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Genome-scale DNA methylation maps of pluripotent
and differentiated cells
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Andrey Sivachenko2, Xiaolan Zhang2, Bradley E. Bernstein2,5,6, Chad Nusbaum2, David B. Jaffe2, Andreas Gnirke2,
Rudolf Jaenisch1,7 & Eric S. Lander1,2,7,8

DNA methylation is essential for normal development1–3 and has
been implicated in many pathologies including cancer4,5. Our
knowledge about the genome-wide distribution of DNA methyla-
tion, how it changes during cellular differentiation and how it
relates to histone methylation and other chromatin modifications
in mammals remains limited. Here we report the generation and
analysis of genome-scale DNA methylation profiles at nucleotide
resolution in mammalian cells. Using high-throughput reduced
representation bisulphite sequencing6 and single-molecule-based
sequencing, we generated DNA methylation maps covering most
CpG islands, and a representative sampling of conserved non-cod-
ing elements, transposons and other genomic features, for mouse
embryonic stem cells, embryonic-stem-cell-derived and primary
neural cells, and eight other primary tissues. Several key findings
emerge from the data. First, DNA methylation patterns are better
correlated with histone methylation patterns than with the under-
lying genome sequence context. Second, methylation of CpGs are
dynamic epigenetic marks that undergo extensive changes during
cellular differentiation, particularly in regulatory regions outside
of core promoters. Third, analysis of embryonic-stem-cell-derived
and primary cells reveals that ‘weak’ CpG islands associated with a
specific set of developmentally regulated genes undergo aberrant
hypermethylation during extended proliferation in vitro, in a pat-
tern reminiscent of that reported in some primary tumours. More
generally, the results establish reduced representation bisulphite
sequencing as a powerful technology for epigenetic profiling of cell
populations relevant to developmental biology, cancer and regen-
erative medicine.

DNA methylation can be detected by sequencing genomic DNA
that has been treated with sodium bisulphite7. It has been impractical
to apply bisulphite sequencing at a genome-wide scale because poly-
merase chain reaction (PCR)-based8 and whole-genome shotgun9

approaches are currently too inefficient for comparative analysis
across multiple cell states in large mammalian genomes. However,
reduced representations can be generated to sequence a defined frac-
tion of a large genome6,10. Computational analysis indicated that
digesting mouse genomic DNA with the methylation-insensitive
restriction enzyme MspI, selecting 40–220-base pair (bp) fragments,
and performing 36-bp end-sequencing would cover ,1 million dis-
tinct CpG dinucleotides (4.8% of all CpGs), with roughly half located
within ‘CpG islands’ (including sequences from 90% of all CpG
islands) and the rest distributed between other relatively CpG-poor
sequence features (Supplementary Fig. 1 and Supplementary Table

1). Notably, although CpGs are not distributed uniformly in the
genome, every MspI reduced representation bisulphite sequencing
(RRBS) sequence read includes at least one informative CpG position
(Supplementary Fig. 2), making the approach highly efficient.

We validated high-throughout RRBS by sequencing MspI frag-
ments from wild-type and methylation-deficient embryonic stem
(ES) cells6, using an Illumina Genome Analyser. We generated an
initial set of ,21 million high quality, aligned RRBS reads. The reads
from each cell type included ,97% of the predicted non-repetitive
MspI fragments (12-fold and 8-fold median coverage, respectively).
This demonstrates that RRBS library construction is relatively
unbiased (Supplementary Fig. 3) and is insensitive to genome-wide
CpG methylation levels (estimated by nearest-neighbour analysis as
72% and 0.5%, respectively). Reads from both cell types showed near
complete (.99%) bisulphite conversion of non-CpG cytosines.

To investigate cell-type-specific DNA methylation patterns, we
generated 140 million additional RRBS reads (5.8 gigabase (Gb);
Supplementary Information) from ES-derived neural precursor cells
(NPCs) and various primary cell populations (Supplementary Table
2). We also generated new chromatin-state maps of H3 lysine 4
mono- and di-methylation (H3K4me1 and H3K4me2) from ES cells,
NPCs and whole brain tissue (Supplementary Table 3 and
Supplementary Information), using chromatin immunoprecipita-
tion followed by high-throughput sequencing (ChIP-Seq)11.

