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PERSPECTIVE

Transcriptional competence
in pluripotency

Edupuganti V.S. Raghu Ram and Eran Meshorer1

Department of Genetics, The Institute of Life Sciences, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

Embryonic stem (ES) cells possess a globally open, de-
condensed chromatin structure that, together with trans-
acting factors, supports transcriptional competence of
developmentally regulated genes. However, our under-
standing of the mechanisms that establish transcriptional
competence of specific genes is limited. In this issue of
Genes & Development, Xu and colleagues (pp. 2824–
2838) show that tissue-specific enhancers are actively
marked by an unmethylated window in ES cells and in-
duced pluripotent stem (iPS) cells. They propose a model
and present supporting evidence to demonstrate the ac-
tive involvement of pioneer transcription factors in this
process. This work marks an important step toward
the understanding of the mechanisms that define and
maintain pluripotency, and calls for the identification
of the factors that participate in the establishment of
transcriptional competence in pluripotent cells.

Transcription regulation is a complex biological process
that occurs in all living cells to respond to diverse
external stimuli and to coordinate their inherent cellular
programs. Transcription regulation is achieved by the
combinatorial integration of several inputs at promoter
sites and interactions between different genomic ele-
ments such as promoters, enhancers, insulators, and
silencers. Numerous interactions between these cis-
elements and trans-acting proteins form transcription
factor networks that, by and large, govern the cellular
state of the cell. In embryonic stem (ES) cells, the core
transcriptional circuitry has been largely identified
(Walker et al. 2007; Chen et al. 2008; Niwa et al. 2009),
revealing both master regulators (e.g., Oct4, Sox2, etc.)
and signaling pathways (e.g., LIF, BMP, etc.) as controlling
pluripotency and self-renewal.

Multiple studies have aimed to identify the minimal
set of genes that define ‘‘stemness’’ (Efroni et al. 2009).
Although no strong consensus has been reached, it seems
that the list of key transcription factors has been reason-
ably narrowed down to a handful of genes (Kim et al.

2008). Remarkably, reprogramming studies using combi-
nations of these factors yielded fully reprogrammed cells
from somatic cells with only four factors. Several labora-
tories narrowed this short list even further, demonstrat-
ing that each of the four factors can be dispensable under
appropriate conditions and/or cell types (Hochedlinger
and Plath 2009).

Pluripotency entails the epigenetic resetting of the
genome. It is therefore not surprising that it is governed,
to a large extent, by chromatin-related mechanisms.
Pluripotent cells are characterized by a global, pervasive
transcriptional program (Efroni et al. 2008) and distinct
chromatin and nuclear properties, which distinguishes
them from differentiated cells (Meshorer and Misteli
2006; Meshorer 2008; Sha and Boyer 2009). But which
mechanisms enable transcriptional competence in plu-
ripotent cells? Xu et al. (2009) now provide evidence that
marking of enhancers seems to be a part of the answer.

Transcription regulation in ES cells

Alliance of promoters and enhancers drives
transcription

Transcription factors act on promoters and enhancers,
often as part of a complex interaction network, to bring
about gene activity. Since promoters are the launching
pads for RNA polymerase II (RNAPII) as well as the
providers of transcriptional start sites, promoters func-
tion as key control points for gene regulation and the focal
point for a multitude of different epigenetic modifica-
tions. Promoters of silent developmental regulator genes
in ES cells are characterized by bivalent domains consist-
ing of functionally opposite histone marks: H3K4 tri-
methylation (H3K4me3) and H3K27me3. Although not
unique to ES cells, the bivalent marks seem to play
a special role in differentiating cells, keeping develop-
mental genes in a poised state for differentiation (Azuara
et al. 2006; Bernstein et al. 2006; Pan et al. 2007). In many
protein-coding genes, alternative promoters are often
used in a developmental stage- or a tissue-specific man-
ner, significantly increasing transcriptional complexity
(Sandelin et al. 2007). In a genomic study of ES and
somatic human cells, it was found that transcription is
initiated at the majority of all promoters, including
transcriptionally inactive genes (Guenther et al. 2007).
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These findings suggest that basal promoter activity might
be important for additional cellular functions in addition
to turning genes on and off. One attractive possibility, for
example, is maintaining a decondensed chromatin con-
formation at gene sites by recruiting factors that prevent
chromatin condensation, or simply by allowing basal
transcription.

