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CpG island
A genomic region enriched 
for CpG dinucleotides that 
often occurs near constitutively 
active promoters. Mammalian 
genomes are otherwise 
depleted of CpGs owing to 
the preferential deamination 
of methylated cytosines.

developments that have punctuated the shift from a 
gene-centric to genome-wide view. Then we discuss 
our current knowledge of primary chromatin structure, 
focusing on the global patterns, functions and dynamics 
of histone modifications that overlay sequence features 
such as promoters, enhancers and gene bodies. Finally, 
we will discuss notable recent studies that illuminate the 
link between histone modifications and higher-order 
chromatin domains.

From gene-centric to genome-wide
For the past several decades, chromatin biology has been 
guided by a succession of methods for probing features 
such as chromatin accessibility; DNA methylation; the 

location, composition and turnover of nucleosomes; 
and the patterns of post-translational histone modifica-
tions. Technological advances in microarrays and next- 
generation sequencing have enabled many of these assays 
to be scaled genome-wide. Notable examples include: 
the DNase I–seq9,10, FAIRE–seq11 and Sono–seq12 assays for 
chromatin accessibility; whole-genome and reduced-
representation bisulphite sequencing (BS-seq)13,14 and 
MeDIP-seq15 assays for DNA methylation; and the 
MNase–seq16,17 and CATCH–IT18 assays for elucidating 
nucleosome position and turnover, respectively. These 
technologies and their integration have been extensively 
reviewed elsewhere19,20. In this section, we focus on his-
tone modifications and, in particular, on how genome-
wide ChIP–seq-mapping studies have enhanced our 
understanding of the chromatin landscape.

Mapping histone modifications genome-wide. Although 
ChIP has been used since 1988 (REF. 21) to probe chro-
matin structure at individual loci, its combination with 
microarrays and, more recently, next-generation sequenc-
ing has provided far more precise and comprehensive 
views of histone modification landscapes, which have 
highlighted roles for chromatin structures across diverse 
genomic features and elements that were not appreci-
ated in targeted studies. The basis of ChIP is the immu-
noprecipitation step, in which an antibody is used to 
enrich chromatin that carries a histone modification (or 
other epitope) of interest. In ChIP–seq, next-generation  
technology is used to deep sequence the immunoprecip-
itated DNA molecules and thereby produce digital maps 
of ChIP enrichment (BOX 1). An example is the compre-
hensive work by Keji Zhao’s group to profile 39 different 
histone methylation and acetylation marks genome-wide 
in human CD4+ T cells22,23. These maps and similar data 
sets24–26 have associated particular modifications with 
gene activation or repression and with various genomic 
features, including promoters, transcribed regions, 
enhancers and insulators (FIG. 2). These and subsequent 
studies highlight the value of comprehensive and less-
biased sequencing approaches for testing the general-
ity of insights gleaned through gene-specific studies, as 
well as for identifying altogether new associations and 
biological phenomena.

Integrating ChIP–seq maps. The expanding body of 
chromatin data in the public domain has fostered many 
computational efforts that aim to integrate different data 
types, identify novel relationships among histone modi-
fications and related chromatin structures, and develop 
new hypotheses regarding the regulatory functions of 
these chromatin features. Integration of histone modi-
fication maps with chromatin accessibility, nucleosome 
positions, transcription factor binding, RNA expression 
and sequence-based genome annotations is providing 
increasingly unified views of chromatin structure and 
function17,19,27.

Two recent studies have presented innovative 
approaches for integrating genome-wide chromatin 
maps28,29, both of which were demonstrated on a com-
pendium of ChIP–seq data for human CD4+ T cells22,23. 

Figure 1 | Layers of chromatin organization in the mammalian cell nucleus. 
Broadly, features at different levels of chromatin organization are generally associated 
with inactive (off) or active (on) transcription. From the top, genomic DNA is methylated 
(Me) on cytosine bases in specific contexts and is packaged into nucleosomes, which 
vary in histone composition and histone modifications (for example, histone H3 lysine 9 
trimethylation (H3K9me3)); these features constitute the primary layer of chromatin 
structure. Here, different histone modifications are indicated by coloured dots and 
histone variants such as H2A.Z are brown. DNA in chromatin may remain accessible to 
DNA-binding proteins such as transcription factors (TFs) and RNA polymerase II (RNAPII) 
or may be further compacted. Chromatin can also organize into higher-order structures 
such as nuclear lamina-associated domains and transcription factories. Each layer of 
organization reflects aspects of gene and genome regulation.
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nucleosome - substrate for genetic processes

• equal mass of histone to DNA in 
nucleus 

• 146bp DNA 

• histones H2A , H2B , H3 and H4 

• histone tails extend out from the 
nucleosome 

• histone tails can be covalently 
modified at a number of specific 
residues 

• nucleosomes can slide along the 
DNA or disassemble by ATP-
dependent remodeling 

• histone variants: H2AZ, H2AX, 
macroH2A, H3.3, CENPA 

• linker histones



tail



histone code

• histones are an active component of epigenome 

• histones compose equal amount of mass as DNA in the nucleus 

• histone modifications single or combination serve as a code for regulation 

• writers and readers of histone code 

• histone modifying enzymes are writers 

• modified histone binders are readers



histone modifications and their functional associations

Type of modification H3K4 H3K9 H3K14 H3K27 H3K79 H3K36 H4K20 H2BK5

mono-methylation + + + + + +
di-methylation - - + 
tri-methylation + - - +, - + -

acetylation + + + 



histone code

• specific histone modifications serve as a docking site for other regulatory proteins that reads the 
marks 

• specific histone modifications indicate gene activity and chromatin structures: 

• trimethylation of lysine 4 on histone H3 (H3K4me3) is associated with active genes (Trithorax) 

• trimethylation of lysine 27 on histone H3 (H3K27me3) is associated with silent genes 
(Polycomb) 

• histone modifications are reversible and dynamic:  

• acetylated histones can be deacetylated 

• methylated histones can be demethylated
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histone code writers/erasers

• histone acetyl transferases (HAT) 

• histone deacetylases (HDAC) 

• lysine methyl transferases (KMT) 

• lysine demethylases (KDM) 

• kinases 

• ubiquitin ligases 

• deubiquitinating enzymes 

• poly-ADP-ribose polymerase (PARP) 

• poly-ADP-ribose glycohydrolase (PARG) 

• …



histone code readers

Musselman et al. (2012) Nat Struct Mol Biol 19:1218 
Chi et al. (2010) Nat Rev Cancer 10:457 
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Hidden Markov Model
A statistical model in which 
internal states are not visible 
but the outputs of these states 
are, and the outputs can 
therefore be used to infer 
the internal states. This model 
can be used to determine 
biologically relevant states 
from ChIP–seq data sets.

HCPs, regardless of expression state24,26. Sites of H3K4me3 
were shown to be accompanied by other features of acces-
sible chromatin, including histone acetylation, occu-
pancy by the H3.3 histone variant and hypersensitivity 
to DNase I digestion23,28,29,37. Differentiated cells were also 
found to show relatively broad targeting of H3K4me3 
to promoters, although with specific and biologically  
meaningful exceptions26 (see below).