The methylation levels of CpG dinucleotides in wild-type ES cells
display a bimodal distribution (Fig. 1), with most being either ‘largely
unmethylated’ (,20% of reads showing methylation) or ‘largely
methylated’ (.80% of reads). As expected2,8,12, CpGs in regions of
high CpG density (.7% over 300 bp) tend to be unmethylated,
whereas CpGs in low-density regions (,5%) tend to be methylated.
However, we noted that ,10% of CpGs in low-density regions were
unmethylated, whereas ,0.3% of CpGs in high-density regions were
methylated. We found that DNA methylation patterns were better
explained by histone methylation patterns than by CpG density.
Because genomic features tend to be associated with distinct histone
methylation patterns11, we analysed these features separately.

High-CpG-density promoters (HCPs) are associated with two
classes of genes: ubiquitous ‘housekeeping’ genes and highly regu-
lated ‘key developmental’ genes13. In ES cells, HCPs at housekeeping
genes are enriched with the transcription initiation mark H3K4me3
(‘univalent’) and are generally highly expressed, whereas those at
developmental genes are enriched with both H3K4me3 and the
repressive mark H3K27me3 (‘bivalent’) and are generally silent11,14.
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Both types of promoters are also enriched with H3K4me2, which is
associated with an open chromatin confirmation. Out of the 10,299
HCPs sampled (on average, 19 distinct CpGs per promoter), we
found that virtually all contain a core region of unmethylated
CpGs, regardless of their level of expression or H3K27me3 enrich-
ment (Figs 1 and 2a)12,14,15.

Low-CpG-density promoters (LCPs) are generally associated with
tissue-specific genes. In ES cells, a small subset of LCPs are enriched
with H3K4me3 (,7%) or H3K4me2 (,3%), and essentially none are
enriched with H3K27me3 (ref. 11). We found that whereas most
CpGs located in sampled LCPs (990 sites from 392 promoters) are
methylated, those in LCPs enriched with H3K4me3 or H3K4me2
have significantly reduced methylation levels (Supplementary Fig. 4).

Distal regulatory regions such as enhancers, silencers and bound-
ary elements are often required to establish correct gene expression
patterns in mammalian cells16. Cis-regulatory elements active in a
particular cell type are often associated with markers of open chro-
matin, such as H3K4me2 or H3K4me1 (refs 17, 18). We identified
25,051 sites of H3K4me2 enrichment in ES cells from 1 kb to .100 kb

away from known promoters (most were also enriched with
H3K4me1, but not with H3K4me3). CpGs sampled at H3K4me2-
enriched sites (outside of promoters and CpG islands) had signifi-
cantly lower methylation levels than those at unenriched sites
(Fig. 2b). This relationship was particularly strong for CpGs located
in highly conserved non-coding elements (HCNEs; Fig. 2c).

Imprinting control regions (ICRs) are CpG-rich regulatory
regions that display allele-specific histone and DNA methylation19.
Our RRBS library included sequences from 13 of ,20 known ICRs
(on average, 13 distinct CpGs per ICR). CpGs within these elements
display a unimodal distribution of methylation levels, with a median
close to 50%, which is consistent with hypomethylation of the active
allele marked with H3K4me3 and hypermethylation of the silenced
allele marked with H3K9me3 (Fig. 1)11.

Interspersed repeat families differ in their chromatin structure,
with H3K9me3 enriched at active long terminal repeats (LTRs) and
to a lesser extent at long interspersed elements (LINEs), but not at
short interspersed elements (SINEs). Notably, CpGs located in LTRs
and LINEs are generally hypermethylated, even in CpG-rich contexts
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Figure 1 | CpG methylation levels in ES cells and NPCs for CpGs with $10-
fold coverage. The top histograms show the distribution of methylation
levels (%) across all CpGs, HCPs, LCPs, HCNEs, differentially methylated
regions (DMRs), LTRs, SINEs and other genomic features (n, number of
CpGs). Methylation levels are bimodal (except at DMRs, which have a
unimodal distribution largely consistent with uniform sampling from the

