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Abstract

Embryonic stem cells (ESCs) possess an open and highly dynamic chromatin landscape, which
underlies their plasticity and ultimately maintains ESC pluripotency. The ESC epigenome must not
only maintain the transcription of pluripotency-associated genes but must also, through gene
priming, facilitate rapid and cell type-specific activation of developmental genes upon lineage
commitment. Trans-generational inheritance ensures that the ESC chromatin state is stably
transmitted from one generation to the next; yet at the same time, epigenetic marks are highly
dynamic, reversible and responsive to extracellular cues. Once committed to differentiation, the
ESC epigenome is remodeled and resolves into a more compact chromatin state. A thorough
understanding of the role of chromatin modifiers in ESC fate and differentiation will be important
if they are to be used for therapeutic purposes.

Recent technical advances, particularly in next-generation sequencing technologies, have provided
a genome-scale view of epigenetic marks and chromatin modifiers. More affordable and faster
sequencing platforms have led to a comprehensive characterization of the ESC epigenome and
epigenomes of differentiated cell types. In this review, we summarize and discuss the recent
progress that has highlighted the central role of histone modifications, histone variants, DNA
methylation and chromatin modifiers in ESC pluripotency and ESC fate. We provide a detailed and
comprehensive discussion of genome-wide studies that are pertinent to our understanding of
mammalian development.
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Introduction

Embryonic stem cells (ESCs) are derived from
the inner cell mass of the d4.5 blastocyst. They are
defined by their unique properties of self-renewal and
pluripotency, which make them an invaluable tool for
studies of development and therapeutic medicine.
Continuous self-renewal can be readily achieved in
culture and maintains the pluripotent plasticity of
ESCs. When transplanted into blastocyst-stage em-
bryos, ESCs can contribute to somatic tissues from all
three germ layers as well as the germ line of the de-
veloping mouse demonstrating the retention of their
pluripotent potential during culture [1]. As ESCs exit
self-renewal and commit to differentiation into cell
types representative of the three germ layers ecto-

derm, mesoderm and endoderm they recapitulate
embryonic differentiation programs that take place
during in vivo development. For this reason, ESCs
provide a valid model for the study of early devel-
opment. Furthermore, defined culture protocols have
been developed that allow for the differentiation of
ESCs into cell types that may be used for cell thera-
peutic purposes.

The transition of a pluripotent stem cell to a
committed and more developmentally restricted cell
type is accompanied by rapid and global changes in
transcription that result in stable silencing of plurip-
otency genes and activation of lineage-specific genes.
At the same time, stage specific genes of multipotent
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progenitors have to remain competent for activation
during further differentiation whereas tissue-specific
genes that are considered outside the progenitor’s
differentiation potential have to be terminally turned
off. A number of cytokines, growth factors, morpho-
gens and their co-factors regulate early lineage fate
decisions and ultimately the transcription programs
of ESCs and their roles are becoming increasingly
defined and often coincide with their functions in vivo
[2-6]. Extracellular signals are complemented by the
action of intracellular transcription factors that drive
gene expression patterns required for cell differentia-
tion and lineage specification. Regulators of chroma-
tin states and epigenetic modifiers have emerged as
additional players of cell fate. Numerous genetic
studies that have disrupted genes, which encode for
chromatin modifiers, have resulted in embryonic le-
thality [7-9]. These studies have demonstrated the
importance of ATP-dependent chromatin remodelers,
histone modifying enzymes and DNA methyltrans-
ferases in embryonic development.

Despite significant advances in the technologies
used to map the genome-wide distribution of histone
marks and a continuous decrease in required cell
numbers the study of dynamic epigenetic chromatin
modification during in vivo development remains
challenging. At the same time, ESCs can be cultured in
abundance and provide a powerful tool for the study
of epigenetic mechanisms and cell fate. Genome-wide
maps of epigenetic factors have revealed a unique
epigenetic signature in pluripotent ESCs and have
contributed models to explain their plasticity. Also,
comparisons of ESCs with cells differentiated from
ESCs have proven powerful in understanding the
dynamics of epigenetic marks during development.
Thus, we have learned that each specific cell type has
not only its own specific expression profile or ‘tran-
scriptome” but is also featured by its own epigenetic
signature or ‘epigenome’ that is transmitted as herit-
able information through cell divisions [10-12].

In 2006, Yamanaka et al. and subsequently
Thompson et al. achieved the reprogramming of
mouse and human fibroblasts respectively into
ESC-like pluripotent cells by ectopic expression of
Oct4, Sox2, c-myc and Klf4 [13, 14]. The successful
reprogramming into induced pluripotent stem cells
(iPSCs) ignited immense excitement since ethical
concerns that arise from the derivation of ESCs may
be circumvented using this alternative approach. In
addition, a pool of patient-specific stem cells could
now be generated with a possibility for autologous
regenerative transplants. Since then, we have come to
understand that the epigenome of somatic cells must
be reset into an ESC-like state and further highlights

the importance of epigenetic regulation in maintain-
ing pluripotency [15-18].

