Pluripotent

Describes cells that can, in
theory, differentiate into every
cell type of the adult organism.

Lineage restriction
The narrowing down of a range
of differentiation pathways that
a cellis able to follow.

Polycomb group proteins

A group of transcriptional
repressors that are required to
maintain the inactive state of
genes during development.
Polycomb proteins are known
to modify the chromatin
structure around their binding
sites, which include the
promoters of many
developmental regulator genes.

Lymphocyte Development
Group, MRC Clinical Sciences
Centre, Imperial College
School of Medicine,
Hammersmith Hospital
Campus, Du Cane Road,
London W12 ONN, UK.
Correspondence to A.G.F.
e-mail
amanda.fisher@csc.mrc.ac.uk
doi:10.1038/nrg2046

© FOCUS ON EPIGENETICS

Epigenetic signatures of

stem-cell identity
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Abstract | Pluripotent stem cells, similar to more restricted stem cells, are able to both
self-renew and generate differentiated progeny. Although this dual functionality has
been much studied, the search for molecular signatures of ‘stemness’ and pluripotency is
only now beginning to gather momentum. While the focus of much of this work has been
on the transcriptional features of embryonic stem cells, recent studies have indicated the
importance of unique epigenetic profiles that keep key developmental genes ‘poised’in a
repressed but activatable state. Determining how these epigenetic features relate to the
transcriptional signatures of ES cells, and whether they are also important in other types

of stem cell, is a key challenge for the future.

Stem cells are classically defined as cells that can both
self-renew and generate progeny that are capable of fol-
lowing more than a single differentiation pathway. In the
case of embryonic stem (ES) cells, which are pluripotent,
the range of lineage options available to each cell is
large, theoretically representing every type of tissue that
is found in the adult animal. For lineage-restricted stem
cells, this range is smaller; for example, haematopoietic
stem cells give rise to blood cells, whereas neural stem
cells generate various neuronal and glial populations.
The shared properties of stem cells, as well as their
distinguishing features, have fascinated and puzzled
the research community for more than three decades. The
need to understand the basis of multiple lineage poten-
tial arises from both a practical aspiration to use stem
cells effectively for medical research and from the point
of view of elaborating in detail how cell-fate decisions are
made and memorized.

Although there has been remarkable progress in
defining the growth requirements for the maintenance
and differentiation of ES and other stem cells'~, attempts
to define predictive molecular signatures have proved
frustrating, and have given only limited information as
to how lineage restriction is achieved. Recently, a series
of studies examining specific epigenetic features of
human and mouse stem cells — such as the abundance
of modified histones, Polycomb group (PcG) protein-
binding patterns, replication timing and chromatin
accessibility have provided important insights into the
unique properties of pluripotent stem cells. They have
revealed evidence that ES cells manage their pluripotent
status by ‘keying up’ important regulator genes for future

expression, using a PcG-mediated repressive histone
lock. This prevents precocious expression of genes that
drive the differentiation of cells along specific differen-
tiation pathways, but also allows the same genes to be
primed for future expression.

Here we discuss the unique epigenetic features of
pluripotent stem cells, and explore the new questions
that these findings have raised about stem cells and their
implications for practical applications. Although this
Review deliberately avoids summarizing the advances
in transcriptional profiling of stem cells that have been
elaborated in other reviews®®, we examine how genomic
and genetic screens can be integrated with recent epi-
genetic data to advance our understanding of ES-cell
pluripotency at a molecular level.

The search for signatures of pluripotency
Pluripotent ES cells can be derived from the inner cell
mass (ICM) of pre-implantation mouse or human
blastocysts™*. In the developing pre-implantation
embryo, pluripotency exists only transiently and is
retained at later stages by specialized cells of the primordial
germ layer. However, ES-cell potential can be maintained
in vitro by culturing in the presence of specific factors'>.
The primordial germ layer can also be used to gener-
ate pluripotent cells, known as embryonic germ (EG)
cells'®'" and, subsequently, spermatogonial stem cells
(SSCs) in adult males'>*3.

Pluripotent cells are characterized by distinctive
cellular markers and functions that relate to their
uncommitted state. The reintroduction of cultured
pluripotent cells into a developing blastocyst gives
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Box 1| The histone code hypothesis
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Amino-acid residues of histone molecules — especially those located at their amino (N)-terminal tails — are subject to
various post-translational modifications, including methylation, acetylation, phosphorylation, ubiquitination,
sumoylation, citrullination and ADP ribosylation. Several types of covalent modification (such as acetylation and lysine
methylation) are reversible. In addition, modifications can be ‘reset’— and alternative histone variants incorporated —
by histone replacement.