maternal and paternal alleles in ES cells and partial hypermethylation in
NPCs). The bottom box plots show the distribution of methylation levels
conditional on local CpG density (defined as fraction of CpGs in a 300-bp
window; shown as percentage). The red lines denote medians, notches the
standard errors, boxes the interquartile ranges, and whiskers the 2.5th and
97.5th percentiles.
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Figure 2 | Correlation between DNA and histone methylation. a, Mean
methylation levels across CpGs within each profiled HCP (requiring $5-fold
coverage of $5 CpGs), conditional on their histone methylation state in ES
cells and NPCs (n, number of HCPs; those enriched with H3K4me3 are
generally also enriched for H3K4me2, but not vice versa). Loss of H3K4
methylation, and to a lesser extent of H3K27me3, is correlated with gain of
DNA methylation. b, Methylation levels of individual CpGs outside of
HCPs, conditional on enrichment of H3K4me2 (n, number of distinct sites

in each category). Changes in histone methylation state are inversely
correlated with changes in DNA methylation. c, Methylation levels of CpGs
in HCNEs not overlapping CpG islands, conditional on H3K4me2
enrichment. For a–c, the red lines denote medians, notches the standard
errors, boxes the interquartile ranges, and whiskers the 2.5th and 97.5th
percentiles. All pair-wise comparisons of methylation levels at sites with
changing chromatin states are significant (P , 10220, Mann–Whitney U
test).
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(Fig. 1). In contrast, CpGs in SINEs show a correlation between
methylation levels and CpG density that is comparable to non-
repetitive sequences.

We conclude that in ES cells the presence of H3K4 methylation and
the absence of H3K9 methylation are better predictors of unmethy-
lated CpGs than sequence context alone. This is consistent with
models in which de novo methyl-transferases either specifically recog-
nize sites with unmethylated H3K4 (ref. 20) or are excluded by H3K4
methylation or associated factors. Similarly, H3K9me3 or associ-
ated factors may recruit methyl-transferases at ICRs and repetitive
elements21.

We next used RRBS to analyse how DNA methylation patterns
change when ES cells are differentiated in vitro into a homogeneous
population of NPCs (Supplementary Fig. 4)22. Whereas CpG methy-
lation levels are highly correlated between the two cell types
(rho 5 0.81), there were clear differences: ,8% of CpGs unmethy-
lated in ES cells became largely methylated in NPCs, whereas ,2% of
CpGs methylated in ES cells became unmethylated; these changes
were strongly correlated with changes in histone methylation
patterns.

At both univalent and bivalent HCPs, we found that most CpGs
remained unmethylated on differentiation, particularly within their
core CpG island, but that loss of H3K4me3 and retention of
H3K4me2 or H3K27me3 correlated with a partial increase in DNA
methylation levels (median, ,25%; 2.9% and 32% of univalent and
bivalent HCPs, respectively) and complete loss of H3K4 and H3K27
methylation correlated with DNA hypermethylation (median,
,75%; 2.8% and 16% of univalent and bivalent HCPs, respectively;
Fig. 2).

Most LCPs marked by H3K4 methylation in ES cells lose this mark
in NPCs; however, LCPs associated with genes expressed in NPCs
gain this mark. Loss or gain of H3K4 methylation is a strong pre-
dictor of inverse changes in CpG methylation levels at these promo-
ters (Supplementary Fig. 5).

Our chromatin-state maps revealed that 18,899 (75%) of putative
distal regulatory elements enriched with H3K4me2 in ES cells lost
this mark in NPCs, whereas 20,088 new H3K4me2 sites appeared,
often in HCNE-rich regions surrounding activated developmental
genes (Fig. 3). Loss or gain of H3K4 methylation were again inversely
correlated with CpG methylation levels (Fig. 2b, c). In fact, these
regions account for most observed de-methylation events. The pres-
ence of H3K27me3 alone did not correlate with lower methylation
levels in CpG-poor regions (Supplementary Fig. 6).

The data support the notion that CpG-rich and -poor regulatory
elements undergo distinct modes of epigenetic regulation2,11,12. Most
(.95%) HCPs seem to be constitutively unmethylated and regulated
by trithorax-group (trxG; associated with H3K4me3) and/or
Polycomb-group (PcG; associated with H3K27me3) proteins, which
may be recruited in part by means of non-specific unmethylated-
CpG binding domains23. Hypermethylation of these CpG-dense
regions leads to exclusion of trxG/PcG activity, heterochromatin
formation and essentially irreversible gene silencing2. In contrast,
regulatory elements in CpG-poor sequence contexts seem to undergo
extensive and dynamic methylation and de-methylation. Hence,
methylation of isolated CpGs may contribute to chromatin con-
densation or directly interfere with transcription factor binding2,
but does not necessarily prevent chromatin remodelling in response
to activating signals.