Here, we review our current understanding of
the global epigenetic landscape of pluripotent ESCs,
how it is set up by chromatin remodeling enzymes,
and how it resolves during the course of differentia-
tion. To this end, we have focused our discussion
primarily on studies that have utilized genome-wide
sequencing technologies such as ChIP-Chip or
ChIP-Seq to map histone modifications and epigenetic
modifiers.

The global ES cell chromatin landscape

ESCs are singular in exhibiting higher global
transcription levels than somatic cells. High global
transcription levels can be attributed to elevated
transcription of sequences that are silent in differenti-
ated cells and even higher transcription levels of
genes that are constitutively expressed in both ESCs
and differentiated cells [19, 20]. Given such great dif-
ferences in transcriptional activity one would antici-
pate substantial differences in chromatin organization
between pluripotent and differentiated cell types. In
fact, differences in global chromatin configuration can
be readily detected by ultrastructural examination of
ESC chromatin as well as chromatin from terminally
differentiated cells. Chromatin of undifferentiated
ESCs appears decondensed and plastic in structure
whereas differentiated cells display distinct foci of
heterochromatin [21]. Overall, ESC differentiation is
accompanied by an increase in heterochromatic foci
and a decrease in mobility and turnover of chroma-
tin-associated proteins [21-23]. Genome-wide anal-
yses of histone marks show that modifications, gen-
erally associated with transcriptional activity such as
H3K4me3, H3K9ac, H3Kl4ac, H3K36me2 and
H3K36me3, are present at high levels in ESCs and
become reduced upon differentiation. An opposite
trend holds true for repressive marks such as
H4K20me3, H3K9me2 and H3K9me3that are more
abundant in differentiated cells [24, 25].

Bivalent modification and gene poising
by PRC2 and MLL complexes

An open chromatin configuration may merely be
a reflection of the hyper-transcriptional activity found
in ESCs. However, the identification of both active
H3K4me3 and repressive H3K27me3 at silent genes
lead to the idea, that developmental genes are biva-
lently marked and thus primed for activation prior to
ESC differentiation [26]. Therefore an open chromatin
configuration and abundance of active histone marks
is not only a reflection of high transcriptional activity
but also of cell plasticity. Initial ChIP-Chip and later
ChIP-Seq studies revealed that H3K4me3 co-localizes
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with H3K27me3 to promoters of a subset of devel-
opmental genes [24, 26, 27]. Unlike H3K4me3, which
is present at almost three quarters of all gene pro-
moters, H3K27me3 is only present at a small subset of
developmental genes but is almost always found to-
gether with H3K4me3. The majority of bivalent pro-
moters are transcriptionally initiated but not enriched
with the elongating form of Pol II or H3K36me3 [20].
Besides gene promoters, bivalent histone modifica-
tions, in the form of H3K4mel and H3K27me3, also
decorate enhancer regions, which silence proximal
gene clusters [28, 29].

As ESCs differentiate into more restricted germ
layer-type precursor cells, 85% of bivalent genes re-
solve to monovalent H3K27me3, H3K4me3, or carry
neither mark [24, 30]. Lineage-related genes will re-
tain bivalency with the idea that they remain poised
for subsequent expression at later developmental
stages, and unrelated genes become terminally si-
lenced. Gene priming and gene bivalency though, are
not restricted to ESCs and are found in other cell types
including hematopoietic stem cells as well as T-cells
where bivalent histone modifications facilitate rapid
gene activation upon T-cell differentiation [31-33].

The progressive restriction of differentiation po-
tential alongside loss of gene bivalency at line-
age-unrelated loci does not always hold true: hema-
topoietic stem cells derived from ESCs, retain biva-
lency on non-related neural genes [34]. Similarly, the
Thl-specific gene Tbx21 retains both H3K4me3 and
H3K27me3 in nTreg cells. In this case, Tbx21 biva-
lency translates into additional plasticity as illustrated
by the capacity of nTreg cells to express Tbx21 in
Thl-inducing conditions [35]. Some promoters may
also gain bivalency during the course of differentia-
tion, illustrating that gene priming is by no means a
unidirectional process [33, 36].

Bivalent chromatin marks are established by the
functionally opposing Polycomb (PcG) and Trithorax
(Trx)/MLL group (hereafter, MLL complexes) pro-
teins. PcG proteins are comprised of two major com-
plexes PRC1 and PRC2, which mediate H3K27me3
and gene silencing, whereas MLL complexes mediate
H3K4 methylation and gene activation. Apart from a
few specialized subunits, MLL complexes contain
either SET1, MLL1, MLL2, MLL3, or MLL4 as a cata-
lytic subunit and WDR5, RbBP5, and Ash2L as inte-
gral core subunits that are necessary for the methyla-
tion activity of the complexes [37].