Histone modifications have been associated with either ‘active’ or ‘inactive’ chromatin states, as well as with
particular cellular processes, including mitosis, spermatogenesis and DNA repair. Some modifications, such as histone
lysine methylation, are known to recruit specific binding proteins (for example, HP1 to methylated histone H3 lysine 9
and PRC1 to methylated histone H3 lysine 27), whereas acetylation at various residues is believed to have a more
structural role, making the nucleosome structure ‘looser’ and more accessible to transcription factors. Several
synergistic and antagonistic interactions have been described between different histone modifications!®”. On the basis
of these observations, it has been proposed that patterns of post-translational modification form a combinatorial
‘histone code™’. However, the degree of interdependence between different histone modifications, and the various
distinct chromatin states they define (individually or in combination), are still not entirely understood.

Inner cell mass

A small clump of apparently
undifferentiated cells in the
blastocyst, which gives rise to
the entire fetus and some of its
extraembryonic membranes.

Blastocyst

An early stage of mammalian
embryonic development at
which the first cell lineages
become established.

Primordial germ layer
An embryonic layer that will
give rise to gametes in the
adult organism.

rise to chimeric animals, in which stem-cell-derived
progeny are found in all adult tissues. Transplantation
of undifferentiated ES or EG cells into the adult results
in formation of teratocarcinomas — tumours that
contain an array of different cell types representing
each of the three embryonic germ layers. Removal
of lymphocyte inhibitory factor (LIF) from cultured
mouse ES cells also promotes what seems to be random
differentiation along multiple paths, although induc-
tion to specific cell types has been achieved using
genetically engineered ES-cell lines in combination
with refined protocols**!*. Importantly, ES and EG
cells can also dominantly reprogramme somatic cells
to re-express markers of earlier embryonic stages'>'e.
This implies that specific factors that are expressed in
these pluripotent cells are sufficient to induce dedif-
ferentiation or transdifferentiation of somatic cells to
an ES-like phenotype. For this to be successful, tissue-
specific genes that were formerly expressed in somatic
cells must be shut down, whereas expression of genes
for pluripotency-associated factors, such as octamer-
binding transcription factor 4 (Oct4) and Nanog (see
below), must be re-initiated.

Attempts to uncover a common set of molecular
properties that define the uncommitted state (a ‘stem-
cell signature’) were pioneered several years ago in a
series of microarray expression studies'’". These and
subsequent reports*** that compared gene expression in
ES cells, neural and haematopoietic-restricted stem cells,
identified Oct4 and Nanog as ES-specific genes. However,
there was surprisingly little overlap in expression profiles
between different stem-cell types and, worryingly, a
lack of consensus in the results that were obtained from
different studies***. Conflicting results were initially
thought to arise from variation in culture conditions,
microarray designs or data analysis®, but, as suggested
more recently, might also reflect characteristic features
of stem-cell biology?, for example, the complexity of
alternatively spliced transcripts®.

Although expression profiling provides information
about the genes that are expressed by a particular cell
type and their relative abundance, it tells us little about
the genes that are not actively transcribed in ES cells,
which comprise most of the genome. Importantly,
expression profiling does not discriminate between genes
that are subject to active repression and those that are
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DNA methylation

An epigenetically propagated
covalent modification of DNA
that, in mammals, occurs at
cytosine deoxynucleotides.
DNA methylation is thought to
inhibit transcription, both by
preventing transcription-factor
binding to DNA and through
interactions with methyl-CpG-
binding proteins that recruit
histone-modifying and
chromatin-remodelling factors.

Small interfering RNAs
(siRNAs). Small antisense RNAs
(20-25 nucleotides long)

that are generated from
specific dsRNAs. siRNAs
trigger RNAI pathways, which
negatively regulate gene
expression by post-
transcriptional mechanisms.

Constitutive
heterochromatin

Areas of inactive chromatin
that remain condensed in all
tissue types. It is usually found
at chromosomal regions that
contain a high density of
repetitive DNA elements, such
as centromeres and telomeres.