These accessible, H3K4me3-marked regions are also 
hypomethylated at the DNA level, as expected from their 
high CpG content13,33. This is consistent with a general 
exclusivity between such active and ‘open’ chromatin 
structures and DNA methylation. Indeed, several studies 
have provided evidence for direct antagonism between 
these epigenomic features. For instance, methylation 
of H3K4 was shown to preclude a physical interaction 
between the histone tail and DNA methyltransferase 
3-like protein (DNMT3L)38. Another study, in the plant 
Arabidopsis thaliana, reported a direct role for H2A.Z — 
a histone variant enriched in genomic regions that are 
undergoing active nucleosome exchange — in protecting 
gene promoters from DNA methylation. In addition to 
a global exclusivity between sites of H2A.Z deposition 
and DNA methylation, this study also demonstrated 
that deficiency of H2A.Z deposition led to general DNA 
hypermethylation39.

What mechanisms could underlie the correlation 
between these open chromatin features, H3K4me3 and 

the GC-rich promoters? ChIP–chip studies in ES cells 
showed that many H3K4me3-marked promoters are also 
enriched for RNA polymerase II (RNAPII) and subject 
to transcriptional initiation24. This was a surprising find-
ing given that a substantial fraction of the HCPs does  
not produce detectable transcripts or undergo trans-
criptional elongation (see below). It suggests that  
transcriptional initiation and H3K4me3 are tightly linked 
and, moreover, that initiating RNAPII substantially con-
tributes to the accessible chromatin configuration, poten-
tially through interactions with chromatin modifiers as 
seen in yeast7,40. The concordance between H3K4me3 
and HCPs may be more directly explained by the physi-
cal recognition of unmethylated CpG dinucleotides by 
CXXC domains in H3K4 methyltransferase complexes41. 
It was recently shown that introducing artificial, promot-
erless CpG clusters into mouse ES cells was sufficient 
to recruit the SET1 histone methyltransferase complex 
and establish H3K4me3 (REF. 42). A parallel study dem-
onstrating targeting of an H3K36 demethylase complex 
by its CXXC domain suggests that such interactions may 
be general43. Together, these converging lines of experi-
mental evidence suggest that transcriptional initiation 
and other pathways mutually reinforce a chromatin  
configuration that distinguishes this promoter class.

Regardless of the relative contributions of these pro-
posed mechanistic models, the data suggest that HCPs 
tend to adopt an accessible chromatin state by default 

Figure 2 | Histone modifications demarcate functional elements in mammalian genomes. Promoters, gene bodies, 
an enhancer and a boundary element are indicated on a schematic genomic region. Active promoters are commonly 
marked by histone H3 lysine 4 dimethylation (H3K4me2), H3K4me3, acetylation (ac), and H2A.Z. Transcribed regions 
are enriched for H3K36me3 and H3K79me2. Repressed genes may be located in large domains of H3K9me2 and/or 
H3K9me3 or H3K27me3. Enhancers are relatively enriched for H3K4me1, H3K4me2, H3K27ac and the histone 
acetyltransferase p300. CTCF binds many sites that may function as boundary elements, insulators or structural 
scaffolds. These various features of chromatin help organize the DNA and distinguish functional elements in the large 
expanse of the genome. RNAPII, RNA polymerase II.
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specific to terminally differentiated cells (for example, 
structural proteins) instead of the regulators that drive 
cell fate (for example, developmental transcription fac-
tors). The regulatory genes involved in determining 
cell fate have HCPs and are subject to more complex  
regulation by Polycomb complexes (see below).

Poised and repressed chromatin states. Repressed 
promoters also show unique patterns of chromatin 
modifications that seem to reflect distinct modes of 
transcriptional silencing. These include H3K27me3, the 
prototypical mark of Polycomb repressors; H3K9me3, 
which correlates with constitutive heterochromatin; and 
DNA methylation (FIG. 4a).

Polycomb proteins are transcriptional repressors 
essential for maintaining tissue-specific gene expres-
sion programmes in multicellular organisms6. In mam-
mals, a large proportion of HCPs is targeted by the main 
Polycomb repressive complexes — Polycomb repressive 
complex 1 (PRC1) and PRC2. In ES cells, approximately 
20% of HCPs are bound by PRC2 and marked by the 
associated modification, H3K27me3 (REFS 26,48–52). 
These promoters have been termed ‘bivalent’ as they also 
carry H3K4me3 and thus have characteristics of both 
activating and repressive chromatin53,54. Bivalent, PRC2 
target promoters have attracted considerable interest, 
as a large proportion corresponds to developmental 
genes that encode transcription factors and other regu-
lators of cellular state. These genes are largely inactive 
in pluripotent cells, but can be rapidly induced or stably 
inactivated, depending on the developmental course. It 
has been proposed that the signature chromatin con-
figuration is instrumental for poising bivalent promoters 
for these alternate fates. Indeed, global studies of neural 

and haematopoietic progenitors indicate that bivalent 
chromatin tends to resolve at successive developmental 
stages in a pattern that closely matches the expression 
state and future potential of the corresponding genes26. 
For example, Mohn et al. followed H3K27me3 patterns 
in gene promoters during the transition of ES cells to 
neural progenitors and subsequently to terminally dif-
ferentiated neurons, and found a progression of HCP 
modifications in accordance with expression state and 
gene potential55. Similar patterns are also evident along 
the axis of haematopoietic differentiation, as indicated 
by the analysis of in vivo lineages from both human  
and mouse56,57.

Although bivalent promoters in ES cells have very low 
expression levels and were initially found to be free from 
RNAPII55, subsequent studies have suggested that at least 
a subset has detectable RNAPII enrichment24,58. This 
raises the possibility that initiating RNAPII contributes 
to the establishment of H3K4me3, or potentially even 
H3K27me3, at these loci. However, these data should be 
interpreted with some caution. RNAPII enrichment was 
only detected under certain experimental conditions58 
and, moreover, evidence for RNA transcription at these 
loci remains scarce59. Other technical issues of possible 
relevance include an inherent promoter bias in some ChIP 
data and possible heterogeneity of the cell population  
studied owing to partial differentiation.

How is PRC2 targeted to HCPs? The GC-rich 
sequences of HCPs are likely to play an important part, 
given the strong correlation between CpG islands and 
PRC2 binding. PRC2 targets in ES cells can be pre-
dicted with remarkable accuracy by simply identifying 
CpG islands depleted of motifs for activating transcrip-
tion factors48. A causal role for such CpG sequences is 

Figure 4 | ‘Dashboard’ of histone modifications for fine-tuning genomic elements. In addition to enabling 
annotation, histone modifications may serve as ‘dials’ or ‘switches’ for cell type specificity. a | At promoters, they can 
contribute to fine-tuning of expression levels — from active to poised to inactive — and perhaps even intermediate levels. 
b | At gene bodies, they discriminate between active and inactive conformations. In addition, exons in active genes have 
higher nucleosome occupancy and thus more histone H3 lysine 36 trimethylation (H3K36me3) and H3K79me2-modified 
histones than introns. c | At distal sites, histone marks correlate with levels of enhancer activity. d | On a global scale, 
they may confer repression of varying stabilities and be associated with different genomic features. For example, 
lamina-associated domains (LADs) in the case of stable repression and Polycomb (Pc) bodies in the case of context-specific 
repression. DNAme, DNA methylation; LOCK, large organized chromatin K modification.
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and are generally subject to a degree of transcription ini-
tiation. Thus, effective regulation of HCP genes is likely 
to require additional controls. Indeed, recent studies in 
macrophages and ES cells have documented roles for spe-
cific transcription factors in regulating steps downstream 
of initiation44–46. The research groups of Stephen Smale 
and Ruslan Medzhitov characterized a class of HCPs with 
constitutively active chromatin in macrophages that are 
basally transcribed by RNAPII, generating non-functional 
RNAs. After the macrophages are induced by lipopoly-
saccharide, the transcription factor nuclear factor-κB 
(NF-κB) initiates a cascade that causes RNAPII to adopt 
a more processive form (that is, its carboxy-terminal 
domain becomes phosphorylated at serine 2) and results 
in the rapid production of functional transcripts44,45. In 
ES cells, genome-wide-mapping studies revealed a key 
role for the transcription factor MYC in enhancing the 
‘release’ of RNAPII at HCPs and, hence, promoting 
the generation of mature transcripts46. Together, these 
studies emphasize the importance and complexity of 
downstream steps in controlling the expression of genes 
associated with this major promoter class.