As noted above, a small set of HCPs (n 5 252; ,3%) became
hypermethylated (.75% mean methylation across sampled CpGs)
on in vitro differentiation of ES cells to NPCs. To investigate whether
the observed pattern reflects an in vivo regulatory mechanism, we
isolated NPCs from embryonic day (E)13.5 embryos and differen-
tiated them into glial fibrillary acidic protein (Gfap)-positive astro-
cytes (with no more than two passages in vitro). We similarly
differentiated the in vitro-derived NPCs into astrocytes (with these
cells having undergone at least 18 passages; Supplementary Fig. 4),
and compared the two populations using RRBS (Fig. 4a–f).
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Figure 3 | Developmentally regulated de-methylation of highly conserved
non-coding elements. Comparison of histone and DNA methylation levels
across the Olig1/Olig2 neural-lineage transcription factor locus. ChIP-Seq
tracks for H3K4me1/2/3 and H3K27me3 in ES cells and NPCs are shown.
The unmethylated CpG-rich promoters are bivalent and inactive in ES cells
and resolve to univalent H3K4me3 on activation in NPCs. H3K4me2

enrichment appears over HCNEs distal to the two genes, and this correlates
with CpG de-methylation. Inferred methylation levels for 40 out of 215
sampled CpGs are shown and colour-coded. Red indicates largely
methylated (.80%); green indicates largely unmethylated (,20%), and
orange indicates intermediate levels (>20% and (80%).
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The methylation levels of CpGs were highly correlated
(rho 5 0.85), but astrocytes obtained from in vivo NPCs displayed
substantially less HCP hypermethylation than those obtained from
ES cells (Fig. 4a). The in vivo-derived astrocytes showed hypermethy-
lation at only 30 HCPs, largely associated with germline-specific
genes (including Dazl, Hormad1, Sycp1, Sycp2 and Taf7l), several
of which also showed partial methylation in ES cells. In contrast,
the in vitro-derived astrocytes showed hypermethylation of these
and ,305 additional HCPs. This set includes some genes known to
be expressed by at least some in vivo astrocytes (including Isyna1, Gsn
and Cldn5; ref. 24) but that were silent in the ES-cell-derived astro-
cytes (Supplementary Information). However, the hypermethylated
HCPs are significantly enriched for genes not expressed in NPCs or in
the astrocyte lineage (Supplementary Tables 4–7). They include genes
involved in development and differentiation of neuronal (Lhx8,
Lhx9, Moxd1, Htr1f and Slit1), ependymal (Otx2 and Kl) and unre-
lated lineages (including Myod1, Dhh and Nkx3-1). In fact, we found
that ‘key developmental’ HCPs that are bivalent in ES cells are six
times more likely to be included in the hypermethylated set com-
pared to univalent HCPs. Moreover, univalent genes in the hyper-
methylated set are expressed at significantly lower levels in both ES
cells and primary astrocytes, compared to those that remained hypo-
methylated (Fig. 4g). We also found that the hypermethylated HCPs
tend to have a ,15% lower CpG density (Fig. 4h).

To investigate further the differences between in vitro and in vivo
cell populations, we analysed whole brain tissue (representing cells of
mainly glial origin). Virtually all (.99%) of sampled HCPs were

unmethylated (Fig. 4c) and enriched with H3K4me3 and/or
H3K27me3 (Supplementary Fig. 7), with ,20 germline-specific
HCPs being the only clear exceptions. RRBS libraries from other in
vivo sources (T cells, B cells, spleen, lung, liver and fibroblasts) also
showed few hypermethylated HCPs (Supplementary Fig. 8). This
suggests that—apart from silencing germline-specific12, imprinted
and X-inactivated (Supplementary Fig. 9) genes in somatic tis-
sues—hypermethylation of HCPs is not a major mechanism of devel-
opmental regulation in vivo.

To test for a correlation between passage number and HCP hyper-
methylation, we examined independently derived in vitro NPCs col-
lected after only 9 passages. These cells displayed hypermethylation at
approximately half of the HCPs that are hypermethylated in the
NPCs after 18 passages (Fig. 4d, e). To reduce time in culture further,
we used Sox1–GFP (green fluorescent protein) ES cells25 to isolate
very early NPCs. These cells initially displayed virtually no HCP
hypermethylation. However, after continued culturing they acquired
hypermethylation at many of the same HCPs as the previous NPC
populations (Supplementary Fig. 8). Finally, we grew the in vivo-
derived NPCs for 11 passages in vitro, differentiated them into astro-
cytes and then examined the methylation pattern. Notably, these cells
had also begun to acquire hypermethylation at a largely similar set of
HCPs (Fig. 4a, b).