Fluorescent recovery after
photobleaching

A microscopy-based technique
that is used to measure the
movement (for example,
diffusion rates) of fluorescently
tagged molecules (usually
proteins) over time in vivo.
Specific regions in a cell are
irreversibly photobleached
using a laser. Over time,
fluorescence is usually
restored as unbleached
molecules diffuse into the
bleached area. The recovery
time can be used as a measure
of protein mobility.
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Box 2 | Possible mechanisms of epigenetic inheritance

provide support for this model**".

not transcribed simply because activating proteins are
absent or limiting. In this sense, transcriptional profiling
is not informative in understanding how tissue-specific
genes that will be required for executing later stages in
development are prevented from expression by ES cells,
although the potential for their expression is retained. To
approach this problem, we need access to the underly-
ing mechanisms of coordinate gene control in stem cells.
These mechanisms, which are collectively referred to as
epigenetic, encompass a range of different properties
that have been shown to affect gene expression without
changes in DNA sequence.

Epigenetic properties can be loosely categorized
under three headings, the so-called pillars of epigenet-
ics: DNA methylation?, histone modifications® (80X 1) and
the activities of small interfering RNAs®. Other features of
chromatin behaviour also correlate with the transcrip-
tional activity of genes. For example, gene expression is
often reflected by changes in the positioning of nucleo-
somes on DNA, recruitment of remodelling factors®,
increased access to endonucleases®, locus replication
during early S phase* and spatial relocation (looping
out) away from constitutive heterochromatin domains
or the nuclear periphery*. Although epigenetic cor-
relates of gene expression are rarely absolute, they can
be used collectively to gain insights into the underlying
mechanisms that establish and convey gene-expression
patterns through cell division, and help us to understand
how gene expression is modulated during development.
Furthermore, as epigenetic marks, including methylated
DNA* and possibly modified histones”, are propagated
(copied) at S phase, epigenetic information can be trans-
mitted through sequential rounds of cell division®*?*
(BOX2). This feature of ‘epigenetic inheritance’ has led to
proposals that chromatin has a central role in maintain-
ing transcriptional patterns during development, and
speculation that chromatin profiling could offer impor-
tant insights into how pluripotency is achieved at the
molecular level**.

Properties of stem-cell chromatin

Evidence from various sources has indicated that
chromatin might generally be less compact and more
‘transcription-permissive’ in undifferentiated ES cells
compared with differentiated cells. For example, dif-
ferentiation of human and mouse ES cells results in the

The best understood sequence-independent inheritance mechanism is that of DNA methylation, in which the
maintenance methyltransferase DNMT1 specifically recognizes semi-methylated DNA and methylates the remaining
strand®®. DNA methylation is known to interplay with other chromatin marks, such as histone modifications!*-11%,
However, separate mechanisms of inheritance must exist, because ‘epigenetic memory’ is also observed in Drosophila
melanogaster, in which DNA methylation is found only at early stages of development'’, and in yeast, in which it is
absent'2. Accurate transmission of the histone code through cell generations presents a paradox, because
nucleosomes are not deposited in a semi-conservative manner during replication. Rather, ‘old’ histones are
distributed randomly between the DNA molecules and the ‘gaps’ are filled with freshly synthesized (unmodified)
histones, leading to a ‘dilution’ of chromatin marks?’. It has been suggested that the chromatin code can then be
reinstated by chromatin modifiers that are recruited to the remaining marks®. It has also been proposed that the
timing of locus replication might have a role in the maintenance of epigenetic states'*®. Data indicating that
replication forks at different stages of the S phase could include a different subset of chromatin modifiers might

progressive clustering of pericentric heterochromatin®**
and increased deacetylation of histone H4 in pericen-
tromeric regions*®¥. In differentiated cells, such as
lymphocytes, many inactive genes are positioned close to
centromeric heterochromatin in the nuclei***’, whereas
in ES cells, this spatial compartmentalization of inac-
tive genes has not been observed (REF. 40 and A.G.E,
unpublished observations), indicating that maintenance
of a non-transcribed state is achieved by slightly different
mechanisms in lymphocytes** and ES cells.