In marked contrast to HCPs, LCPs seem inactive by 
default (FIG. 3). Indeed, most annotated LCPs lack H3K4me3 
(or H3K4me2) in ES cells and in various differentiated 
cell types26,33. The minority of LCPs that are marked by 
H3K4me3 seem to be fully expressed with the levels of 
transcripts from these promoters being substantially  
higher than their unmarked counterparts.

Further biological insights into LCP regulation 
emerged from an analysis of chromatin structure 
changes during haematopoietic differentiation47. Orford 
et al. defined a subset of promoters that carry H3K4me2 
but not H3K4me3 in haematopoietic progenitors. They 
found that this set corresponded to LCPs associated with 
haematopoietic cell type-specific genes that are generally 
inactive in progenitors but become induced during dif-
ferentiation. Specifically, they observed a switch from 
H3K4me2 to H3K4me3 on induction of such LCPs dur-
ing differentiation. These studies suggest that LCPs are  
subject to greater regulation at the level of transcrip-
tion initiation, and may be poised in certain contexts 
by lower degrees of histone methylation. Notably, genes 
subject to this form of regulation tend to encode proteins 

Figure 3 | Chromatin patterns and regulation by promoter class. Promoters can be classified according to their CpG 
content. High CpG-content promoters (HCPs) and low CpG-content promoters (LCPs) are subject to distinct chromatin 
patterns and regulation. a | HCPs have characteristics of accessible or ‘active’ chromatin by default. Active HCPs (for 
example, housekeeping gene promoters) are enriched for histone H3 lysine 4 trimethylation (H3K4me3) and subject  
to RNA polymerase II (RNAPII) initiation. They may be subject to additional regulation at the transition to elongation.  
b | Poised HCPs (for example, developmental regulator gene promoters in embryonic stem cells) are marked by the 
bivalent combination of H3K4me3 and H3K27me3. They may be subject to RNAPII initiation, but tend not to elongate or 
make productive mRNA. c | Inactive HCPs carry ‘repressive’ chromatin modifications such as H3K27me3 and are relatively 
inaccessible to RNAPII. Unlike HCP chromatin, LCP chromatin seems to be selectively activated (for example, by specific 
transcription factors (TFs)). d | Active LCPs are enriched for H3K4me3 and transcribed. e | Poised LCPs may be marked by 
H3K4me2 without H3K4me3. f | Inactive LCPs typically lack chromatin marks but may be DNA methylated (Me).

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 12 | JANUARY 2011 | 11

© 2011 Macmillan Publishers Limited. All rights reserved

+PCEVKXG

2QKUGF

/G /G

40#2++

6(

#EVKXG

*KIJ�%R)�EQPVGPV�RTQOQVGTU�
*%2U� .QY�%R)�EQPVGPV�RTQOQVGTU�
.%2U�

n1RGPo�EJTQOCVKP�OQFKȮECVKQPU�CPF�40#2�++�KPKVKCVKQP 5GNGEVKXG�WUG

$KXCNGPV�EJTQOCVKP�OQFKȮECVKQPU *�-�OG��EJTQOCVKP�OQFKȮECVKQPU

n%NQUGFo�EJTQOCVKP�OQFKȮECVKQPU &0#�OGVJ[NCVKQP�CPF�NCEM�QH�EJTQOCVKP�OCTMU

F

G

H

C

D

E

40#2++40#2++

*�-��OG�*�-�OG� *�-�OG�

0CVWTG�4GXKGYU�^�)GPGVKEU

and are generally subject to a degree of transcription ini-
tiation. Thus, effective regulation of HCP genes is likely 
to require additional controls. Indeed, recent studies in 
macrophages and ES cells have documented roles for spe-
cific transcription factors in regulating steps downstream 
of initiation44–46. The research groups of Stephen Smale 
and Ruslan Medzhitov characterized a class of HCPs with 
constitutively active chromatin in macrophages that are 
basally transcribed by RNAPII, generating non-functional 
RNAs. After the macrophages are induced by lipopoly-
saccharide, the transcription factor nuclear factor-κB 
(NF-κB) initiates a cascade that causes RNAPII to adopt 
a more processive form (that is, its carboxy-terminal 
domain becomes phosphorylated at serine 2) and results 
in the rapid production of functional transcripts44,45. In 
ES cells, genome-wide-mapping studies revealed a key 
role for the transcription factor MYC in enhancing the 
‘release’ of RNAPII at HCPs and, hence, promoting 
the generation of mature transcripts46. Together, these 
studies emphasize the importance and complexity of 
downstream steps in controlling the expression of genes 
associated with this major promoter class.

In marked contrast to HCPs, LCPs seem inactive by 
default (FIG. 3). Indeed, most annotated LCPs lack H3K4me3 
(or H3K4me2) in ES cells and in various differentiated 
cell types26,33. The minority of LCPs that are marked by 
H3K4me3 seem to be fully expressed with the levels of 
transcripts from these promoters being substantially  
higher than their unmarked counterparts.

Further biological insights into LCP regulation 
emerged from an analysis of chromatin structure 
changes during haematopoietic differentiation47. Orford 
et al. defined a subset of promoters that carry H3K4me2 
but not H3K4me3 in haematopoietic progenitors. They 
found that this set corresponded to LCPs associated with 
haematopoietic cell type-specific genes that are generally 
inactive in progenitors but become induced during dif-
ferentiation. Specifically, they observed a switch from 
H3K4me2 to H3K4me3 on induction of such LCPs dur-
ing differentiation. These studies suggest that LCPs are  
subject to greater regulation at the level of transcrip-
tion initiation, and may be poised in certain contexts 
by lower degrees of histone methylation. Notably, genes 
subject to this form of regulation tend to encode proteins 

Figure 3 | Chromatin patterns and regulation by promoter class. Promoters can be classified according to their CpG 
content. High CpG-content promoters (HCPs) and low CpG-content promoters (LCPs) are subject to distinct chromatin 
patterns and regulation. a | HCPs have characteristics of accessible or ‘active’ chromatin by default. Active HCPs (for 
example, housekeeping gene promoters) are enriched for histone H3 lysine 4 trimethylation (H3K4me3) and subject  
to RNA polymerase II (RNAPII) initiation. They may be subject to additional regulation at the transition to elongation.  
b | Poised HCPs (for example, developmental regulator gene promoters in embryonic stem cells) are marked by the 
bivalent combination of H3K4me3 and H3K27me3. They may be subject to RNAPII initiation, but tend not to elongate or 
make productive mRNA. c | Inactive HCPs carry ‘repressive’ chromatin modifications such as H3K27me3 and are relatively 
inaccessible to RNAPII. Unlike HCP chromatin, LCP chromatin seems to be selectively activated (for example, by specific 
transcription factors (TFs)). d | Active LCPs are enriched for H3K4me3 and transcribed. e | Poised LCPs may be marked by 
H3K4me2 without H3K4me3. f | Inactive LCPs typically lack chromatin marks but may be DNA methylated (Me).
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histone modifications are correlated



five colors of Drosophila chromatin

a rich description of chromatin composition along the genome.
By integrative computational analysis, we identified, aside from
PcG and HP1 chromatin, three additional principal chromatin
types that are defined by unique combinations of proteins. One
of these is a type of repressive chromatin that covers !50% of
the genome. In addition, we identified two types of transcription-
ally active euchromatin that are bound by different proteins and
harbor distinct classes of genes.