These results show that independently derived NPC populations
from both in vitro and in vivo sources and different genetic back-
grounds reproducibly undergo gradual hypermethylation at a char-
acteristic set of HCPs. These observations have several implications.
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Figure 4 | HCP hypermethylation of cultured cells. Inferred mean
methylation levels (%) across autosomal HCPs (requiring $5-fold coverage
of $5 CpGs within the CpG island). a, ES-derived astrocytes contains
roughly 10 times more hypermethylated HCPs than primary NPC-derived
astrocytes after two passages (P) in culture. b, Continued passage of the
primary cells lead to gradual hypermethylation of many of the same HCPs.
c, Only a handful of mainly germline-specific HCPs display
hypermethylation in a whole brain tissue sample. d, Most HCPs are
unmethylated in ES cells, but a small subset gain significant methylation on
differentiation to NPCs. e, Continued proliferation of NPCs leads to
additional HCPs becoming hypermethylated after 18 passages.
f, Differentiation of late-stage NPCs into astrocytes by growth factor

withdrawal does not lead to additional HCP hypermethylation. g, Expression
levels of genes associated with profiled HCPs for ES cells (ES), ES-derived
astrocytes (A), primary neocortical astrocytes (AN) and cerebellar astrocytes
(AC). Hypermethylation of HCPs is correlated with low expression levels in
ES-derived astrocytes. HCPs that are univalent in ES cells and become
hypermethylated in ES-derived astrocytes are associated with lower
expression levels in both ES cells and primary astrocytes. h, The maximal
CpG densities (300-bp window) of hypermethylated HCPs in ES cells or ES-
derived astrocytes are significantly lower than for unmethylated HCPs. For
g and h, the red lines denote medians, notches the standard errors, boxes the
interquartile ranges, and whiskers the 2.5th and 97.5th percentiles.
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First, aberrant epigenetic regulation in culture has raised concern
over the accuracy of cellular models generated by in vitro differenti-
ation or manipulation26–28. Both primary and transformed cell lines,
including ES-derived NPC populations, tend to lose developmental
potency after continued proliferation in culture26,29. Susceptibility to
hypermethylation at key regulatory genes that are normally activated
on differentiation could explain this phenomenon. Second, malig-
nant cells are often found to harbour hypermethylated CpG islands4,5.
Recently, genes known to undergo frequent hypermethylation in
adult cancers were noted to be significantly enriched for genes with
bivalent promoters in ES cells (reviewed in ref. 30). The similarities
between hypermethylation in culture and in cancer may provide a
useful in vitro model for studying a common underlying mechanism.
Finally, the gradual hypermethylation of ‘weak’ HCPs hints at under-
lying kinetics. Because H3K4 methylases are targeted, at least in part,
by non-specific CpG-binding domains23, such HCPs may be particu-
larly sensitive to imbalanced chromatin-modifying factors or other
cancer- or culture-related perturbations.

More generally, RRBS makes it feasible to perform genome-scale
bisulphite sequencing on large-mammalian genomes, providing a
valuable tool for epigenetic profiling of cell populations. As sequen-
cing capacity increases, genome coverage can be readily scaled in step
by adding restriction enzymes, increasing the selected size range or
using hybridization-based reduced representation strategies.

METHODS SUMMARY
ES cells and ES-derived neural cells were cultured as described previously11,25.

Primary tissues were isolated from 4–6-week-old male 129SvJae/C57/B6 mice.

Mouse embryonic fibroblasts (MEFs) and primary neural precursors were iso-

lated from 129SvJae/C57/B6 E14.5 embryos.
RRBS libraries were prepared from 1–10mg mouse genomic DNA digested

with 10–100 Units MspI (NEB). Size-selected MspI fragments (40–120 bp and

120–220 bp) were filled in and 39-terminal-A extended, extracted with phenol

and precipitated with ethanol. Ligation to pre-annealed adapters containing 59-

methyl-cytosine instead of cytosine (Illumina) was performed using the Illumina

DNA preparation kit and protocol. QIAquick (Qiagen) cleaned-up, adaptor-

ligated fragments were bisulphite-treated using the EpiTect Bisulphite Kit

(Qiagen). Preparative-scale PCR was performed and QIAquick-purified PCR

products were subjected to a final size selection on a 4% NuSieve 3:1 agarose

gel. SYBR-green-stained gel slices containing adaptor-ligated fragments of 130–

210 bp or 210–310 bp in size were excised. Library material was recovered from

the gel (QIAquick) and sequenced on an Illumina 1G genome analyser.