From a different perspective, the global chroma-
tin status of ES cells can be assessed by measuring the
exchange rate of chromatin-associated proteins using
fluorescent recovery after photobleaching (FRAP)*'. Higher
recovery rates are presumed to reflect a loose binding of
these proteins to the chromatin, rendering it more acces-
sible to transcription factors and chromatin modifiers™*.
In a recent study, Meshorer et al.* used FRAP to compare
protein mobility in ES cells, ES-derived neural progeni-
tors and committed cells. Histones H2B and H3 and
the heterochromatin-associated protein HP1, which
binds di- and trimethylated histone H3 at lysine 9
(H3K9), were found to have a markedly increased
exchange rate in ES cells compared with differenti-
ated cells. At the same time, the exchange rates of the
histone variant H3.3, which marks actively transcribed
regions, was generally unaltered on differentiation.
The same analysis showed a high exchange rate of the
linker histone H1 in ES cells, although another FRAP-
based study has shown a less pronounced effect!?’.
These data have been collectively taken to indicate that
the chromatin state of many inactive genes might be
more permissive for transcription in ES cells than in
differentiated cells.

Replication timing provides another indicator of global
chromatin state™, and has recently been used to document
a series of changes that occur as ES cells differentiate™*°.
Early replication was initially thought to reflect gene tran-
scription, but several recent studies have clearly shown
that replication timing depends on chromatin state, rather
than transcription per se, and correlates particularly well,
although not absolutely, with histone acetylation®*-¢'.
It was shown that many transcription-factor genes that
are not expressed by ES cells, but that are important
for later developmental stages, replicate early in ES
cells®. In differentiated T lymphocytes, the number of
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Box 3 | Genome-wide chromatin immunoprecipitation

Chromatin immunoprecipitation (ChlP) is a powerful
tool for analysing patterns of histone modifications, as
well as target sites of protein binding to DNA'®, In this
approach, formaldehyde is usually used to locally
crosslink proteins to proteins, and to the DNA.
The crosslinked chromatin is then sheared by sonication
or nuclease treatment, and immunoprecipitated with
antibodies to a specific protein or histone modification.
In this way, DNA sequences that are bound by this
protein are also pulled out and, after crosslinking is
reversed, can be analysed by quantitative polymerase
chain reaction (qPCR).

gPCR detection is effective and convenient, but is
limited to the loci that are selected for study. Two

'

REF. 91 © (2006) Macmillan Publishers Ltd.

early-replicating genes was significantly lower, whereas
haematopoietic stem cells showed an intermediate ratio of
early- to late-replicating loci. One striking finding was that
genes that encode important neural-specific transcription
factors (including paired-box 6 (Pax6), SRY-box 2 (Sox2)
and mammalian atonal homologue 1 (Math1)) replicated
early in ES cells, which have a neural potential, but later in
haematopoietic-restricted cells, in which neural potential
is extinguished®. This indicates that several lineage-
inappropriate genes undergo chromatin changes and
switch to late replication when ES cells are induced to
relinquish their pluripotent status. In the context of the
search for a stem-cell signature, replication profiles gen-
erated by different laboratories examining independent
ES-cell lines have produced similar results****%. This
suggests that, although we do not fully understand what
determines when a particular locus replicates during
S phase, collective replication profiles provide an extremely
reliable and robust means to identify the lineage and devel-
opmental stages of a cell and to distinguish pluripotent
stem cells from closely related cell types.

Bivalent chromatin and PcG repressors

A description of the properties of ES-cell chromatin has
been important for generating a ‘molecular signature’
that is predictive of pluripotent status. However, it has

'
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been unclear until recently whether these features are
functionally important for maintaining or initiating the
pluripotent state. An important advance in our under-
standing has emerged from a series of recent reports that
use chromatin immunoprecipitation (ChIP) (BOX 3) to
study histone modifications in ES cells. Studies carried
out at the genome-wide level®, at the level of individual
loci®**% or using a panel of developmental regulator
genes® showed that many non-transcribed genes in ES
cells carry chromatin marks that are normally associ-
ated with active transcription, including high levels of
acetylated H3 and H4 and di-and trimethylated H3K4
(BOX 1). Surprisingly, the promoters of some of these
genes were also enriched for repressive histone H3K27
trimethylation, and it was confirmed using successive
chromatin immunoprecipitation (‘re-ChIP’) that both
active and inactive modifications were physically present
at the same or adjoining nucleosomes®>*,