Based on insights into the mechanisms of gene
poising, a model that involves H2A ubiquitination has
evolved (Fig. 1): Bivalently marked genes assemble
DNA Polymerase II (Pol II), yet elongation does not

take place consistent with detection of the paused
form of Pol II phosphorylated at Ser5 [20]. Ezh2, a
subunit of PRC2, catalyzes H3K27 trimethylation.
PRC1 binds to the product of PRC2, namely
H3K27me3, and subsequently monoubiquitinylates
H2A K119 via its E3 ubiquitin ligases, RinglA and
Ring1B. Loss of RinglA or RinglB that results in re-
duction of H2AK119 ubiqgitination leads to
de-repression of bivalent genes and apparent release
of poised Pol II from these sites and replacement with
hyperphosphorylated and transcriptionally active Pol
II [20, 38, 39]. H3K4me3 mediates gene activation by
various mechanisms that include interactions with
ATP-dependent remodeling factors as well as re-
cruitment of histone acetyltransferases and Pol II for
transcription. Hence the net result of gene priming
equals the recruitment of Pol II, mediated by
H3K4me3, and simultaneously prevention of tran-
scriptional elongation by H3K27me3, which in effect
results in low-level transcription of bivalent genes.

Genome-wide mapping of core subunits of both
PRC1 and PRC2 complexes reveal occupation of bi-
valent genes close to the TSS [40]. Disruption of PcG
functional subunits such as Eed, Ezh2, or Suzl2 re-
sults in de-repression of bivalent differentiation
genes, but typically does not affect ESC self-renewal
probably because the expression of pluripotency
genes remains largely unaffected [26, 27, 41, 42]. Upon
differentiation, H3K27me3 marks will have to be re-
moved for timely activation of developmental genes,
yet the enzyme that removes H3K27me3 is currently
unknown. UTX, a JmjC domain-containing
H3K27me3 demethylase is expressed in ESCs, but
does not regulate global H3K27me3 levels or
H3K27me3 on HOX genes [43].

Depletions of MLL complex core proteins such
as Dpy-30, RbBP5 and Wdr5 in ESCs typically result
in global reductions in H3K4 methylation and have
made it difficult to decipher their role specifically in
gene bivalency [44, 45]. A delay in differentiation is
observed upon Dpy-30 knockdown that has been
proposed to be a result of ineffective H3K4 methyla-
tion needed for upregulation of differentiation mark-
ers [45]. Among, MLL proteins, MLL2, has been iden-
tified as the methyltransferase that specifically meth-
ylates bivalent promoters including those of HOX
genes. MLL2 null ESCs also display a delay in differ-
entiation, although no strong link with H3K4me3 was
established [46]. Interestingly, knockdown of MLL2
and reduction of H3K4me3 had no effect on gene in-
duction upon differentiation, challenging the idea of
gene bivalency as a catalyst for rapid gene activation
[47].
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Figure.l. Resolution of gene bivalency upon cell fate commitment. MLL and PcG complexes deposit H3K4me3 and H3K27me3 respectively at
bivalent promoters. PRCI binds to H3K27me3 marks, and via Ringl ubiquitinates H2A. In ESCs, bivalent domains are found on numerous CpG-rich
promoters. Poised RNA Pol Il facilitates rapid activation upon presentation of developmental cues. Primed promoters may remain bivalent during dif-

ferentiation or bivalency may resolve to monovalency.

An important, and easily overlooked factor in
gene priming are the relative levels of active and in-
active marks that need to be finely balanced in order
to maintain gene poising without causing aberrant
gene expression. For instance, LSD1 (lysine specific
demethylase 1), which mediates H3K4mel/2 de-
methylation, is bound to developmental genes, and is
specifically overrepresented at bivalently marked
genes. Knockdown of LSD1 results in loss of pluripo-
tency and aberrant expression of LSD1 target genes as
a result of increased H3K4me? that indirectly leads to
increases in H3K4me3 [48]. Kdmbb, another H3K4
demethylase is primarily required for removal of
H3K4me3 from pluripotency regulators such as Oct4
and Nanog, in order to initiate timely differentiation
commitment [49].

Despite a growing understanding of PcG func-
tion, how PcG and Trx proteins become recruited to
their target genes and how the rearrangement of bi-
valent genes is orchestrated during differentiation is
still very much central to current investigation.
Mechanistically, gene bivalency provides an unstable
steady state of gene repression that may allow for
rapid transition to gene activation upon the presenta-
tion of developmental stimuli. Thus, a fine-tuned
regulation of bivalent domains is necessary for proper
ESC differentiation.