Promoters often act in conjunction with enhancers.
Enhancers are DNA sequences that activate cognate
promoters and regulate gene expression in an orientation-
and position-independent manner (Heintzman and Ren
2009). They are also proposed to function as nucleation
centers for the recruitment of general transcription fac-
tors (Szutorisz et al. 2005). Enhancers are often charac-
terized by the presence of DNase I-hypersensitive sites
(DHSs), and they typically contain combinations of
binding sites for different transcriptional regulators, pri-
marily driving tissue-specific gene expression. Epigenetic
modifications associated with enhancers include mono-,
di-, and trimethylated H3K4, H3K9me1, and acety-
lated H3K27. But unlike promoters, which show a sur-
prising degree of epigenetic stability across different cell
types, histone modifications at enhancers seem to be
cell type-specific (Barski et al. 2007; Heintzman and Ren
2009).

The classical model of enhancer action depicts enhancer-
bound proteins interacting with promoter-associated
proteins, bringing the two elements together to regulate
gene expression. How enhancers influence the rate of gene
expression is not entirely clear. Several different models,
not mutually exclusive, were proposed to explain the
known enhancer activities (Blackwood and Kadonaga
1998). These models range from an ‘‘On/Off’’ switch to
progressive responses of enhancer activity. The former is
of particular interest from a stem cell point of view,
suggesting that enhancers function in a stochastic man-
ner to increase the transcription probability of a cognate
gene (Blackwood and Kadonaga 1998; Fiering et al. 2000).

Pioneer transcription factors have special roles
in development

One particular group of transcription factors—called
‘‘pioneer factors’’—is essential during early development.
Pioneer factors have the ability to interact with packed
chromatin at silent genes and establish transcriptional
competence during early development (Zaret 2002). Im-
portantly, they can penetrate the repressive chromatin
and bind enhancers of tissue-specific genes, marking
them for activation at a later developmental stage. Some
members of the Fox (Forkhead box) family of transcrip-
tion factors fall into this group, as they are the first to
interact with silent genes and generate transcriptional
competence (Zaret 2002; Cairns 2009). One prominent
member of the Fox family is FoxD3. FoxD3 is involved in
fate choice decisions and differentiation, and has also
been implicated in the maintenance of pluripotency
(Hanna et al. 2002). Xu et al. (2009) now show that this
factor has another important function as a pioneer factor
in the formation of an unmethylated window at certain

tissue-specific gene enhancers, and implicate it in the
generation of transcriptional competence (see below).

It will be interesting to see how these pioneer factors
gain access to chromatin in the first place. One clue may
lie in the fact that, in general, although not always,
binding sites for these pioneer factors are nucleosome-
depleted, facilitating their access to chromatin (Cairns
2009). There might be other potential access mechanisms.
For example, ATP-independent opening of condensed
chromatin was observed in the case of the Albumin gene
enhancer by HNF3 (FoxA) and GATA-4. These factors
recognize high-affinity DNA-binding sites and open the
local nucleosome domain of the enhancer (Cirillo et al.
2002). It is also likely that ATP-dependent chromatin
remodeling takes place once the pioneer factor binds its
site and exposes others (Cairns 2009). The abundance of
chromatin remodelers in ES cells, as noted below, may
possibly explain enhancer accessibility in ES cells.

Generation of transcriptional competence

Transcription in ES cells is global and pervasive

ES cells are characterized by a globally open chromatin
and a pervasive transcriptional program (Meshorer et al.
2006; Efroni et al. 2008, 2009; Bhattacharya et al. 2009).
They display elevated levels of transcription across their
genome and express normally silent regions and tissue-
specific genes at low levels. Supporting this view, un-
differentiated ES cells seem to possess elevated levels of
general transcription factors and chromatin remodeling
proteins (Efroni et al. 2008), some of which interact to
form an ES cell-specific chromatin remodeling complex
(Ho et al. 2009). Depleting several different remodelers
severely affects ES cell self-renewal, differentiation ca-
pacity, and pluripotency (Efroni et al. 2008; Fazzio et al.
2008; Yan et al. 2008; Gaspar-Maia et al. 2009; Ho et al.
2009), demonstrating their crucial role in maintaining the
stem cell state.

