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Abstract
In the mammalian genome, 5’-CpG-3’ dinucleotides are frequently methylated, correlating with
transcriptional silencing. Genome-wide demethylation is thought to occur only twice during
development, in primordial germ cells and in the pre-implantation embryo. These demethylation
events are followed by de novo methylation, setting up a pattern inherited throughout development
and modified only at tissue-specific loci. Here we studied DNA methylation in differentiating
mouse erythroblasts in vivo using genomic-scale reduced representation bisulfite sequencing
(RRBS). Demethylation at the erythroid-specific β-globin locus was coincident with global DNA
demethylation at most genomic elements. Global demethylation was continuous throughout
differentiation and required rapid DNA replication. Hence, DNA demethylation can occur globally
during somatic cell differentiation, providing an experimental model for its study in development
and disease.

The formation of enucleated red cells, or erythropoiesis, first occurs in the murine fetal liver
between embryonic day 11 (E11) and E15 and is dependent on the hormone erythropoietin
(Epo). We labeled mouse fetal liver with the cell surface markers CD71 and Ter119 and
identified six subsets of cells, S0 to S5, which form a sequence of increasingly mature
erythroid cells (Fig. 1A) (1). Subsets S1 to S5 contain only erythroid cells. S0 contains
erythroid progenitors (70%), which we further enrich (>95%) by negative selection for cells
expressing the cell surface markers CD41, Mac-1 and Gr-1 (1). We recently found that
transition of erythroid progenitors from S0 to S1 marks a key commitment step that takes
place during S phase and requires S phase progression (1). It comprises the synchronous
onset of Epo dependence, activation of the erythroid master transcriptional regulator
GATA-1, and a conformational switch in chromatin at the β-globin locus control region
(LCR) (1). Using freshly-sorted cells from subsets S0 to S4/5, we found rapid loss of
methylation at 6 CpGs in Hypersensitive Sites 1 and 2 (HS1, HS2) of this locus (1),
beginning with the transition from S0 to S1 (Fig. S1A) (1). We also found significant and
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progressive loss of methylation at the promoter regions of the PU.1 and Fas genes, whose
expression declines with erythroid differentiation (1, 2) (Fig. S1B, C).

We therefore examined the possibility that DNA methylation may be lost globally during
erythropoiesis. We used a 5-methylcytosine-specific antibody in an Enzyme-Linked
Immunosorbent Assay (Fig. S1D), and the Luminometric Methylation Assay (3) (Fig. S1E),
which compares cleavage at CCGG sites by the isoschizomers HpaII and MspI, enzymes
that are methylation sensitive and insensitive, respectively (4). Both approaches showed
significant global demethylation with differentiation.

We next examined loci that are usually stably methylated in somatic cells. The imprinted
H19 Differentially Methylated Region (DMR) aids the paternal-specific expression of the
Igf2 gene (5). We amplified this region from bisulfite-converted genomic DNA of S0 or
S4/5 cells and sequenced individual clones (Fig. 1B). S0 clones formed a bimodal
distribution consistent with imprinting. This distribution was partly lost in S4/5, with
methylation falling from 61% in S0 to 42% in S4/5 (Fig. 1B). Pyrosequencing of the bulk
PCR product at the H19 DMR and at two additional imprinted loci showed a similar,
significant demethylation accompanying differentiation (Fig. S2A).

LINE-1 retrotransposons are present at ~100,000 chromosomal sites in the mouse genome
and are usually highly methylated (6). Methylation of a 5’ LINE-1 tandem repeat region (7)
decreased from 90% in S0 to 70% in S4/5 (p<0.001) (Figures 1C, S2B), with methylation
remaining lower in pyrenocytes (nuclei) extruded from mature erythroblasts (Fig. S2C).
LINE-1 methylation levels were also low in yolk-sac erythrocytes (Fig. S2C) and in adult
bone-marrow erythroblasts (Fig. S2D), suggesting that erythroid demethylation is not
limited to the fetal liver.