The role of histone acetylation

Histone acetylation neutralizes the positive
charge of histones and thereby decreases the affinity
between histones and DNA [50]. At the same time, it
generates recognition signals for chromatin proteins
containing bromo domains [51] The steady state of
chromatin acetylation levels is modulated by both
histone acetyltransferases (HATs) and histone
deacetylases  (HDACs). Histone deacetylases
(HDACsS), negatively control histone acetylation by
removing acetyl groups from histone tails. HDACs
repress transcription by preventing rapid acetylation
and Pol II binding to promoters [52]. HDACs act as
co-repressors in complexes such as the nucleosome
remodeling and histone deacetylation (NuRD), SIN3
complexes and CoREST [53, 54]. Unexpectedly,
HDAC:ss are predominantly detected at active genes of
T- as well as ESCs [52, 55]. HDAC activity at active
genes prevents excessive acetylation that would oth-
erwise lead to chromatin instability and cryptic tran-
scription [56]. In ESCs, HDACI1 is bound predomi-
nantly to active genes that include Oct4, Sox2 and
Nanog although some lineage-specific genes are also
occupied, suggesting both positive and negative reg-
ulation of gene expression [55]. It may be for that
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reason why studies with chemical HDAC inhibitors
have not provided consistent results. HDAC inhibi-
tion with TSA treatment has been reported to result in
spontaneous differentiation and downregulation of
pluripotency genes but also inhibition of differentia-
tion in another case [55, 57].

HDAC1 knockout ESCs display normal
self-renewal and wupregulation of pluripoten-
cy-associated genes, [55, 58]. Treatment of fibroblasts
with HDAC inhibitors such as trichostatin A, su-
beroylanilide hydroxamic acid and valproic acid
(VPA) substantially improves their reprogramming
efficiency [59-62]. Both HDAC1 knockout and the
improvement of reprogramming by means of HDAC
inhibition, suggest that histone deacetylation princi-
pally antagonizes the undifferentiated state of ESCs.
Essentially, HDACs may hold a dual role in ESCs:
firstly they repress the expression of lineage-specific
genes that need to be inactive and entirely free of
acetylation. Secondly, deacetylation at active genes
will prevent excessive acetylation, which could lead to
indiscriminate transcription.

Among, HATs, Tip60/p400 has been identified
as a critical requirement for ESC self-renewal and
pluripotency [63]. Tip60/p400 contains both H2A.Z
deposition and HAT activities combined. The mam-
malian p400 contains SWI/SNF-like ATPase, and is
part of a complex that contains the Tip60 acetyltrans-
ferase. Loss of pluripotency is observed upon knock-
down of both p400 and Tip60 subunits and is caused
by upregulation of developmental genes [63]. Sur-
prisingly, knockdown of p400 and Tip60 results in
diminished H4 acetylation levels even when
p400/ Tip60 target genes become de-repressed. Hence,
gene repression may be conferred by deposition of
H2A.Z rather than histone acetylation. An examina-
tion of H2A.Z deposition in the absence of
Tip60/p400 will be important, especially in the light
of H2A.Z’s important function in facilitating accessi-
bility of PcG complexes to developmental genes in
ESCs (see histone variant section). Until then, the ex-
act mechanism by which p400/Tip60 regulates plu-
ripotency remains somewhat obscure.

Two additional HATs, namely p300 and Mof
have been characterized on a genome-wide level in
ESCs. The acetyltransferase p300 is commonly found
at enhancers and genome-wide binding data shows
that p300 shares a substantial number of enhancers
with the Oct4/Sox2 and Nanog cluster in ESCs and
that its recruitment is directly dependent on these
pluripotency-associated transcription factors [64].

Mof mediates H4K16ac and is found in two dis-
tinct complexes in mammals: Mof-Msl and
Mof-Msllvl. Unlike p400/Tip60 and p300, which
primarily regulate the expression of differentiation
genes, Mof directly regulates the expression of plu-
ripotency genes [63, 65, 66]. Mof occupies both Oct4
and Nanog and also overlaps substantially with
Nanog targets that carry H3K4me3 on their promot-
ers. In fact, Mof activity is required for recruitment of
Wdr5 and H3K4me3 at shared Mof/Wdr5 loci, re-
vealing a direct link between Mof and the MLL com-
plex [65].

Overall, the close association of HATs with plu-
ripotency factors and their target sites is striking, and
suggests a functional role for HATs in regulating plu-
ripotency-associated transcription factor targets each
within different “compartments” of the self-renewal
circuitry. Mof facilitates the expression of pluripo-
tency factors and represents an upstream regulator of
MLL-associated gene priming. The primary function
of Tip60/p400 lies in the repression of developmental
genes. p300 has a mostly enhancer-specific function
that is carried out in close association with the
Oct4/Sox2/Nanog cluster.