The low-level expression observed in ES cells across
their genome (Efroni et al. 2008) can be regarded as
transcriptional ‘‘noise.’’ Whether transcriptional noise
is a mere byproduct of the chromatin conformation or
whether it can be used by the cell for its advantage
remains an open question (Efroni et al. 2009). Also,
whether biological noise contributes to cell lineage or
cell fate decisions has been debated (Chang et al. 2008;
Kalmar et al. 2009). Although the suggestion that per-
missive noisy transcription might have some function in
the maintenance of ES cell pluripotency is appealing,
functional evidence for this is lacking. It has been
suggested that an open chromatin state in pluripotent
cells is maintained by this permissive transcription
(Efroni et al. 2009), but whether open chromatin is a cause
or consequence of noisy transcription remains unclear.
Regardless, open chromatin appears to be essential for the
stem cell state and pluripotency: Enforcing tighter bind-
ing of chromatin proteins prevents ES cell differentiation
(Meshorer et al. 2006), and knockdown of Chd1, a chroma-
tin remodeling protein that maintains an open chromatin
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configuration in ES cells, disrupts pluripotency (Gaspar-
Maia et al. 2009).

Chromatin state in generating transcriptional
competence

Transcriptional competence of genes is generated by
relaxation of repressive chromatin structure at their
corresponding promoters or enhancers. This is achieved
mainly through the binding of trans-acting factors and
subsequent histone modifications. Once the pioneer tran-
scription factor gains access to the binding site, it might
recruit several histone-modifying enzymes to further
open and modify the local chromatin structure. This
opening of chromatin allows other players to access the
regulatory binding sites. Hyperacetylation of histones
at promoters and enhancers confers an open chromatin
conformation, generating transcriptional competence.
ES cells seem to have higher levels of global histone
acetylation compared with differentiated cells (Efroni
et al. 2008; Krejci et al. 2009), potentially enabling the
maintenance of transcriptional competence across their
genome.

In an earlier work, Xu et al. (2007) provided evidence for
active marking of tissue-specific enhancers by pioneer
transcription factors, thus enabling transcriptional com-
petence. Xu et al. (2007) showed that, in ES cells, localized
marking occurs at enhancers of genes destined to be
expressed at a later developmental stage. However, the
significance of the marks and the identity of the re-
sponsible factors were not entirely clear. Now, Xu et al.
(2009) provide evidence that unmethylated windows at
enhancers are essential for the generation of transcrip-
tional competence in pluripotent cells, and they further
identify at least one prominent factor, FoxD3, that par-
ticipates in enhancer marking.

Active marking of tissue-specific enhancers in ES cells

The role of CpG methylation in gene regulation

Cytosine methylation of genomic CpG dinucleotides is
a common epigenetic modification in mammals. CpG
dinucleotides are unevenly distributed in mammalian
genomes and are frequently associated with gene pro-
moters in stretches that are termed ‘‘CpG islands.’’ The
majority of all known housekeeping genes and many of
the tissue-specific genes contain CpG islands in their
promoters (Strathdee et al. 2004). Cells often use methy-
lation of CpG islands to repress gene expression of tissue-
specific genes. CpG methylation is implicated in a num-
ber of different functions in cells, such as imprinting,
X-chromosome inactivation, tissue-specific transcription,
development, and disease (Strathdee et al. 2004).

In a study of promoter usage and structure in stem
cells, it has been found that ‘‘stemness’’ genes use on
average more CpG-rich promoters than developmental
genes (Edwards et al. 2008). Global mapping of promoter
methylation patterns revealed that promoters of most
pluripotency and housekeeping genes are unmethylated
in ES cells, while promoters of developmental genes are

methylated, and, as a consequence, repressed (Fouse et al.
2008). Interestingly, ES cells, but not differentiated cells,
also contain methylation at CpA and CpT dinucleotides,
although at very low levels (Ramsahoye et al. 2000). Very
recently, cytosine methylation was compared between ES
cells and fetal fibroblasts at a single-base resolution.
Intriguingly, in contrast to fibroblasts, a quarter of the
methylation found in ES cells seems to be present in
a non-CpG context (Lister et al. 2009). These reports
indicate that DNA methylation is unique in ES cells, and
that pluripotent cells might be using a different gene
regulation mechanism that is yet to be identified.

