mice. Smal sites with at least 20 sequence tags in
control B cells are plotted showing the methylation ratio between the genotypes. The red
triangle indicates sites of hypomethylation in Dnmt3a-null B cells in 1.4% of all CpGs (FDR
=0.07%). (c) Bisulfite sequencing across the Vasn and Runx/ CGIs in control (top) and
Dnmt3a-null (bottom) B cells. Differences in methylation between control and Dnm#3a-null
cells that were statistically significant are indicated. (d) Cognate gene expression for cells
analyzed in c. Diamonds indicate control cells, and squares indicate Dntm3a-null cells.
HSCs are represented by filled symbols and B cells by open symbols. Bars indicate the
average gene expression for each cell population. Differences in expression between control
and Dnmt3a-null cells that were statistically significant are indicated. (€) H3K4me3 ChIP
analysis for Runx/ and Vasn in control and Dnmt3a-null B cells. Mean + s.e.m. values are
shown (N = 4 replicate experiments). (f) Expression of Dnmt3a-responsive genes at day 0
(d0) and day 6 (d6) after 5-FU exposure measured by real-time PCR. Expression levels are
relative to normalized expression of that gene in dO control HSCs. Mean + s.e.m. values are
shown, and statistically significant differences in expression at the two time points are
indicated. (g) Proportion of methylated CpGs as detected by bisulfite sequencing across
CGIs. Mean =+ s.e.m. values are shown for three biological replicates, and statistically
significant differences in methylation at the two time points are indicated. * P< 0.05, **P<
0.01, #**P< 0.001.
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Figure7.

Exogenous Dnmt3a partially restores function and methylation patterns. (&) Analysis of
HSC (CD150%, CD48, KLS gated) frequency 18-weeks after transplantation. Sca-1% cells
from secondary recipient mice transplanted with Dnm¢3a-null HSCs were transduced with
either MSCV-Dnmt3a or control (MSCV-GFP) retroviruses and transplanted into tertiary
recipients. Also shown are HSC frequencies in tertiary recipients transplanted with non-
transduced control or Dnmt3a-null HSCs. Mean + s.e.m. values are shown (N = 7-12 mice),
and statistically significant differences are indicated. (b) Colony-forming capacity of
Dnmt3a-null HSCs transduced with MSCV-GFP or MSCV-Dnmt3a. Also shown are colony
formation from non-transduced control and Dnmt3a-null HSCs after the third serial
transplantation. Mean + s.e.m. values are shown (/N= 4 replicate plates), and statistically
significant differences are indicated. (C) Bisulfite sequencing in B cells across Vasn and
Runx1 CGIs after forced exogenous Dnmt3a expression in Dnmit3a-null HSCs. Statistically
significant differences in methylation are indicated. * P < 0.05, **P< 0.01, ***P < (0.001.
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Figure8.

Model for Dnmt3a action in HSCs. HSC-specific genes are mostly unmethylated and
expressed in normal HSCs (left). Upon receiving a signal to differentiate, Dnmt3a
methylates and silences these regions to permit lineage commitment. This is associated with
a loss of H3K4me3 and gene repression in B cells. Dnmt3a-null HSCs (right) cannot silence
HSC genes, so upon receiving a stimulus to differentiate, HSC-specific genes remain
expressed due to a lack of methylation and elevated H3K4me3. Upon cell division, the HSC
self-renewal pathway remains active in Dnmt3a-null HSCs, resulting in their accumulation
in the bone marrow. Of the few Dnmt3a-null HSCs that do differentiate, their progeny show
incomplete methylation and partial repression of HSC genes.
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