Sequence reads from bisulphite-treated Solexa libraries were identified using

standard Illumina base-calling software and then analysed using a custom com-

putational pipeline. ChIP-Seq experiments, sequencing, alignments and iden-

tification of significantly enriched regions were carried out as described

previously11.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Cell culture and ES cell differentiation. V6.5 (129/B6), Sox1–EGFP knock-in

(Sox1–GFP 129/129)25 and methylation-deficient (Dnmt[1kd,3a2/2,3b2/2]) ES

cells were expanded on c-irradiated MEFs in DMEM plus 15% fetal bovine

serum (FBS, Hyclone) supplemented with 13 MEM-nonessential amino acids

(Life Technologies), 0.1 mM 2-mercaptoethanol and 103 Units ml21 leukaemia

inhibitory factor (LIF). After passaging onto gelatin-coated dishes (0.1% gelatin,

Sigma), ES cells were trypsinized and transferred to bacterial dishes allowing

embryoid body formation. Embryoid bodies were propagated for 4 days in the

same medium in the absence of LIF and subsequently plated onto tissue culture
dishes. One day after plating, the medium was replaced by ITSFn; that is,

DMEM/F12 (Life Technologies) supplemented with 5 mg ml21 insulin,

50 mg ml21 human APO transferrin, 30 nM sodium selenite (all Sigma),

2.5mg ml21 fibronectin and penicillin/streptomycin (both Life Technologies).

After 5–7 days, cells were trypsinized, triturated to a single cell suspension,

replated on laminin-coated dishes (1mg ml21, Life Technologies) and further

propagated in N3 medium composed of DMEM/F12, 25mg ml21 insulin,

50 mg ml21 transferrin, 30 nM sodium selenite, 20 nM progesterone, 100 nM

putrescine (Sigma), 10 ng ml21 Fgf2 (R&D Systems) and penicillin/streptomy-

cin. Neural precursor cell proliferation was maintained by daily additions of

Fgf2. Sox1–EGFP-positive neural precursors were isolated and FACS-purified

(FACS Aria, Becton Dickinson) either from ITSFn cultures or after short-term

expansion in Fgf2. Growth factor withdrawal of these cultures results in terminal

differentiation into primarily neuronal cell populations. Neural precursor cell

lines were obtained by sequential passaging and propagation in the presence of

20 ng ml21 Egf and 10 ng ml21 Fgf2 (both R&D Systems). Differentiation into

astrocytes was induced by growth factor withdrawal and addition of 5% FBS for

5 days.
Primary tissues and cell types. Primary tissues were isolated from 4–6-week-old

male 129SvJae/C57/B6 mice. MEFs and primary neural precursors were isolated

from 129SvJae/C57/B6 E14.5 embryos. MEFs were generated according to stand-

ard protocols. In vivo neural precursors were isolated by disaggregating the whole

brain and plating the suspension under the conditions described previously.

Established lines were differentiated into astrocytes by growth factor withdrawal

and addition of serum (see previously).

MspI RRBS library construction. 1–10mg mouse genomic DNA was digested

with 10–100 Units of MspI (NEB) in a 30–500ml reaction 16–20 h at 37 uC.

Digested DNA was extracted with phenol, precipitated with ethanol and size-

selected on a 4% NuSieve 3:1 agarose gel (Lonza). DNA marker lanes were

excised from the gel and stained with SYBR Green (Invitrogen). For each sample,

two slices containing DNA fragments of approximately 40–120 bp and 120–

220 bp, respectively, were excised from the unstained preparative portion of

the gel. DNA was recovered using Easy Clean DNA spin filters (Primm Labs),

extracted with phenol and precipitated with ethanol. The two size fractions were

kept apart throughout the procedure, including during the final sequencing.