ATP-dependent chromatin remodeling

ATP-dependent chromatin modifiers are im-
portant regulators of lineage fate and embryonic de-
velopment. Among them, the Baf complex also called
Swi/Snf, and NuRD complexes are examples that are
crucial for ESC pluripotency. The Swi/Snf complex
has a unique ESC- specific subunit composition and
has been termed esBAF [67]. Genetic studies showed
that esBAF is required for self-renewal and pluripo-
tency. Brgl, a subunit of the esBAF complex, interacts
with Oct4, Sox2 and Nanog, and co-occupies many
sites with the same transcription factors [68-70]. One
of the primary functions of Brgl is to potentiate LIF
signaling by facilitating STAT3 accessibility to its
target genes (Fig. 2A). When Brgl is lost,
Brgl-activated STAT3 target genes that include im-
portant pluripotency genes such as Oct4, Nanog and
c-myc, become occupied by PcG and silenced by
H3K27me3 modification [70]. Yet, at classical PcG-
occupied targets including HOX genes, Brgl
co-operates with PcG in the repression of bivalent
genes (Fig. 2B). Hence, Brgl function is highly con-
text-dependent and facilitates both gene activation
and repression by means of modulating nucleosome
stability to maintain ‘stemness’ and pluripoten-
cy-associated chromatin competence.
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Figure 2. Context-dependent roles of esBAF/Brgl in ESC gene regulation. A: esBAF antagonizes PcG binding in order to potentiate LIF/STAT3
signaling. B: esBAF and PcG act synergistically in the repression of HOX genes. C: esBAF/Brgl antagonizes Mbd3/NuRD and thereby fine-tunes gene

expression levels.

The PcG complex is not the only chromatin
modifier that antagonizes Brgl. Mbd3, a subunit of
the Nucleosome Remodeling Deacetylase (NuRD)
complex co-occupies with Brgl several hundred
promoters associated with cell signaling and adhesion
[71]. The NuRD complex contains both a
Swi2/Snf2-related ATPase (Mi-2) and HDAC1 and
HDAC2. Expression of Brgl/Mbd3 co-occupied genes
is fine-tuned through positive regulation by Brgl and
negative regulation through NuRD (Fig. 2C). The role
of Mbd3 has become clearer recently after its enrich-
ment was mapped and found to co-localize on biva-
lent genes with the methylcytosine modification
5hydroxyl methylcytosine (5’hmC), whose function
remained elusive for some time [71, 72]. 5’hmC is
created by the TET family of Fe(ll) + 2 oxoglu-
tarate-dependent enzymes. Both TET1 and TET2 are
required for ESC self-renewal [73, 74]. TET-mediated
5"hmC facilitates the recruitment of Mbd3, which via
its HDAC activity decreases H4 acetylation. Reduced
histone acetylation in turn results in nucleosome oc-
cupation and gene silencing. TET1 further mediates
CpG-containing gene repression by facilitating PRC2
recruitment [75]. Bivalent H3K4me3/H3K27me3
promoters are typically decorated with 5’hmC and
carry TET1 [72, 76]. Hence, TET1/5’hmC have dual
roles in gene repression by recruiting both NuRD and
PcG complexes to developmental genes.

ATPase subunits of the chromo domain helicase
DNA binding (CHD) proteins contain 2 chromo do-
mains with affinity for methylated histones. They
carry out diverse functions in transcriptional regula-
tion [77]. Altogether, 9 CHD proteins in 3 families
exist and most of them are important for embryonic
development. CHD1 is a transcriptional activator that
associates with promoters of active genes in ESCs.
CHD1-deficient ESCs accumulate foci of H3K9me3
suggesting that CHD1 antagonizes heterochromatin

formation. CHD1-/- ESCs loose pluripotency, which
is manifested by their failure to form primitive endo-
derm [78]. A solid connection between H3K9me3 and
block of primitive endoderm formation has not been
established however. The mode of function for inhi-
bition of heterochromatin formation is not known but
may involve deposition of the H3 variant H3.3 that
generally does not carry H3K9me3 [79].

CHD7, another member of the CHD group of
ATPase chromatin remodelers is primarily bound to
enhancers of active genes and appears to both pro-
mote negative and positive regulation of transcription
[80, 81]. Further studies are required to decipher the
exact roles and mechanisms of action of these inter-
esting chromatin remodelers.

The studies of ATP-dependent chromatin re-
modeling factors have revealed Brgl as a central
player of pluripotency. Brgl antagonizes other chro-
matin enzymes such as PcG and the NuRD complex.

Histone methylation and heterochroma-
tin

Histone  methylation @ marks  including
H4K20me3 and H3K9me2/3 are marks associated
with heterochromatin and are important for prevent-
ing transcription at centromeres, transposons and
tandem-repeats. As mentioned previously, global
levels of heterochromatic marks and heterochroma-
tin-associated proteins increase upon lineage com-
mitment of ESCs as their chromatin transitions into a
less dynamic and less plastic state [21]. H3K9me2
displays a non-overlapping distribution when com-
pared to H3K9me3, and is enriched in large blocks of
conserved non- coding stretches of DNA. During dif-
ferentiation, these H3K9me2 islands increase sub-
stantially, and contribute to the silencing of devel-
opmental genes in lineage-specific manner. However
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overall, the gene density that falls into H3K9me?2 is-
lands is generally low [25].