This unusual ‘bivalent’ chromatin structure, in
which active and repressive chromatin marks are
closely juxtaposed, was shown to preferentially occur
at promoters of highly conserved genes in ES cells,
including transcription factors of the Sox, Fox, Pax,
Irx and Pou families. In differentiated cells, including
T cells® and neural progenitors®, H3K27 trimethylation
was present at the promoters of many non-transcribed
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Figure 1| Bivalent chromatin profiles in ES cells. In embryonic stem (ES) cells, the
promoters of a range of non-transcribed developmental genes bear a combination
of ‘conflicting’ histone modifications that are normally associated with either active
chromatin states (acetylation of histone H3 lysine 9 (H3K9ac) and methylation of
H3 lysine 4 (H3K4me)) or inactive chromatin states (H3K27me). This indicates that
these genes are ‘poised’ for expression in response to appropriate developmental
cues. During differentiation, ‘bivalent’ chromatin profiles are generally resolved,
leading to transcriptional activation of tissue-specific genes and silencing of loci
associated with alternative developmental pathways. ES cells that are deficient for
Polycomb repressor complex 2 (such as Eed™~ cells that lack expression of the gene
embryonic ectoderm development) do not have the capacity for H3K27me and,
consequently, many tissue-specific genes that are bivalent in wild-type cells are
derepressed in these mutants®2%, Math1, mammalian atonal homologue 1; Oct4,
octamer-binding transcription factor 4.

developmental genes, but the opposing ‘active’ marks
were no longer retained. This indicated a new model
for gene regulation by pluripotent cells, in which many
important tissue-specific regulator genes are ‘primed’
for expression but ‘held in check’ by an opposing histone
modification, as illustrated in FIG.1. As methylation of
H3K27 is catalysed by a protein complex that belongs to
the PcG proteins, a family that was previously known
to be important for maintaining gene repression at later
stages of development, these results indicated a role for
PcG proteins in ES cells.

PcG repressors were previously characterized as a
series of multiprotein complexes that are crucial for
maintaining the inactive state of some genes, including
Hox loci, in developing embryos*'. Recent genome-
wide studies that have mapped the binding sites of
PcG components in humans®, mice® and Drosophila
melanogaster” "> have shown that many PcG targets
encode transcriptional regulators that are inactive in
pluripotent cells but become derepressed on differentia-
tion. Many of these genes carry bivalent chromatin patterns
(that s, both ‘active’ and ‘inactive’ histone modifications)
in undifferentiated ES cells®***. PcG proteins were dem-
onstrated to be important for restraining the expression
of these genes, as ES cells that lack PcG proteins showed
an inappropriate upregulation of many tissue-specific

targets®>*73. A comparison between human and mouse
studies showed that, although many PcG target genes
were common between the two species and upregulated
on ES-cell differentiation, the number of PcG-bound loci
that were identified in human ES cells, and the proportion
of derepressed genes, was significantly lower®”. This could
reflect differences in the developmental ontogeny of the
two species — for example, zygotic transcription begins
earlier in mice than in humans — or reflect differences
in the signalling and growth requirements of ES cells™.
To understand in more detail how PcG proteins work
to modify chromatin structure at target genes in ES cells
— so as to participate in generating bivalent chromatin in
which expression is primed but not active — it is impor-
tant to bear in mind what is known about the biochemical
properties and interactions of this intriguing group of
proteins”. There are at least four (and likely to be more)
different PcG complexes that have been characterized.
Ofthese, two are known to be important for the function of
ES cells — Polycomb repressor complexes (PRC) 1 and 2.
Methylation of H3K27 is catalysed by PRC2, a complex
that depends on three core components: embryonic ecto-
derm development (EED), suppressor of zeste 12 (SUZ12)
and the HMTase enhancer of zeste homologue 2 (EZH2)
(FIC. 2). Methylated H3K27 provides a binding site for
PRCI (REFS 41,42), a multiprotein complex that includes
the RING1A and RING1B core proteins. Although the
exact mechanisms by which PcG proteins repress tran-
scription in ES and other cells are unknown, the PRC1
components RING1A-B were recently found to serve as
a ubiquitin ligase for mono-ubiquitination of H2AK119
(REFS 76-78) (FIC. 2). A second PRC1 component, BMI1,
has also been shown to enhance this effect™. It is con-
cievable that H2A ubiquitination might interfere with
nucleosome dynamics, or with RNA polymerase loading
or stability, and thereby prevent overt gene expression at
PRCI- or PRC2-bound target loci. RING1B-knockout
ES cells show derepression of a number of transcrip-
tional regulators (such as MsxI, HoxA7, Gata4), which
are also upregulated in EED-deficient ES cells that lack
PRC2 activity”, indicating that these two complexes
work collaboratively to repress transcription. However,
at some target genes (for example, Mathl), derepres-
sion is selectively seen in EED (PRC2) mutant ES cells,
implying that PRC1 and PRC2 do not share all their tar-
gets, a result that is supported by a recent genome-wide
ChIP study®. Consistent with this idea, PRC1 binding
and H2AK119 ubiquitination is retained at the inactive
X chromosome even in the absence of PRC2 (REF. 79).
Itis also possible that PcG proteins repress transcription
in ES cells by other means. It has been demonstrated that
PcG proteins can bring together loci that are located far
away from each other, even on different chromosomes®,
suggesting a silencing mechanism that functions through
the formation of a higher-order chromatin structure.
However, evidence from D. melanogaster also indicates
that these proteins can interfere with transcriptional ini-
tiation and nucleosome remodelling locally, rather than by
long-range interactions®*2. Binding of PcG proteins might
alter the topology of the DNA itself, leading to the for-
mation of negative superhelical turns®. In addition, PcG
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Figure 2 | Polycomb repressive complexes. Enhancer of zeste homologue 2 (EZH2)
methyltransferase, a component of Polycomb repressor complex 2 (PRC2, which also
contains embryonic ectoderm development (EED) and suppressor of zeste!?
homologue 12 (SUZ12), methylates lysine 27 of histone H3 (H3K27me). This
modification recruits PRC1, a complex that contains proteins such as BMI1, which is
important for the self-renewal of adult stem cells*®*'%2, and RING1A and RING1B, which
work as ubiquitin (Ub) ligases for H2AK119. The exact mechanisms of Polycomb-
mediated repression are not known, but it is thought that Polycomb complexes — or the
histone modifications that they induce — might interfere with nucleosome dynamics
and transcription initiation’”"88183 Factors that recruit PRC2 to target loci are not fully
understood, but might include the stem-cell-specific transcriptional regulators
octamer-binding transcription factor 4 (OCT4), SRY-box 2 (SOX2) and NANOG®’; these
proteins might also recruit chromatin ‘activators’ to the same loci, leading to the
formation of ‘bivalent’ marks. On differentiation, the H3K27me mark and PRC2 binding
at promoters of tissue-specific genes can be lost (indicated by a dotted line). PC1,
Polycomb homologue 1; PH1, Polyhomeotic homologue 1.