An unmethylated window at the Alb1 enhancer

Building on their own earlier work (Xu et al. 2007), which
demonstrated that the Ptcra and Alb1 enhancers (but not
promoters) are marked by an unmethylated CpG window
in undifferentiated ES cells, Xu et al. (2009) now identify
FoxD3 as the essential factor for the establishment of the
unmethylated mark. Xu et al. (2009) show that over-
expression of FoxD3 in mouse embryonic fibroblasts
(MEFs) is sufficient to establish the unmethylated win-
dow, possibly by opening chromatin locally at the Alb1
enhancer. Xu et al. (2009) also compared the methylation
status of the Alb1 enhancer in two induced pluripotent
stem (iPS) cell lines with the parental MEFs. Xu et al.
(2009) found that the Alb1 enhancer CpG methylation
was lost during reprogramming. Expression level measure-
ments of several Fox family members in undifferentiated
ES cells, definitive endoderm derived from ES cells, and
hepatocytes revealed that FoxD3 is expressed primarily in
ES cells, while FoxA1 and FoxA2 are highly abundant in
the differentiated cells only. Based on these data, Xu et al.
(2009) propose that FoxD3 acts as a ‘‘placeholder’’ for
FoxA1 and FoxA2 until these genes are activated during
endodermal differentiation. These findings may explain
some of the roles that FoxD3 plays in stem cell self-
renewal and pluripotency (Liu and Labosky 2008).

Xu et al. (2009) next examined the capacity of iPS cells
to demethylate a premethylated enhancer–promoter–
reporter–insulator plasmid (Xu et al. 2007). Xu et al. (2009)
used their previously characterized enhancer of the Ptcra
gene, which is expressed in thymocytes. Xu et al. (2009)
show the exclusive establishment of the enhancer mark
in iPS cells, but not in unrelated MEFs, in line with their
previous findings (Xu et al. 2007). Xu et al. (2009) suggest
that tissue-specific enhancers may be marked in pluripo-
tent cells to prevent them from being packaged into
repressive chromatin.

To further examine the relationship between chroma-
tin structure and the establishment of enhancer marks
at tissue-specific genes, Xu et al. (2009) studied another
unrelated macrophage/dendritic cell-specific enhancer,
Il12b. The Il12b enhancer is unmethylated in both ES
cells and macrophages, but exhibits DNase I hypersensi-
tivity in only the latter, suggesting that the establishment
of the enhancer mark occurs at the pluripotent stage.
Once again, Xu et al. (2009) show that the susceptibility
to the establishment of the mark is lost at a very early
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stage in development. When Xu et al. (2009) incorporated
the Il12b enhancer into a bacterial artificial chromosome
(BAC) to test the establishment of the mark in a more
native context, the mark readily established in ES cells,
but not in differentiated cells, and supported proper
subsequent gene expression when ES cells were allowed
to differentiate. These results suggest that chromatin
structure in ES cells is involved in and is important for
the regulation of enhancer marking.

Xu et al. (2009) further found that the epigenetic state
of the premethylated plasmid in differentiated cells re-
sembles the repressed chromatin state of differentiated
cells, indicating that chromatin structure likely plays
a major role in the resistance of differentiated cells to the
establishment of enhancer marks. To test this, Xu et al.
(2009) targeted, using RNAi technology, a methyl-CpG-
binding protein-containing complex, NuRD, that main-
tains repressive chromatin structure at methylated pro-
moters (Kaji et al. 2006). When Xu et al. (2009) inhibited
the expression of the NuRD component Mi-2b in thy-
mocytes, they found an increase in demethylation of the
stably integrated Ptcra enhancer. These results indicate
that chromatin structure plays an important role in

the establishment of unmethylated windows at tissue-
specific enhancers during early development.