Genome-wide mapping of the heterochromatic
marks H3K9me3 and H4K20me3 revealed that they
are highly co-localized primarily at telomeres, satel-
lites and long-tandem repeats [24, 82]. Several en-
zymes are involved in the catalysis of H3K9 methyla-
tion and include GY9a, ESET/Setlb and Suv39h. Ge-
nome-wide binding data is currently only available
for Setlb. Knockdown of Setlb results in upregulation
of differentiation markers due to failure to silence
developmental genes in the ESC state. Set1b localizes
to a number of bivalent genes that are also enriched in
H3K9me3 [82]. Therefore, H3K9me3 adds additional
stability to the repression of bivalent genes.

H3K9 demethylases including Jmjdla and
Jmjd2c are expressed in ESCs and are important for
ESC self-renewal and pluripotency by keeping ESC-
specific genes expressed [83]. Genome-wide binding
data would facilitate the delineation between
Jmjdla/Jmjd2c binding, H3K9me3 levels and the ex-
pression of their target genes. In summary, H3K9
methylation transferases may act relatively indis-
criminately on developmental genes, and gene acti-
vation has to be accomplished through recruitment of
H3K9 demethylases to a subset of genes that must be
expressed. Somewhat surprisingly, these studies have
implicated H3K9 methylation not only in terminal
silencing of lineage specific genes upon differentiation
but also prevalently in gene repression of lineage
markers in the undifferentiated state of ESCs.

Histone variants

Nucleosomes can be modified not only by
post-translational marks but also by the dynamic in-
corporation of histone variants. Histone variants of
histones H3, H2A, H2B with the exception of H4 have
been described. Variants of any one histone type may
differ in only a few amino acids (e.g. H3 variants) or
may contain significant dissimilarities (e.g. H2 vari-
ants) [84, 85]. Canonical histones are defined by being
primarily expressed during S-phase at which point a
major supply of histones for newly replicated DNA
must be ensured. Non-canonical or ‘replacement’
histones are expressed throughout the cell cycle. The
incorporation of histone variants is tightly regulated
by histone chaperones, and how their activities in
nucleosome assembly are controlled has been subject
to intense research over the past few years. In mam-
malian cells, histone H3 is represented by two
cell-cycle dependent histone, H3.1 and H3.2 and the
replication-independent H3 variant H3.3. Three
chaperones have been identified for incorporation of
H3.3, HIRA, ATRX and DAXX. DAXX associates with
ATRX and deposits H3.3 primarily at telomeres

whereas HIRA deposits H3.3 at non-heterochromatic
regions such as active and inactive genes [84].
It has been postulated that non-canonical histones
may merely function as replacement histones when
canonical histones are in short supply such as in
non-replicating cells. However, despite small differ-
ences in amino acid sequence, each variant is distrib-
uted differentially across the genome and carries its
own characteristic histone modification signature,
strongly suggesting distinct functional roles for each
H3 variant [86]. Histone marks that are associated
with gene activation such as acetylation marks and
H3K4me3 are typically found on H3.3 whereas
H3K27me2 and H3K9me3 are found on H3.2. Marks
associated with gene silencing are predominantly
found on H3.1 [87, 88]. Hence, histone variants may
act as determinants of selective histone modifications.
Nonetheless, specific histone modifications are not
completely fixed to any one variant. Basal transcrip-
tion still occurs in the absence of H3.3 suggesting that
canonical histones can take over transcriptional acti-
vation [89]. Vice versa H3.3 can be deposited at DNA
replication sites where normally only canonical his-
tones are incorporated, showing that variants may be
redundant to some extent [90].

Among H3 variants H3.3 and H3.2 have been
mapped in heterozygous epitope tagged H3 variant
ESC lines [86, 90]. In non-pluripotent cells, H3.3 is
generally enriched at active genes [91, 92]. The unique
ESC epigenetic landscape sets itself apart from this
pattern and H3.3 can be detected at promoters of both
active as well as inactive genes, that include but are
not confined to bivalent genes. However, unlike inac-
tive genes, active genes also contain H3.3 in their gene
body where its density directly correlates with tran-
scriptional activity. Deposition of H3.3 in gene bodies
indicates a direct connection to Pol II-driven elonga-
tion of transcription. In fact, a significant correlation
between enrichment of HIRA-dependent H3.3 and the
elongating form of Pol II has been observed. Fur-
thermore a physical interaction between HIRA and
Pol II has been demonstrated [90]. Transcrip-
tion-linked deposition of H3.3 may help to reset nu-
cleosome occupation and chromatin integrity after
each round of transcription.