Embryonic carcinoma cells
Cell lines that are derived
from tumours that arise from
transplantation of early-stage
embryos to immunologically
compatible animals. These
cells can differentiate into
many tissue types, and studies
using them have pioneered
stem-cell research. However,
embryonic carcinoma cells
have a significantly more
restricted lineage potential
than ES cells and show a high
degree of variation depending
on a cell line.

proteins have also been shown to possess RNA-binding
properties®, indicating a link with RNA-dependent
heterochromatin formation. Consistent with this possibil-
ity, a core component of the RNAi machinery, argonaute 1,
has been shown to co-localize with PcG complexes at their
target promoters®.

Recent biochemical evidence has indicated that the
PcG protein EZH2 can recruit DNA methyltransferases
(DNMTs) to specific targets®. Three recent studies that
explore this relationship suggest that, in ES cells, the
recruitment of DNMTs might form an important com-
ponent in the complex link between pluripotency and
tumorigenesis®’~*. These studies provide evidence that
sites of H3K27 methylation are subject to de novo DNA
methylation selectively in cancer cells, but not in normal
development. As DNA methylation might stabilize gene
repression, the authors argue that this could lead to a
permanent silencing of differentiation-specific and anti-
proliferative genes in stem cells®*. As a result, stem-cell
populations might emerge that are insensitive to differen-
tiation cues, causing them to perpetually self-renew, giving
rise to tumours. This intriguing possibility is likely to
be the subject of intense investigation in the near future.

Chromatin and transcriptional networks

The finding that PRC2 and PRC1 bind loci that encode
key regulators of development in ES cells, and that, in
their absence, key developmental regulators are inap-
propriately expressed”, illustrates an important role for
PcG proteins in pluripotency. However, it is not known
how PcG complexes are recruited to specific sites in ES
cells. One of the possible routes is through stem-cell-
specific DNA-binding factors. In support of this idea,
most of the repressed targets of OCT4, SOX2 and
NANOG transcription factors are co-occupied by PcG
proteins in human ES cells”. However, as these constitute
only about half of all identified PcG targets®” and bivalent
loci® (FIG. 3a), it seems likely that other factors might also
recruit PcG complexes to specific sites in ES cells. More
information about the transcriptional networks that
are present in pluripotent cells — including a search
for novel stem-cell-specific transcription factors — is
needed to understand how the characteristic chromatin
signatures of stem cells are set up.