RESULTS

Genome-wide Location Maps of 53 Chromatin Proteins
We constructed a database of high-resolution binding profiles of
53 chromatin proteins in the embryonicDrosophila melanogaster

cell line Kc167 (Figure 1A and Figure S1A available online). In
order to obtain a representative cross-section of the chromatin
proteome, we selected proteins from most known chromatin
protein complexes, including a variety of histone-modifying
enzymes, proteins that bind specific histone modifications,
general transcription machinery components, nucleosome re-
modelers, insulator proteins, heterochromatin proteins, struc-
tural components of chromatin, and a selection of DNA-binding
factors (DBFs) (Table S1). For!40 of these proteins, full-genome
high-resolution binding maps have not previously been reported
in any Drosophila cell type or tissue. Though chromatin immuno-
precipitation (ChIP) is widely used to map protein-genome inter-
actions (Collas, 2009), large-scale application of this method is
hampered by the limited availability of highly specific antibodies.
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Figure 1. Overview of Protein Binding Profiles and Derivation of the Five-Type Chromatin Segmentation
(A) Sample plot of all 53 DamID profiles (log2 enrichment over Dam-only control). Positive values are plotted in black and negative values in gray for contrast.

Below the profiles, genes on both strands are depicted as lines with blocks indicating exons.

(B) Two-dimensional projections of the data onto the first three principal components. Colored dots indicate the chromatin type of probed loci as inferred by

a five-state HMM.

(C) Values of the first three principal components along the region shown in (A), with domains of the different chromatin types after segmentation by the five-state

HMM highlighted by the same colors as in (B).

See also Figure S1 and Table S1.
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modeling chromatin states in the human genome
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chromatin states vary across cell types



histone methylation at promoters, enhancers and 
gene bodies

T-cells

• gene activity and histone modification 

• genes activity can be predicted from histone modification signature 

• direction of transcription can be determined from histone modification pattern 

• RNA polymerase is paused at the promoter - transcription elongation (not 
polymerase recruitment) might be the rate limiting step for gene expression

Barski et al Cell 129:823 (2007)



how do you regulate a gene?

• sequence specific transcription factors bind to enhancer and promoter to recruit the 
transcription machinery (general transcription factors and RNA polymerase) to 
synthesize mRNA 

• how to specify regulation? 

• combinatorial regulation 

• coregulators (co-activators/co-repressor) serve to integrate cis-regulatory signal

INSENH SIL PROINS

important gene

activate transcription

INSENH SIL PROINS

important gene



INSENH SIL PROINS

important gene

RNAP (IIA), TFIID
H3K4me3, H3ac

NRSF CTCF CTCF heterochromatin
H3K27me3
H3K9me3

CBP, p300
H3K4me1
H3K27ac



enhancer regulation

• poised enhancers are marked with 
H3K4me1 by MLL3/4 (TrxG) 
complex 

• active enhancer recruits p300/CBP 
and acetylates histones resulting in 
H3K27ac 

• when enhancer is decomissioned, 
histone demethylase LSD1 is 
recruited to remove H3K4me1



fission yeast 

• 3 large chromosomes 

• 12.6 Mb 

• many repeats and 
transposons 

• H3K9me3 

• HP1 homolog 

pombase.org

budding yeast 

• 12 chromosomes 

• 12Mb 

• no HMT for H3K9 

• no HP1 homolog 

yeastgenome.org

fruit fly 

• 5 chromosomes 

• 118.4Mb 

• many repeats and 
transposons 

• H3K9me3 

• HP1 

• H3K27me3 

• Polycomb 

flybase.org

unmodified chromatin H3K9me3 H3K9me3, H3K27me3

http://pombase.org
http://yeastgenome.org
http://flybase.org


DNA methylation changes during development

Fertilization Fusion 2-cell stage 4-cell stage 8-cell stage Morula Blastocyst
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ES cellsNeuronal progenitor cells
Embryoid body

Differentiation
(LIF withdrawal)

Differentiation
(conditioned media)

As well as global changes, local histone 
modifications are thought to be important for 
the proper control of differentiation-specific 
genes. As would be expected, the promoter of 
the ES-cell marker OCT4 is enriched for the 
active mark H3-triMeK4 in undifferentiated, 
but not in differentiating, ES cells38. A particu-
larly intriguing temporal pattern of histone 
modifications occurs in the lineage-specific 
λ5-VpreB1 locus, which is expressed during 
B-cell differentiation, but not in ES cells42. 
Although the locus is inactive, it is already 
marked for activity in undifferentiated ES 
cells by histone H3 acetylation and histone 
H3-K4 methylation. When ES cells were 
differentiated into a non-lymphoid lineage, 
these active marks were removed from this 
locus42, which indicates that the maintenance 
of transcriptionally competent chromatin 
is an active process that is maintained by 
histone modifications that help to preserve 
the pluripotent state. Similar findings were 
shown for the neuronal gene NFM, which 
contains active chromatin marks in undif-
ferentiated ES cells, despite its transcriptional 
inactivity41. Importantly, whereas T-cell NFM 
chromatin was unmodified, the NFM locus in 
reprogrammed hybrid thymocytes that were 
fused with ES cells showed similar histone-
modification patterns to those of undifferen-
tiated ES cells41. An interesting possibility is 
that these loci are marked for transcriptional 
competence and for expression later in the 
differentiation process43.

Correlations between ES-cell differentia-
tion status and DNA methylation, which 
is a general indicator of silenced genome 
regions44, have also been made. DNA 
methylation has a direct role in regulating 
chromatin structure45, and is essential for the 
establishment of chromatin structure during 
development46. During early embryogenesis, 
global methylation patterns are erased and 
a wave of de novo DNA methylation follows 
after implantation47 (BOX 2). Global surveys 
of CpG methylation islands in ES cells and 
in ES-cell-derived embryoid bodies revealed 
both specific methylation and de-methylation 
patterns during ES-cell differentiation48; 
global methylation, however, seems to be 
a functionally relevant landmark, as the 
treatment of partially differentiated ES cells 
with the demethylating agent 5-azacytidine 
(5-AzaC) induces de-differentiation49. In 
other cell systems, such as C3H/10T1/2 cells, 
5-AzaC induced differentiation into striated 
muscle cells, adipocytes and chondrocytes50. 
Although this might seem a contradiction, 
the authors speculate that 5-AzaC causes 
a reversion of C3H/10T1/2 cells to a more 
pluripotent state, from which the generated 

lineages subsequently arise50. Supporting 
this view, the treatment of trophoblast stem 
cells — which do not express Oct4 and do 
not contribute to the embryo proper — with 
5-AzaC, caused the activation of the Oct4 
gene in these cells51. These data support a role 
for global DNA methylation during stem-cell 
differentiation.

The transcriptional landscape in ES cells
From what we have learned about chromatin 
in pluripotent ES cells, it is clear that many 
properties of chromatin are distinct com-
pared to differentiated cells. In particular, it 
seems that ES-cell chromatin has numerous 
hallmarks of highly active chromatin, includ-
ing altered higher-order structure, an accu-
mulation of activating histone modifications, 
an abundance of chromatin-remodelling 
factors, a reduction of DNA methylation and 
a hyperdynamic interaction with chromatin 
proteins. So how, if at all, does altered chro-

matin architecture contribute to the unique 
properties of stem cells, including pluripo-
tency and their potential to self-renew, and 
how does the chromatin status in ES cells 
affect the specification of lineage-specific 
genome-expression programmes? There are 
a number of fundamentally distinct models 
that can be considered.