Considering the strong correlation between H3.3
enrichment and gene activity one would anticipate a
role for H3.3 in ESC pluripotency and specifically
gene activation. Yet, ESCs deficient in the
H3.3-specific chaperone, HIRA, or H3.3- deficient
ESCs display no obvious compromise in self-renewal
and gene expression appears unaffected at large ac-
companied by unaltered levels of H3K4me3 and
H3K36me3 [86, 93]. However, H3K27me3 and PRC2
recruitment become significantly reduced at bivalent
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promoters upon loss of H3.3 and/or HIRA, showing
that H3.3 is involved in the establishment of
PcG-mediated gene priming [93]. It remains some-
what unclear as to why knockdown of H3.3 and the
resulting reduction in H3K27me3 do not result in
greater de-repression of developmental genes as has
been observed from PRC2-deficient ESCs. H3.3 also
plays an important role in chromatin integrity as
suggested by enrichment of H3.3 at heterochromatic
repeat regions such as telomeres. Knockdown of H3.3
or ATRX and Daxx result in telomere dysfunction
phenotypes [94, 95].

The histone H2A variant, H2A.Z, is ubiquitously
expressed and is more abundant in ESCs than in dif-
ferentiated cells, suggesting that this variant may play
an important role in preserving ‘stemness’ [88, 96]. In
metazoans, enrichment of H2A.Z shows a direct cor-
relation with gene activity and is generally detected in
small regions flanking the TSS and enhancers, and
usually only at larger regions at telomeric sequences
or centric heterochromatin [97]. In ESCs, H2A.Z dis-
plays a rather untypical pattern of distribution in that
it occupies a large set of silent developmental genes
and almost always co-localizes with H3K4me3. Inter-
estingly, H2A.Z co-occupies most developmental
genes with PcG, although H2A.Z deposition is inde-
pendent of PcG [98, 99]. Knockdown of H2A.Z leads
to compromised self-renewal and aberrant differenti-
ation with a roughly equal number of up and down-
regulated genes suggesting context-dependent tran-
scriptional regulation by H2A.Z [99]. Benzonase di-
gestion as well as ChIP-seq with antibodies against
Oct4, RbBP5 and Suz12 shows that H2A.Z is a uni-
versal facilitator of accessibility enabling binding of
pluripotency factors, MLL complex proteins to active
genes, and PcG proteins to repressed genes (Fig. 3).
[99]. H2A.Z histone exchange renders nucleosomes
extremely unstable and ultimately leads to high nu-

pluripotency gene

Promoter \

differentiation gene

Promoter

ES cells

< <

Promoter

cleosome turnover and nucleosome depletion that
allows for increased accessibility [91, 100, 101].

In summary, the histone variant H2A.Z is an
important regulator of accessibility at developmental
genes and affects gene expression in con-
text-dependent manner. Despite being present at
many active loci, H3.3 has surprisingly not been
identified as an absolute requirement for gene activa-
tion. Paradoxically it appears to be required at silent
genes for the establishment of PcG-mediated H3K27
trimethylation.

DNA methylation

A family of DNA methyltransferases that in-
clude Dnmt1, -3a and -3b catalyzes DNA methylation.
DNA methylation is important for many develop-
mental processes including gene silencing, genomic
imprinting and X-chromosome inactivation [102]. It
confers gene silencing by several different mecha-
nisms: Methylated DNA impedes with the binding of
transcription factors to target sites. For example,
c-myc binding to its recognition site or E-box is inhib-
ited by DNA methylation [103]. Furthermore, DNA
methylation interferes with the establishment of his-
tone modification marks that are associated with gene
activation. For instance, MLL proteins only interact
efficiently with unmethylated CpG sequences [104]. In
addition, members of the methyl binding proteins
that include Mbd1-4 and MeCP2 can recruit histone
deacetylases (HDACs) and chromatin remodelers that
promote a repressive chromatin environment
[105-107]. Besides promoter regions, DNA methyla-
tion is widely detected in gene bodies of transcribed
genes, although its function there is not clear. Recent
results suggest that gene body DNA methylation
contributes to inclusion of alternatively spliced exons
by recruiting HDACs to decrease nucleosome acety-
lation and by slowing down Pol II movement [108].

pluripotency gene

Promoter

differentiation gene

Promoter

Differentiated cells

Figure 3. Differential roles of H2A.Z in gene activation and repression, modulating self-renewal and differentiation of ESCs. H2A.Z
facilitates chromatin accessibility by modulating nucleosome stability. In the undifferentiated state, H2A.Z allows pluripotency transcription factors such as
Oct4 to bind to its target sites and thereby facilitate gene activation. At the same time, allowing PcG access to developmental genes modulates gene
repression. Upon cell fate commitment, other master transcription factors require H2A.Z for accessibility to their targets.
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ESCs that lack any of the Dnmts maintain
self-renewal but exhibit aberrant lineage commitment
[109, 110]. Dnmt1-/- knockout embryoid bodies retain
a large number of undifferentiated Oct4-positive cells
suggesting that de novo methylation is required for cell
fate commitment and efficient silencing of pluripo-
tency genes [110].