In two recent genome-wide ChIP studies (BOX 3),
OCT4, SOX2 and NANOG were shown to bind together
at alarge number of developmental loci, which included
both expressed ES-specific genes and non-expressed
tissue-specific transcription-factor genes®**'. In both
human and mouse models, OCT4, SOX2 and NANOG
targets included the Oct4, Sox2 and Nanog genes them-
selves, as well as other genes encoding transcription
factors, chromatin modifiers and signalling proteins
that are expressed by undifferentiated ES cells and
associated with the uncommitted state'**>. By contrast,
target genes that were repressed by the cooperative bind-
ing of OCT4, SOX2 and NANOG were predominantly
inactive genes that encoded tissue-specific transcription
factors that are important for lineage specification later in
development®.

The identification of the OCT4-SOX2-NANOG
‘triad’ as master regulators has been an important advance
in stem-cell biology, although the expression of the triad
does not, in itself, guarantee pluripotency. For example,
embryonic carcinoma (EC) cells express OCT4, SOX2 and
NANOG at appreciable levels, but are able to develop
along only a limited range of specific developmental
pathways'. This indicates that additional regulators
— possibly including chromatin modifiers — are
required to establish or efficiently retain the pluripo-
tent state. In a recent report, the ectopic expression of
four genes, Oct4, Sox2, Kif4 and c-Myc, has been shown
to convert mouse embryonic fibroblasts to ES-like
pluripotent stem cells’>. However, the low frequency
of this conversion suggests that other factors might
be required for ‘resetting’ developmental potential.
Alternatively, these converting factors might be effec-
tive in only a minority of fibroblasts that might have
already acquired stem-like properties.

Other regulators of pluripotency have been identified
in screens for genes that give ES cells a selective advantage in
self-renewal. One such screen, looking for genes that
maintain the pluripotent phenotype of mouse ES cells even
in the absence of LIE identified nearly 500 candidates®. In
addition to factors with recognized functions in stem

268 | APRIL 2007 | VOLUME 8

© 2007 Nature Publishing Group

www.nature.com/reviews/genetics



Carrier ChIP

A chromatin
immunoprecipitation technique
that uses carrier DNA to allow
small amounts of starting
material to be analysed.
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cells, this study identified, for example, a PcG transcrip-
tional repressor, Nspcl. This protein, known to function
as a repressor in the nervous system®, has homology
with the PRC1 component BMI1, and might confer a
selective advantage by keeping differentiation-specific
genes untranscribed in ES cells. However, as overex-
pression systems might not provide a true reflection of
biological function in vivo, further tests will be required
to confirm the role of Nspcl and other candidate genes
revealed by this study. In a reverse approach, RNAi was
used to screen genes that were required to maintain ES
cells in an undifferentiated state®. This study identified
four genes, estrogen-related receptor-3 (Esrrb), T-box 3
(Tbx3), T-cell lymphoma breakpoint 1 (7c/1) and devel-
opmental pluripotency-associated 4 (Dppa4), in addition
to Oct4, Sox2 and Nanog. By analysing changes in ES-cell
transcription after the knockdown of each of these six
genes, the authors identified three sets of target genes:
~800 genes that were either up- or downregulated in
response to most knockdowns; 474 that were affected
only by the knockdowns of Oct4, Sox2 and Nanog; and
272 that responded to the Esrrb, Tbx3, Tcll and Dppa4
knockdown. These findings indicated that at least two
separate pathways control ES-cell self-renewal (FIC. 3b).

Asloss- and gain-of-function genetic screens can iden-
tify both direct and indirect regulators of gene activity,
they are useful for adding new ‘players’ to the stem-cell
regulatory network and avoiding bias towards ‘favoured’
candidate genes. However, to fully understand the network
architecture of ES cells and unravel the balance between
genetic and epigenetic regulation, we need to know much
more about how these players interact with each other and
with DNA. ChIP assays in combination with two-hybrid”
and mass-spectrometric protein-interaction analyses,
such as those recently carried out for the NANOG protein
in ES cells*, could help us to better define the stem-cell
interactome and begin to draft a dynamic ‘route-map of
stemness, describing how transcription factors and chro-
matin modifiers function together over time in establishing
and maintaining the pluripotent state.