To characterize DNA methylation on a genomic scale, we used reduced representation
bisulfite sequencing (RRBS) (8) in freshly sorted fetal liver subsets. We examined 5kb non-
overlapping tiles with RRBS coverage of ~10% of the genome (Figures 2A, S3A). A plot of
the mean methylation level of tiles in subsets S1 to S4/5, against their methylation level in
S0, shows that nearly all tiles fall increasingly below the middle diagonal (Fig. 2A). Overall,
there is progressive DNA demethylation across a broad range of genomic elements, with
median levels falling from 79% in S0 to 55% in S4/5 (Fig. S3B, C). The largest losses are in
regions whose S0 methylation level is high, such as promoters with low CpG frequency
(Fig. S3B, C; see supplementary website,
http://erythrocyte-demethylation.computational-epigenetics.org/). The fractional loss across
most genomic elements is 25%-30% of their initial methylation in S0, though imprinted
regions are relatively protected, losing only 13% of initial methylation (Fig. S3D). Although
the rate of demethylation at the β-globin LCR is faster than the rate of global demethylation,
the two processes are tightly correlated throughout differentiation (Fig. 2B). Therefore, a
shared mechanism is likely to be responsible for demethylation at both erythroid-specific
and genome-wide loci.

We asked whether global demethylation results in a global increase in transcription.
Quantitative RT-PCR showed no significant increase in the LINE-1 transcript (Fig. S4A).
Further, expression microarrays from S1 and S3 suggest that more genes are downregulated
than upregulated during differentiation (Fig. S4B). RRBS analysis showed demethylation
associated with both upregulated and downregulated genes (Fig. 2C). The β-globin and Fas
gene loci provide representative examples of both gene categories (Fig. S4C). Nevertheless,
upregulated genes had a lower initial methylation level in S0 (Fig. 2C), consistent with the
documented link between gene-specific DNA demethylation and expression in
erythropoiesis (1, 9–11). The absence of a global increase in transcription is in agreement
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with previous studies and consistent with demethylation being only one of several concerted
functions in chromatin required for gene activation (12, 13).

We examined the expression of DNA methylation regulators (Figures 3, S5). The
maintenance methylase DNA methyltransferase 1 (Dnmt1) mRNA and protein did not alter
with differentiation. By contrast, both de novo methylases Dnmt3a and Dnmt3b, which may
also contribute to maintenance methylation (14–16), were markedly downregulated (Figures
3, S5). Of the regulators implicated in active demethylation (17–20), Gadd45a was
significantly upregulated (Fig. S5). To examine the significance of these observations, we
retrovirally-transduced sorted S0 cells with Dnmt3a or Dnmt3b (15) (Fig. S6). Re-
expression of the Dnmt3 enzymes did not, however, prevent demethylation (Fig. S6C), nor
did shRNA-mediated ‘knockdown’ of either Gadd45a or Mbd4 (Fig. S7). Therefore,
expression changes in Dnmt3 or Gadd45a, by themselves, are not sufficient to account for
the observed loss in methylation. We also attempted to retrovirally over-express Dnmt1 in
differentiating erythroblasts, with little consequent effect on demethylation (Fig. S8).

We recently found that the transition from S0 to S1 is S phase-dependent and that S1 cells
are in S phase of the cycle (Fig. 4A, (1)). Further, a brief pulse of the nucleotide analogue
bromodeoxyuridine (BrdU) in vivo showed a 50% higher rate of intra-S phase DNA
synthesis in S1 cells than in S-phase cells in previous cycles in S0 (Fig 4A, (1)) (21). To
investigate the potential role of DNA replication in demethylation, we arrested the cycle in
late G1 or in S phase, respectively with mimosine (22) or with aphidicolin, an inhibitor of
DNA polymerases (23). Either drug reversibly prevented demethylation at both the β-globin
LCR and at LINE-1 elements (Fig. S9). Global demethylation therefore requires DNA
replication, and likely results from inadequate methylation of nascent DNA. We also
specifically decelerated intra-S phase DNA synthesis in S1 cells, without affecting the
number of S phase cells, by using a low aphidicolin concentration (0.1μM, Fig 4B, S9C).
The resulting slower DNA synthesis rate prevented demethylation at LINE-1 elements and
inhibited global demethylation as judged by genomic-scale RRBS. It only partially reduced
demethylation at the β-globin LCR (Figures 4B, S9C, D, S10).

S1 cells are susceptible to leukemic transformation (24, 25), making it unlikely that global
demethylation is the result of lax genomic integrity maintenance. To examine the potential
function of global demethylation, we examined whether it affects expression of a subset of
erythroid genes that, like β–globin, are massively induced with differentiation (Fig. S1A).
The rapid induction of these genes was indeed compromised when we inhibited global
demethylation using 0.1μM aphidicolin (Fig. S11). Addition of 5-aza 2’-deoxycytidine (5-
aza), an inhibitor of maintenance methylation (26), rescued the rapid induction of most of
these genes (Fig. S11C). As an alternative approach, we ‘knocked-down’ Dnmt1 in fetal
liver cells, finding accelerated erythroid gene induction with differentiation (Fig. S12).
Global cellular mechanisms that lead to global demethylation may therefore function to
accelerate removal of methylation marks at sites of massively induced erythroid genes.