On the one hand, as ES cells are not com-
mitted to any particular function, a possible 
view is that these cells express, in addition 
to their housekeeping genes, a minimal set 
of genes that are responsible for self-renewal 
and maintenance of pluripotency (FIG. 3a). 
Following differentiation, these ‘stemness’ 
genes (that is, genes that are specific for stem 
cells) are silenced and expression of lineage-
specific transcription factors triggers sets of 
lineage-specific genes. This hierarchical acti-
vation (HA) model is consistent with genetic 
transcriptional networks that operate during 
differentiation and development43.

Box 2 | DNA methylation during early embryonic development

Immediately following fertilization, both the maternal and paternal genomes undergo rapid global 
DNA demethylation. The first active phase of demethylation occurs exclusively on the paternal 
genome before the first round of replication62. This is followed by a passive demethylation phase on 
both genomes63, during which global DNA methylation is diluted after every round of DNA 
replication. Demethylation reaches a nadir at the blastocyst stage (day 3.5 in the mouse; see figure), 
when most of the inherited methylation marks — with the exception of imprinted genes — have 
been erased. Methylation resumes following implantation. The embryonic ectoderm and mesoderm 
become hypermethylated through an active de novo methylation process, whereas the primitive 
endoderm and trophoblast remain hypomethylated. As embryonic stem (ES) cells are extracted from 
the inner cell mass at the blastocyst stage, they are hypomethylated when first cultured, but 
gradually acquire methylation marks during prolonged passaging64. Cultured ES cells can mimic the 
initial stages of embryonic development by turning into ball-shaped embryoid bodies when 
leukaemia inhibitory factor (LIF), which is required to maintain pluripotency, is withdrawn from the 
culture media. Embryoid bodies can be replated in conditioned medium to allow differentiation into 
multiple cell types.

P E R S P E C T I V E S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 7 | JULY 2006 | 543



nuclear differences between embryonic stem cells 
and differentiated cells

Biran A, Meshorer E. Concise Review: Chromatin and Genome Organization in Reprogramming. STEM CELLS. 2012;30(9):1793-1799.

decreased their capacity to reprogram B cells. Since the
expression of key pluripotency factors was unaltered in the
knockout ESCs, the reprogramming defect was not due to
insufficient pluripotency factors but likely due to depletion of
the ESC PRC2 complex components [29]. Recently, addi-
tional ESC-specific PRC2 subunits were identified, including
EZH1, JARID2, MTF2, and esPRC2p48 (ESC-specific PRC2
subunit p48). The latter three were found to mediate H3K27
methylation of MEF-specific genes when added together with
OCT4, SOX2, and KLF4, increasing the reprogramming effi-
ciency by threefold [30].

The emerging theme from these studies is the notion that
both TrxG and PcG proteins are required for the process of
resetting the epigenome of differentiated cells to that of pluri-
potent cells, but while PcG complexes are required for an
early silencing of lineage-specific genes, the TrxG complexes
are necessary for the activation of pluripotency genes. The
mode by which reprogramming factors bind and alter the
chromatin state of polycomb repressed genes was recently
proposed to occur through the initial binding to a nucleo-
some-depleted region in the enhancers of PcG targets and the
subsequent recruitment of the cohesin complex, which facili-
tates enhancer-promoter interaction by DNA looping [31].

The enzymes that counteract the action of the KMTs are
the family of lysine demethylases (KDMs), which were also
implicated in the reprogramming process. The H3K4/H3K9
demethylase KDM1 (a.k.a. LSD1), for example, which acts as
a repressor of bivalent genes in hESCs [32] and facilitates dif-
ferentiation through its action on enhancers of pluripotency
genes in mouse ESCs [33], was implicated in lithium-
enhanced reprogramming [34]. Lithium promoted reprogram-
ming by over threefold, partly by inhibiting KDM1. Knock-
down of KDM1 partially mimicked the lithium effect demon-
strating its direct involvement [34]. The action of KDM1 in
ESCs is further facilitated by the KDM1 complex subunit
RCOR2. Knockdown of RCOR2 attenuates cell proliferation,
increases apoptosis, and causes downregulation of pluripo-
tency-related factors, especially SOX2. Importantly, reprog-
ramming efficiency is significantly impaired when RCOR2
levels are decreased and significantly improved when RCOR2
is overexpressed [35], providing a link between KDM1 activ-
ity and reprogramming efficiency. Another KDM that
increases reprogramming efficiency is the H3K36me2/3 de-
methylase KDM2B (a.k.a. JHDM1B). It does so by suppress-
ing expression from the Ink4/Arf locus and activating the

mir302/367 cluster [36]. These data support an active and cru-
cial role for KDMs during reprogramming and suggest that
the balance between KMTs and KDMs is important to reset
the differentiated genome.

Histone acetylation is a mark of active transcription local-
ized at euchromatin regions mostly encompassing promoters,
enhancers, and gene bodies. It is catalyzed by lysine acetyltrans-
ferases (KATs, previously known as HATs) and counteracted
by histone deacetylases (HDACs), and the interplay between
them determines the acetylation level at any given genomic
region [37]. Histone acetylation is predominant in undifferenti-
ated ESCs [9], and increasing acetylation levels using HDAC
inhibitors (HDACi) increases the efficiency of nuclear reprog-
ramming in nuclear transfer experiments [38], cell fusion assays
[39], and induced reprogramming [40–42]. In SCNT experi-
ments in mice, HDACi significantly increases the efficiency and
quality of cloned embryos by facilitating correct embryonic
stage-specific gene activation [38]. In fusion experiments,
HDACi increased the capacity of ESCs with a relatively low
acetylation level, to reprogram MEFs. Curiously, although
H3K9 acetylation was markedly increased genome-wide follow-
ing a 16 hour HDACi treatment, very little overall change was
observed in gene expression [39]. Similarly, in induced reprog-
ramming experiments of human fibroblasts, HDACi increased
the efficiency of iPSC generation dramatically and substituted
for c-MYC and KLF4 in the reprogramming cocktail [40, 41,
43]. The effect on reprogramming with retrovirus-transduced
OKSM factors was found to be more profound when the inhibi-
tor was added at later stages during reprogramming (days 6–10),
leading to elevated acetylation levels and DNA demethylation
specifically on pluripotent gene promoters [41].

These data suggest that increased acetylation supports the
hyperacetylated state of the pluripotent genome thereby
enhancing reprogramming, although emerging studies indicate
that the ability to regulate the acetylation state of specific
genes and/or genomic regions, as well as the exact timing of
manipulation, should no doubt increase our ability to repro-
gram cells more efficiently.