Size-selected MspI fragments were filled in and 39-terminal A extended in a
50 ml reaction containing 20 U Klenow exo2 (NEB), 0.4 mM dATP, 0.04 mM

dGTP and 0.04 mM 5-methyl-dCTP (Roche) in 13 NEB buffer 2 (15 min at

25 uC followed by 15 min at 37 uC), extracted with phenol and precipitated with

ethanol using 10mg glycogen (Roche) as a carrier. Ligation to pre-annealed

Illumina adapters containing 59-methyl-cytosine instead of cytosine

(Illumina) was performed using the Illumina DNA preparation kit and protocol.

QIAquick (Qiagen) cleaned-up, adaptor-ligated fragments were bisulphite-

treated using the EpiTect Bisulphite Kit (Qiagen) with minor modifications:

the bisulphite conversion time was increased to approximately 14 h by adding

three cycles (5 min of denaturation at 95 uC followed by 3 h at 60 uC). After

bisulphite conversion, the single-stranded uracil-containing DNA was eluted

in 20ml of elution buffer. Analytical (25ml) PCR reactions containing 0.5ml of

bisulphite-treated DNA, 5 pmol each of genomic PCR primers 1.1 and 2.1

(Illumina) and 2.5 U PfuTurboCx Hotstart DNA polymerase (Stratagene) were

set up to determine the minimum number of PCR cycles required to recover

enough material for sequencing. Preparative-scale (8 3 25 ml) PCR was per-

formed using the same PCR profile: 5 min at 95 uC, n 3 (30 s at 95 uC, 20 s at

65 uC, 30 s at 72 uC), followed by 7 min at 72 uC, with n ranging from 18 to 24

cycles. QIAquick-purified PCR products were subjected to a final size selection

on a 4% NuSieve 3:1 agarose gel. SYBR-green-stained gel slices containing

adaptor-ligated fragments of 130–210 bp or 210–310 bp in size were excised.

RRBS library material was recovered from the gel (QIAquick) and sequenced

on an Illumina 1G genome analyser.

Sequence alignments and data analysis. Sequence reads from bisulphite-treated

Solexa libraries were identified using standard Illumina base-calling software and

then analysed using a custom computational pipeline. Residual cytosines (Cs) in

each read were first converted to thymines (Ts), with each such conversion noted

for subsequent analysis. A reference sequence database was constructed from the

36-bp ends of each computationally predicted MspI fragment in the 40–220-bp

size range. All Cs in each fragment end were then converted to Ts (only the

C-poor strands are sequenced in the RRBS process; Supplementary Fig. 2).

The converted reads were aligned to the converted reference by finding all 12-

bp perfect matches and then extending to both ends of the treated read, not

allowing gaps (reverse complement alignments were not considered). The num-

ber of mismatches in the induced alignment was then counted between the

unconverted read and reference, ignoring cases in which a T in the unconverted

read is matched to a C in the unconverted reference. For a given read, the best

alignment was kept if the second-best alignment had $2 more mismatches,

otherwise the read was discarded as non-unique. Low-quality reads were iden-

tified and discarded if
P

q[Q

10
q=10w1,000, where Q denotes the read quality scores

at each mismatched position. The methylation level of each sampled cytosine was

estimated as the number of reads reporting a C, divided by the total number of

reads reporting a C or T, counting only reads with quality scores of $20 at the

position.

HCP, ICP and LCP annotations were taken from ref. 11. CpG island and other

annotations were downloaded from the UCSC browser (mm8). Estimation of

methylation levels from individual CpGs was limited to those with $10-fold

coverage. The methylation level of an HCP promoter was estimated as the mean

methylation level across all CpGs with $5-fold coverage overlapping the anno-

tated CpG island(s) in the promoter, requiring at least 5 such CpGs. HCPs were

classified as hypermethylated if this mean methylation level was $75%.

Chromatin immunoprecipitation. H3K4me1 (ab8895), H3K4me2 (ab7766)

and H3K4me3 (ab8580) antibodies were purchased from Abcam. ChIP experi-

ments on mouse ES cells (H3K4me1/2), NPCs (H3K4me1/2) and whole brain

tissue (H3K4me1/2/3), Illumina/Solexa sequencing, alignments and identifica-

tion of significantly enriched regions (using 1 kb sliding windows and correction

for alignability) were carried out as described previously11.

Expression data. RNA expression data for ES-derived astrocytes were generated

as described previously11 and analysed using GenePattern (http://www.broad.-

mit.edu/cancer/software/genepattern/). Primary astrocyte data were obtained

from ref. 24.
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