The investigators’ next goal was to identify the DNA
regions that regulate enhancer activity. Xu et al. (2009)
created a series of substitution and deletion mutants at
the Ptcra enhancer and transfected the mutated preme-
thylated enhancer–promoter–reporter–insulator plasmids
into ES cells. As expected, some of the mutants exhibited
reduced susceptibility to the establishment of the unme-
thylated window, but, intriguingly, several mutations
resulted in enhanced susceptibility. It appears that, during
early development, establishment of unmethylated win-
dows at tissue-specific enhancers is dependent on tran-
scription factor binding, and is subject to both positive and
negative regulation. Taken together, these results demon-
strate that pluripotent cells retain transcriptional compe-
tence through the establishment and maintenance of an
unmethylated mark at tissue-specific enhancers (Fig. 1).

Implications for reprogramming

Although reprogramming of somatic cells from different
sources is routinely done now, the efficiency of the

Figure 1. Epigenetic enhancer regulation during differentiation/development. (A) Enhancer and promoter modifications of a pluripotency-
related gene and a tissue-specific gene in pluripotent stem cells. (Right) Chromatin is open and readily accessible in these cells, and
pioneer factors can gain access to their binding sites easily and maintain an unmethylated window at tissue-specific gene enhancers.
A typical pluripotency-related gene enhancer such as Oct4 contains less CpG methylation in pluripotent cells in comparison with
differentiated cells (Hattori et al. 2004). (B) In multipotent progenitor cells, chromatin accessibility is more restricted and pluripotency
gene expression is shut down. Enhancer methylation status of pluripotency-related genes is not clear. Chromatin remodelers and other
lineage-specific factors may bind the tissue-specific enhancer and keep the gene in a poised state. (C) In differentiated cells, chromatin is
more tightly packed and pluripotency genes are actively repressed. However, at tissue-specific gene enhancers, the chromatin is kept in
an open conformation due to active marking by transcription factors. Binding of tissue-specific transcription factors to tissue-specific
enhancers ensures proper transcription.
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process remains relatively low. Obviously, extensive
chromatin remodeling and genome-wide epigenetic mod-
ifications are required for proper reprogramming, so this
comes as no surprise. However, recent studies show that
these epigenetic barriers are surmountable (Hochedlinger
and Plath 2009; Yamanaka 2009). One of the barriers to
reprogramming is DNA methylation and demethylation,
which must occur at developmental gene promoters and
enhancers during reprogramming.

As discussed earlier in the case of transcription, sto-
chasticity is likely the norm in pluripotent stem cells,
rather than a one-off phenomenon. This probably applies
for other areas of stem cell biology as well; stochastic
down-regulation of factors maintaining DNA methyla-
tion might also contribute to the demethylation observed
during reprogramming. Cells with low expression of
these factors might be reprogrammed more readily than
others, possibly partly explaining the low efficiency of the
process. Stochastic enhancer action might also be re-
sponsible for the noisy transcription observed in ES cells
(Fiering et al. 2000; Efroni et al. 2008).

This study raises some important questions. For exam-
ple, it is not clear how enhancer DNA demethylation is
maintained in ES cells and is achieved during reprogram-
ming. In the absence of a bona fide DNA demethylase, it
is easier to envisage passive DNA demethylation, which
might occur during early development as well as during
cellular reprogramming, but this assumption awaits
proof. It is also not clear why only some of the tissue-
specific enhancers are marked but not others. This is an
intriguing question, because it could possibly explain
why ES cells seem to be more efficient in making some
lineages, such as neuroectoderm (Alvarez-Buylla et al.
2001), but not others. The relationship between enhancer
methylation and expression is also not entirely under-
stood; the Ptcra enhancer, for example, is unmethylated in
ES cells—likely for the sake of transcriptional competence—
but it remains unmethylated in MEFs, yet not expressed.
Finally, now that FoxD3 has been identified to regulate
the enhancer mark of the Alb1 enhancer in pluripotent
cells, it calls for the identification of multiple additional
factors potentially performing similar tasks, acting on
enhancers of other tissue-specific genes. Revealing these
factors will add another dimension to the genetic net-
work operating in pluripotent cells.
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