HISTONE VARIANTS

The canonical replication-dependent core histones are clus-
tered together in several different chromosomes in both mouse

Figure 2. Chromatin in fibroblasts versus iPSCs. Chromatin features before (MEF, top) and after (iPSC, bottom) induced reprogramming.
Shown are immunofluorescence images of different chromatin markers. In all cases, a fluorescent secondary antibody was used. Pseudocolor is
used in these images. From left to right: the cells are labeled with anti-H3K9me3 (green) and anti-HP1a (red), two heterochromatin-related
marks, which appear more diffuse with less heterochromatin foci in iPSCs (bottom) compared to MEFs (top); anti-H3K4me3 (blue) and anti-
H3ac (yellow), two euchromatin-related histone modifications, which are globally elevated in iPSCs (bottom) compared with MEFs (top), and
H3K27me3 (purple), a repressive mark with comparable levels between both cell types. For complete description of growth and staining condi-
tions see [18]. Abbreviations: HP1a, heterochromatin protein 1a; iPSC, induced pluripotent stem cell; MEF, mouse embryonic fibroblast.
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Genome-wide maps of chromatin state in
pluripotent and lineage-committed cells
Tarjei S. Mikkelsen1,2, Manching Ku1,4, David B. Jaffe1, Biju Issac1,4, Erez Lieberman1,2, Georgia Giannoukos1,
Pablo Alvarez1, William Brockman1, Tae-Kyung Kim5, Richard P. Koche1,2,4, William Lee1, Eric Mendenhall1,4,
Aisling O’Donovan4, Aviva Presser1, Carsten Russ1, Xiaohui Xie1, Alexander Meissner3, Marius Wernig3,
Rudolf Jaenisch3, Chad Nusbaum1, Eric S. Lander1,3* & Bradley E. Bernstein1,4,6*

We report the application of single-molecule-based sequencing technology for high-throughput profiling of histone
modifications in mammalian cells. By obtaining over four billion bases of sequence from chromatin immunoprecipitated
DNA, we generated genome-wide chromatin-state maps of mouse embryonic stem cells, neural progenitor cells and
embryonic fibroblasts. We find that lysine 4 and lysine 27 trimethylation effectively discriminates genes that are expressed,
poised for expression, or stably repressed, and therefore reflect cell state and lineage potential. Lysine 36 trimethylation
marks primary coding and non-coding transcripts, facilitating gene annotation. Trimethylation of lysine 9 and lysine 20 is
detected at satellite, telomeric and active long-terminal repeats, and can spread into proximal unique sequences. Lysine 4
and lysine 9 trimethylation marks imprinting control regions. Finally, we show that chromatin state can be read in an
allele-specific manner by using single nucleotide polymorphisms. This study provides a framework for the application of
comprehensive chromatin profiling towards characterization of diverse mammalian cell populations.

One of the fundamental mysteries of biology is the basis of cellular
state. Although they have essentially identical genomes, the different
cell types in a multicellular organism maintain markedly different
behaviours that persist over extended periods. The most extreme case
is lineage commitment during development, where cells progress
from totipotency to pluripotency to terminal differentiation; each
step involves establishment of a stable state encoding specific
developmental commitments that can be faithfully transmitted to
daughter cells. Considerable evidence suggests that cellular state
may be closely related to ‘chromatin state’—that is, modifications
to histones and other proteins that package the genome1–3.
Accordingly, it would be desirable to construct ‘chromatin-state
maps’ for a wide variety of cell types, showing the genome-wide
distribution of important chromatin modifications.

Chromatin state can be studied by chromatin immunoprecipita-
tion (ChIP), in which an antibody is used to enrich DNA from
genomic regions carrying a specific epitope. The major challenge to
generating genome-wide chromatin-state maps lies in characterizing
these enriched regions in a scalable manner. Enrichment at indi-
vidual loci is commonly assayed by polymerase chain reaction
(PCR), but this method does not scale efficiently. A more recent
approach has been ChIP-chip, in which enriched DNA is hybridized
to a microarray4,5. This technique has been successfully used to study
large genomic regions. However, ChIP-chip suffers from inherent
technical limitations: (1) it requires large amounts (several micro-
grams) of DNA and thus involves extensive amplification, which
introduces bias; (2) it is subject to cross-hybridization, which hinders
the study of repeated sequences and allelic variants; and (3) it is
currently expensive to study entire mammalian genomes. Given these
issues, only a handful of whole-genome ChIP-chip studies in mam-
mals have been reported.

In principle, chromatin could be readily mapped across the
genome by sequencing ChIP DNA and identifying regions that are
over-represented among these sequences. Notably, sequence-based
mapping could require relatively small quantities of DNA and pro-
vide nucleotide-level discrimination of similar sequences, thereby
maximizing genome coverage. The major limitation has been that
high-resolution mapping requires millions of sequences (Supple-
mentary Note 1). This is cost-prohibitive with traditional techno-
logy, even with concatenation of multiple sequence tags6. However,
recent advances in single-molecule-based sequencing (SMS) techno-
logy promise to increase throughput and decrease costs markedly7. In
the approach developed by Illumina/Solexa, DNA molecules are
arrayed across a surface, locally amplified, subjected to successive
cycles of primer-mediated single-base extension (using fluorescently
labelled reversible terminators) and imaged after each cycle to deter-
mine the inserted base. The ‘read length’ is short (25–50 bases), but
tens of millions of DNA fragments may be read simultaneously.

Here, we report the development of a method for mapping ChIP
enrichment by sequencing (ChIP-Seq) and describe its application to
create chromatin-state maps for pluripotent and lineage-committed
mouse cells. The resulting data define three broad categories of pro-
moters based on their chromatin state in embryonic stem (ES) cells,
including a larger than anticipated set of ‘bivalent’ promoters; reveal
that lineage commitment is accompanied by characteristic chromatin
changes at bivalent promoters that parallel changes in gene expression
and transcriptional competence; and demonstrate the potential for
using ChIP for genome-wide annotation of novel promoters and
primary transcripts, active transposable elements, imprinting control
regions and allele-specific transcription. This study provides a tech-
nological framework for comprehensive characterization of chro-
matin state across diverse mammalian cell populations.

*These authors contributed equally to this work.
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Genome-wide chromatin-state maps

We created genome-wide chromatin-state maps for three mouse
cell types: ES cells, neural progenitor cells (NPCs)8 and embryonic
fibroblasts (MEFs). For each cell type, we prepared and sequenced
ChIP DNA samples for some or all of the following features: pan-
H3, trimethylated histone H3 lysine 4 (H3K4me3), H3K9me3,
H3K27me3, H3K36me3, H4K20me3 and RNA polymerase II
(Supplementary Table 1).

In each case, we sequenced nanogram quantities of DNA frag-
ments (,300 base pairs (bp)) on an Illumina/Solexa sequencer. We
obtained an average of 10 million successful reads, consisting of
the terminal 27–36 bases of each fragment. The reads were mapped
to the genome and used to determine the number of ChIP fragments

overlapping any given position (Fig. 1). Enriched intervals were
defined as regions where this number exceeded a threshold defined
by randomization (see Methods). The full data set consists of 18
chromatin-state maps, containing ,140 million uniquely aligned
reads, representing over 4 billion bases of sequence.

We validated the chromatin-state maps by computational analysis
and by comparison to previous methods. ChIP-Seq maps of specific
histone modifications show marked enrichment at specific locations
in the genome, whereas the pan-H3 and unenriched samples show
relatively uniform distributions (Supplementary Figs 1 and 2). The
maps show close agreement with our previously reported ChIP-chip
data from ,2.5% of the mouse genome9 (Fig. 1). Also, ChIP-PCR
assays of 50 sites chosen to represent a range of ChIP-Seq fragment
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counts showed 98% concordance and a strong, quantitative correla-
tion (Supplementary Fig. 3 and Supplementary Table 2).

Promoter state in ES and lineage-committed cells

We began our analysis by studying H3K4me3 and H3K27me3 patterns
at known promoters. H3K4me3 is catalysed by trithorax-group (trxG)
proteins and associated with activation, whereas H3K27me3 is catalysed
by polycomb-group (PcG) proteins and associated with silencing10,11.
Recently, we and others observed that some promoters in ES cells carry
both H3K4me3 and H3K27me39,12. We termed this novel combination
a ‘bivalent’ chromatin mark and proposed that it serves to poise key
developmental genes for lineage-specific activation or repression.