High resolution bisulfite deep sequencing and
gene ontology analyses in undifferentiated ESCs have
shown correlations with histone modifications and
most striking is the anti-correlation with H3K4me3
[111, 112]. A subset of non-bivalent, late differentia-
tion genes and signal transduction genes carry DNA
methylation [113]. Therefore generally speaking two
distinct sets of repressed developmental genes exist in
undifferentiated ESCs: one set of genes will have to be
turned on early upon lineage commitment. These
genes are bivalently marked and DNA hypomethyl-
ated. Another smaller set of genes that is induced at
later stages of differentiation exhibits DNA hyper-
methylation at their promoters and DNA methylation
will have to be removed during the course of differ-
entiation.

Upon differentiation into the three germ layers,
promoters of early developmental genes are typically
CpG rich and will not engage in DNA methylation in
non-expressing lineages but rather become decorated
with H3K27me3 for gene silencing. Promoters of late
developmental genes are CpG poor and will become
DNA methylated in non-related lineages [114]. Loss of
H3K4me3 or H3K27me3 results in partial increases of
DNA methylation and loss of both marks leads to
hypermethylation and H3K9 trimethylation. Hence
bivalent marks that resolve during differentiation will
form heterochromatin and ultimately become irre-
versibly silenced [111].

Comparison between fibroblasts and ESCs
shows that an estimated 25% of methylation is in a
non-CpG context whereas CpG methylation makes up
almost 100% in fibroblasts. During ESC differentia-
tion, non-CpG methylation is lost; on the other hand,
non-CpG methylation is restored during reprogram-
ming and illustrates that non-CpG methylation is a
unique characteristic of pluripotent cells [115]. Unlike
CpG-methylation, non-CpG methylation generally
shows a positive correlation with gene activity and is
usually enriched in gene bodies. The functional role of
non-CpG methylation remains unclear in particular
within the context of pluripotency. Given that
non-CpG methylation is frequently associated with
genes related to RNA processing, RNA splicing and
RNA metabolic processes, a function associated with
RNA splicing seems plausible [115].

As mentioned previously, TET1/5hmC are in-
volved in gene repression of developmental genes in

collaboration with PcG and NuRD complexes.
TET-mediated 5’hmC hydroxylation also plays an
important role in gene activation by facilitating active
demethylation in mammalian cells [75, 116]. In this
context, TET1/5"hmc are present on several pluripo-
tency genes e.g. Nanog, Esrrb and Tcll, in order to
prevent ‘accidental’ methylation of these genes [75].

Conclusions and Perspectives

Recent advances in genome-wide sequencing
techniques have provided us with a holistic view of
the epigenetic landscape of ESCs. Comparison be-
tween undifferentiated ESCs and advanced- or ter-
minally differentiated cell types have allowed us to
decipher how epigenetic modifications resolve upon
lineage commitment, but has also aided in making
somatic cell reprogramming more efficient. Chroma-
tin conformation capture (3C) techniques are con-
stantly improving in resolution and will help to place
cell-type specific epigenomes into the context of
chromosome topology and long-range interactions.

For a better understanding of mammalian de-
velopment as well as for regenerative medicine, a
more ‘lineage-specific’ understanding of epigenetic
remodeling is required. With this idea in mind, the
NIH Epigenomic Roadmap has made it a priority to
characterize the epigenome of stem cells and their
derivatives in order to gain insight into epigenomic
changes of counterpart tissues relevant to disease.
Developing robust differentiation systems that yield
homogenous cell populations as well as ChIP proto-
cols for small cell numbers remain indispensable
goals in this regard. In order to add resolution to our
dynamic image of epigenetic remodeling during cell
differentiation, more information must be garnered
from intermediate transitions of cell differentiation.
For instance, recent contributions to the Epigenomic
Roadmap have utilized differentiation protocols for
human ESC differentiation into ectoderm, mesoderm
and endoderm-like cell types.

Of course, more differentiated cell types are not
characterized as well as undifferentiated ESCs and
comprehensive reference libraries for master tran-
scription factors and epigenetic modifiers must be
established over time.

Epigenetic landscapes are highly dynamic and
established in a delicate ‘ying-yang’ of chromatin re-
modelers. Growth factors and morphogens provide
the cues for cell differentiation during development,
yet the connection between extracellular cues, signal
transduction and chromatin remodeling is poorly
defined. It is therefore necessary to integrate global
epigenetic information with signal transduction in-
formation to establish which parts of the cistrome are
responsive to extracellular cues and which ones are
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not. Although, extracellular cues are the master di-
rectors of cell differentiation, epigenetic information
that is passed on in heritable fashion at the replication
fork, may itself directly affect cell fate. Whether and to
what extent epigenetic inheritance forms the basis of
ESC fate decisions is an important piece in the puzzle
of fundamental development.
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