Future directions
Early replication, enhanced chromatin accessibility and
bivalent chromatin marking at the promoters of many
inactive developmental regulator genes in ES cells are
new and surprising discoveries that could have profound
effects on how we view pluripotency and lineage flexibil-
ity. An important challenge is to establish whether these
epigenetic features of ES cells are also seen in vivo in the
developing embryo. Previously, this was not considered
feasible, as chromatin studies required large numbers of
cells. However, the development of the carrier ChIP tech-
nique® makes it possible to analyse histone modifications
in as few as 50 cells isolated from mouse blastocysts.
Although the requirement for large amounts of carrier
DNA makes it difficult for these analyses to be coupled
with genomic microarrays, this new approach will be
useful for in vivo verification of genome-wide data that
is obtained with cultured stem-cell lines.

PcG repressor complexes and other chromatin modi-
fiers that exert opposing functions at bivalent sites (such

@ Direct target — repressed A Indirect target — repressed
@ Direct target — activated A Indirect target — activated

Figure 3 | Integrating chromatin and transcriptional
information. a | Polycomb repressor complex 2 (PRC2)
contains the enhancer of zeste homologue 2 (EZH2)
methyltransferase that methylates lysine 27 of histone
H3 (H3K27) and is found at most of the repressed loci
that are targeted by octamer-binding transcription
factor 4 (OCT4), SRY-box 2 (SOX2) and NANOG in
human embryonic stem (ES) cells®’. This implicates PRC2
in gene repression at these loci and indicates that OCT4,
SOX2 or NANOG might recruit PRC2 to specific targets.
However, PRC2 also binds at a range of promoters where
the OCT4-SOX2-NANOG ‘triad’ do not bind, implying
that other sequence-specific DNA-binding factors
might also function in PRC2 recruitment in ES cells®.

b | Loss-of-function genetic screens have identified
seven transcription factors that are required for stem-
cellidentity: OCT4, SOX2, NANOG, estrogen-related
receptor-f3 (ESRRB), T-box 3 (TBX3), T-cell lymphoma
breakpoint 1 (TCL1) and developmental pluripotency
associated 4 (DPPA4). These proteins directly (indicated
by circles) or indirectly (indicated by triangles) regulate
many genes. Activation (indicated in green) or
repression (indicated in red) of a subset of genes
depends only on OCT4, SOX2 and NANOG, regulation
of asecond cluster depends on ESRRB, TBX3, TCL1 and
DPPA4, and the expression of a third subset depends on
both groups of factors. These data indicate the presence
of at least two independent pathways controlling stem-
cell self-renewal.
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as histone acetyltransferases) are not restricted to stem
cells, but are ubiquitously expressed core chromatin
‘tools. Central questions, therefore, are what allows these
tools to function in such a unique way in pluripotent
cells, and do similar epigenetic mechanisms operate in
pluripotent cells and other cell types, perhaps includ-
ing adult stem cells? Haematopoietic, mesenchymal
and neural crest stem cells'*'”” routinely repopulate
appropriate cell pools in vivo, so it would be interesting
to know whether bivalency is a common property of
cells that need to retain lineage flexibility. It is noteworthy
that PcG proteins, particularly the PRC1 component
BMI1, have been implicated in the maintenance of haem-
atopoietic'®' and neural'® stem-cell identity. BMI1 is
known to regulate cell proliferation and survival through
interactions at the p16™*/p194* locus'®*!*, but, as this
mechanism does not fully explain the phenotype of BMI1-
deficient mice'**'%>, BMI1 might have an additional role in
preserving stem-cell numbers. For example, it has
recently been shown that BMII also represses the

function of the transcription factor E4F1 in haemat-
opoietic stem cells'®®, an event that is required for their
survival.

Stem cells, and particularly ES cells, offer an enor-
mous potential for a diverse range of cell-replacement
therapies, in addition to their use as research tools for
understanding self-renewal, lineage commitment and
cellular differentiation. Progress in understanding the
epigenetic properties of ES cells, as well as some other
stem-cell populations, will be crucial for their eventual
safe application, for example, to ensure that differ-
entiated cells that are derived from ES cells are fully
committed to their lineage (are lineage-restricted)
and have effectively ‘shut down’ alternative options
before engraftment. The further characterization of the
epigenetic states of cells from pluripotent to terminal
differentiation stages will therefore be important both
in understanding and refining the molecular basis of
lineage commitment and for putting ES cells into safe
practical use.
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