We studied 17,762 promoters inferred from full-length transcripts
(Supplementary Table 3). Mammalian RNA polymerase II pro-
moters are known to occur in at least two major forms13,14 (Sup-
plementary Fig. 4). CpG-rich promoters are associated with both
ubiquitously expressed ‘housekeeping’ genes, and genes with more
complex expression patterns, particularly those expressed during
embryonic development. CpG-poor promoters are generally assoc-
iated with highly tissue-specific genes. Accordingly, we divided our
analysis to focus on ‘high’ CpG promoters (HCP; n 5 11,410) and
‘low’ CpG promoters (LCP; n 5 3,014) separately. To ensure a clean
separation, we defined a set of intermediate CpG content promoters
(ICP; n 5 3,338); this class shows properties consistent with being a
mixture of the two major classes.
High CpG promoters in ES cells. Virtually all HCPs (99%) are
associated with intervals of significant H3K4me3 enrichment in ES
cells (Fig. 2a). The modified histones are typically confined to a
punctate interval of 1–2 kilobases (kb) (Supplementary Fig. 5). As
observed previously15,16, there is a strong correlation between the
intensity of H3K4me3 and the expression level of the associated genes
(Spearman’s r 5 0.67). However, not all promoters associated with
H3K4me3 are active.

The chromatin-state maps reveal that ,22% of HCPs (n 5 2,525)
are actually bivalent, exhibiting both H3K4me3 and H3K27me3
(Fig. 2a). A minority of these (n 5 564) are ‘wide’ bivalent sites in
which H3K27me3 extends over a region of at least 5 kb and resemble
those described previously9. The majority (n 5 1,961) are ‘narrow’
bivalent sites, with more punctate H3K27me3, that correspond to
many additional PcG target promoters17–19. Bivalent promoters show
low activity despite the presence of H3K4me3, suggesting that the
repressive effect of PcG activity is generally dominant over the ubi-
quitous trxG activity (Supplementary Fig. 6 and Supplementary
Table 4).

The different types of chromatin marks at HCPs are closely related
to the nature of the associated genes (Supplementary Table 5).
Monovalent promoters (H3K4me3) generally regulate genes with
‘housekeeping’ functions including replication and basic metabol-
ism. By contrast, bivalent promoters are associated with genes with
more complex expression patterns, including key developmental
transcription factors, morphogens and cell surface molecules. In
addition, several bivalent promoters appear to regulate transcripts
for lineage-specific microRNAs.
High CpG promoters in NPCs and MEFs. Most HCPs marked with
H3K4me3 alone in ES cells retain this mark both in NPCs and MEFs
(92% in each; Figs 2b, c and 3a). This is consistent with the tendency
for this sub-class of promoters to regulate ubiquitous house-
keeping genes. A small proportion (,4%) of these promoters have
H3K27me3 in MEFs, and are thus bivalent or marked by H3K27me3
alone. This correlates with lower expression levels and may reflect
active recruitment of PcG proteins to new genes during differenti-
ation20. An example is the transcription factor gene Sox2, where the
promoter is marked by H3K4me3 alone in ES cells and NPCs, but
H3K27me3 alone in MEFs. Notably, this locus is flanked by CpG
islands with bivalent markings in ES cells (see below), suggesting that
the locus may be poised for repression upon differentiation.
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at least ,500 additional regions across the genome (median size
,2 kb), with most being adjacent to sites of H3K4me3. Inspection
revealed a number of interesting cases, falling into three categories.

The first category corresponds to H3K36me3 that extends signifi-
cantly upstream from the annotated start of a known gene, often until
an H3K4me3 site. These seem to reflect the presence of unannotated
alternative promoters. A notable example is the Foxp1 locus. In ES
cells, one annotated Foxp1 promoter is marked by H3K4me3 and
another CpG-rich region located ,500 kb upstream carries a bivalent
mark. In MEFs, this CpG island is marked by H3K4me3 only, and
H3K36me3 extends from this site to the 39 end of Foxp1 (Fig. 5a).
Although no transcript extending across this entire region has been
reported in mouse, the orthologous position in human has been
shown to act as a promoter for the orthologous gene. The ChIP-
Seq data contain many other examples where the combination of
H3K36me3 and H3K4me3 seems to reveal novel promoters.

The second category corresponds to H3K36me3 that extends sig-
nificantly downstream of a known gene. An example is the Sox2
locus, which encodes a pluripotency-associated transcription factor
that also functions during neural development. In ES cells, Sox2 has
an unusually large region of H3K4me3 (.20 kb) accompanied by
H3K36me3 extending far beyond the annotated 39 end (.15 kb);
non-coding transcription throughout the locus has been noted prev-
iously34 and may serve a regulatory role (Fig. 5b).

The third category seems to reflect transcription of non-coding
RNA genes. For example, two regions with H3K36me3 and adjacent
H3K4me3 correspond to recently discovered nuclear transcripts with
possible functions in messenger RNA processing35 (Fig. 5c). In addi-
tion, a number of these presumptive transcriptional units overlap
microRNAs (Fig. 5d). A striking example is a .200-kb interval
within the Dlk1–Dio3 imprinted locus (Fig. 6a). This region harbours
over 40 non-coding RNAs, including clusters of microRNAs and
small nucleolar RNAs36. The ChIP-Seq data suggest that the entire
region is transcribed as a single unit that initiates at a H3K4me3-
marked HCP.

These findings suggest that genome-wide maps of H3K4me3 and
H3K36me3 may provide a general tool for defining novel transcrip-
tion units. The capacity to define the origins and extents of primary
transcripts will be of particular value for characterizing the regulation
of microRNAs and other non-coding RNAs that are rapidly processed
from long precursors37. Finally, the relatively narrow dynamic range of
H3K36me3 may offer advantages over RNA-based approaches in
assessing gene expression and defining cellular states.

H3K9 and H4K20 trimethylation mark specific repetitive elements

We next studied H3K9me3 and H4K20me3, both of which have been
associated with silencing of centromeres, transposons and tandem
repeats38–40. We sought first to assess the relative enrichments of
H3K9me3 and H4K20me3 across different types of repetitive ele-
ments by aligning ChIP-Seq reads directly to consensus sequences
for various repeat families (,40 million reads could be aligned this
way).

H3K9me3 and H4K20me3 show nearly identical patterns of
enrichment in ES cells. The strongest enrichments are observed for
telomeric, satellite and long terminal repeats (LTRs). The LTR signal
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at least ,500 additional regions across the genome (median size
,2 kb), with most being adjacent to sites of H3K4me3. Inspection
revealed a number of interesting cases, falling into three categories.

The first category corresponds to H3K36me3 that extends signifi-
cantly upstream from the annotated start of a known gene, often until
an H3K4me3 site. These seem to reflect the presence of unannotated
alternative promoters. A notable example is the Foxp1 locus. In ES
cells, one annotated Foxp1 promoter is marked by H3K4me3 and
another CpG-rich region located ,500 kb upstream carries a bivalent
mark. In MEFs, this CpG island is marked by H3K4me3 only, and
H3K36me3 extends from this site to the 39 end of Foxp1 (Fig. 5a).
Although no transcript extending across this entire region has been
reported in mouse, the orthologous position in human has been
shown to act as a promoter for the orthologous gene. The ChIP-
Seq data contain many other examples where the combination of
H3K36me3 and H3K4me3 seems to reveal novel promoters.