Taken together, erythropoiesis is associated with genome-wide loss of one third of all DNA
methylation at nearly all genomic loci, within a space of ~3 cell divisions. Quantitatively,
this degree of demethylation is less severe than that measured recently in primordial germ
cells (18). Mechanistically, erythroid global demethylation is dependent on DNA
replication, resembling global demethylation of the maternal genome in the early zygote. In
addition, it requires a rapid rate of DNA synthesis, a finding of potential relevance to other
instances of global demethylation including cancer. We conclude that DNA demethylation
can occur globally during somatic cell differentiation, providing an experimental model for
its study in development and disease.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Global DNA demethylation in erythropoiesis
A Erythoid differentiation subsets in freshly isolated fetal liver, defined by the CD71/
Ter119 flow cytometric profile. Box on right shows examples of cytospin cells from each
subset, stained with Giemsa (blue) and diaminobenzidine (for hemoglobin, brown).
B DNA methylation of individual CpGs (columns) in individual clones (rows) at the H19
DMR, in genomic DNA from sorted S0 and S4/5 subsets. The median clone is indicated (red
line). Methylation fell from 61% (S0) to 42% (S4/5, p=0.007, two-tailed Mann-Whitney
test).
C Methylation at the 5’ tandem repeat of LINE-1 retrotransposons. A genomic map (not to
scale) shows tandem repeats in red, and numbered CpGs within one expanded repeat
sequence. Data points are methylation level of individual CpGs in specific differentiation
subsets within multiple replicate experiments. ***p<0.001, **p<0.01, *p<0.05 (linear mixed
model). See also Fig. S2B.
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Figure 2. RRBS analysis shows global demethylation
A DNA methylation of 5kb non-overlapping tiles across the genome in increasingly mature
S1, S3 and S4/5 erythroblasts plotted against S0 progenitors. Data are mean of 2
experiments, shown for tiles with sufficient RRBS coverage (≥5 CpGs, with ≥5 valid
sequencing reads per CpG, Fig. S3A).
B Linear correlation across S0 to S4/5 between global methylation at various genomic
elements, and methylation at the β-globin LCR. ‘P’, pyrosequencing; ‘R’, RRBS. Data
pooled from Figures 1C, 2A, S1C, S1E, S2A, S2B, S3B, S3C.
C DNA methylation at 5kb tiles associated with genes that are either upregulated or
downregulated with the transition from S1 to S3, by gene expression microarrays. Boxplots
correspond to center quartiles, with indicated median (black bar). Whiskers extend to the
most extreme data point, which is no more than 1.5 times the interquartile range from the
box.
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Figure 3. Decreased Dnmt3 expression with differentiation
Western blotting for Dnmts in freshly sorted erythroid subsets (left panels), with
corresponding quantitation (right panels). An equal mass of cell lysate was loaded in each
lane. Phoenix cells (derived from Large T antigen-transformed human embryonic kidney
‘293T’ cells), were either untransfected (Ctrl) or transduced with vectors encoding
Dnmt3a1, Dnmt3a2, Dnmt3b1, or Dnmt3b3. Representative of two independent
experiments.
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Figure 4. Global demethylation is dependent on rapid DNA replication
A Cell number in S phase (%) in subsets S0 to S4/5, and corresponding intra-S phase DNA
synthesis rate as measured by BrdU Median Fluorscence Intensity (MFI) in the S phase gate.
Pregnant mice were pulsed with BrdU 30' prior to harvest of fetal livers. Data in lower
panels are mean ± s.e.m of 8 -15 replicates.
B Global methylation (RRBS, 5kb tiles, lower panels) of S1 cells following differentiation
in Epo ± Aphi (0.1 μM) for t=24 hr, compared with their methylation levels at the time of
sorting (t=0). Data are mean of duplicate experiments with sufficient RRBS coverage. Upper
panel: a representative cell cycle analysis of S1 cells cultured in Epo ± Aphi (0.1 μM, 16hr)
showing the fraction of cells in S phase (%) and intra-S phase DNA synthesis (BrdU MFI).
See also Fig. S9C, D.
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