The second category corresponds to H3K36me3 that extends sig-
nificantly downstream of a known gene. An example is the Sox2
locus, which encodes a pluripotency-associated transcription factor
that also functions during neural development. In ES cells, Sox2 has
an unusually large region of H3K4me3 (.20 kb) accompanied by
H3K36me3 extending far beyond the annotated 39 end (.15 kb);
non-coding transcription throughout the locus has been noted prev-
iously34 and may serve a regulatory role (Fig. 5b).

The third category seems to reflect transcription of non-coding
RNA genes. For example, two regions with H3K36me3 and adjacent
H3K4me3 correspond to recently discovered nuclear transcripts with
possible functions in messenger RNA processing35 (Fig. 5c). In addi-
tion, a number of these presumptive transcriptional units overlap
microRNAs (Fig. 5d). A striking example is a .200-kb interval
within the Dlk1–Dio3 imprinted locus (Fig. 6a). This region harbours
over 40 non-coding RNAs, including clusters of microRNAs and
small nucleolar RNAs36. The ChIP-Seq data suggest that the entire
region is transcribed as a single unit that initiates at a H3K4me3-
marked HCP.

These findings suggest that genome-wide maps of H3K4me3 and
H3K36me3 may provide a general tool for defining novel transcrip-
tion units. The capacity to define the origins and extents of primary
transcripts will be of particular value for characterizing the regulation
of microRNAs and other non-coding RNAs that are rapidly processed
from long precursors37. Finally, the relatively narrow dynamic range of
H3K36me3 may offer advantages over RNA-based approaches in
assessing gene expression and defining cellular states.

H3K9 and H4K20 trimethylation mark specific repetitive elements

We next studied H3K9me3 and H4K20me3, both of which have been
associated with silencing of centromeres, transposons and tandem
repeats38–40. We sought first to assess the relative enrichments of
H3K9me3 and H4K20me3 across different types of repetitive ele-
ments by aligning ChIP-Seq reads directly to consensus sequences
for various repeat families (,40 million reads could be aligned this
way).

H3K9me3 and H4K20me3 show nearly identical patterns of
enrichment in ES cells. The strongest enrichments are observed for
telomeric, satellite and long terminal repeats (LTRs). The LTR signal
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NPCs but lose this mark in MEFs (n 5 62) or vice versa (n 5 160). Red, white
and blue indicate higher, equal and lower relative expression, respectively.
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Figure 5 | H3K4me3 and H3K36me3 annotate genes and non-coding RNA
transcripts. a, Foxp1 has two annotated promoters (based on RefSeq and
UCSC ‘known genes’), only one of which shows H3K4me3 in ES cells. The
corresponding transcriptional unit is marked by H3K36me3. In MEFs,
H3K36me3 extends an additional 500 kb upstream to an H3K4me3 site that
seems to reflect an alternative promoter (this site is bivalent in ES cells).
b, H3K36me3 enrichment extends significantly downstream of Sox2.
Although highly active in ES cells, Sox2 is flanked by two bivalent CpG
islands that may poise it for repression. c, d, H3K4me3 and H3K36me3
indicate two highly expressed non-coding RNAs (c), and the putative
primary transcript (dashed line) for a single annotated microRNA (d).
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• reversible
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We computed several quality control measures (Fig. 2 and Supplemen-
tary Table 1) including the number of distinct uniquely mapped reads;
the fraction of mapped reads overlapping areas of enrichment18,36;

genome-wide strand cross-correlation37 (Fig. 2e–g); inter-replicate
correlation; multidimensional scaling of data sets from different pro-
duction centres (Supplementary Fig. 1); correlation across pairs of data
sets (Extended Data Fig. 1e); consistency between assays carried out in
multiple mapping centres (Supplementary Table 2); read mapping qua-
lity for bisulfite-treated reads38,39; and agreement with imputed data40.
Outlier data sets were flagged, removed or replaced, and lower-coverage
data sets were combined where possible (see Methods).

The resulting data sets provide global views of the epigenomic land-
scape in a wide range of human cell and tissue types (Fig. 3), including
the largest and most diverse collection to date of chromatin state anno-
tations (Fig. 3a); some of the deepest surveys of individual cell types
using diverse epigenomic assays (with 21–31 distinct epigenomic marks
for seven deeply profiled epigenomes; Fig. 3b); and some of the broad-
est surveys of individual epigenomic marks across multiple cell types
(Fig. 3c). These data sets enable genome-wide epigenomic analyses across
multiple dimensions (Fig. 3d). All data sets, standards and protocols
are publicly available from web portals, linked from the main consor-
tium homepage http://www.roadmapepigenomics.org, and also at http://
compbio.mit.edu/roadmap.

Chromatin states, DNA methylation and DNA accessibility
As a foundation for integrative analysis, we used a common set of com-
binatorial chromatin states41 across all 111 epigenomes, plus 16 addi-
tional epigenomes generated by the ENCODE project (127 epigenomes
in total), using the core set of five histone modification marks that were
common to all. We trained a 15-state model (Fig. 4a, b and Supplemen-
tary Table 3a) consisting of 8 active states and 7 repressed states (Fig. 4c)
that were recurrently recovered (Extended Data Fig. 2a), and showed
distinct levels of DNA methylation (Fig. 4d), DNA accessibility (Fig. 4e),
regulator binding (Extended Data Fig. 2b and Supplementary Fig. 2)
and evolutionary conservation (Fig. 4f and Supplementary Fig. 3). The
active states (associated with expressed genes) consist of active tran-
scription start site (TSS) proximal promoter states (TssA, TssAFlnk), a
transcribed state at the 59 and 39 end of genes showing both promoter
and enhancer signatures (TxFlnk), actively transcribed states (Tx, TxWk),
enhancer states (Enh, EnhG), and a state associated with zinc finger protein
genes (ZNF/Rpts). The inactive states consist of constitutive hetero-
chromatin (Het), bivalent regulatory states (TssBiv, BivFlnk, EnhBiv),
repressed Polycomb states (ReprPC, ReprPCWk), and a quiescent state
(Quies), which covered on average 68% of each reference epigenome.
Enhancer and promoter states covered approximately 5% of each reference
epigenome on average, and showed enrichment for evolutionarily con-
served non-exonic regions42.

To capture the greater complexity afforded by additional marks, we
trained additional chromatin state models in subsets of cell types. In
the subset of 98 reference epigenomes that also included H3K27ac data,
we also learned an 18-state model (Extended Data Fig. 2c and Supplemen-
tary Table 3b), enabling us to distinguish enhancer states containing
strong H3K27ac signal (EnhA1, EnhA2), which showed higher DNA
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Figure 2 | Data sets available for each reference epigenome. List of 127
epigenomes including 111 by the Roadmap Epigenomics program (E001–
E113) and 16 by ENCODE (E114–E129). See Supplementary Table 1 for a full
list of names and quality scores. a–d, Tissue and cell types grouped by type
of biological material (a), anatomical location (b), reference epigenome
identifier (EID, c) and abbreviated name (d). PB, peripheral blood. ENCODE
2012 reference epigenomes are shown separately. e–g, Normalized strand
cross-correlation quality scores (NSC)37 for the core set of five histone
marks (e), additional acetylation marks (f) and DNase-seq (g). h, Methylation
data by WGBS (red), RRBS (blue) and mCRF (green). A total of 104
methylation data sets available in 95 distinct reference epigenomes. i, Gene
expression data using RNA-seq (brown) and microarray expression (yellow).
j, A total of 26 epigenomes contain 184 additional histone modification marks.
k, Sixty highest-quality epigenomes (purple) were used for training the core
chromatin state model, which was then applied to the full set of epigenomes
(purple and orange).
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