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In the past several decades, the establishment of in vitro models of pluripotency has ushered
in a golden era for developmental and stem cell biology. Research in this arena has led to
profound insights into the regulatory features that shape early embryonic development.
Nevertheless, an integrative theory of the epigenetic principles that govern the pluripotent
nucleus remains elusive. Here, we summarize the epigenetic characteristics that define the
pluripotent state.We cover what is currently known about the epigenome of pluripotent stem
cells and reflect on the use of embryonic stem cells as an experimental system. In addition, we
highlight insights from super-resolution microscopy, which have advanced our understand-
ing of the form and function of chromatin, particularly its role in establishing the character-
istically “open chromatin” of pluripotent nuclei. Further, we discuss the rapid improvements
in 3C-basedmethods, which have given us ameans to investigate the 3D spatial organization
of the pluripotent genome. This has aided the adaptation of prior notions of a “pluripotent
molecular circuitry” into a more holistic model, where hotspots of co-interacting domains
correspondwith the accumulation of pluripotency-associated factors. Finally, we relate these
earlier hypotheses to an emerging model of phase separation, which posits that a biophysical
mechanism may presuppose the formation of a pluripotent-state-defining transcriptional
program.

M
ore than 600 million years ago, the first
multicellular metazoan gained the ability

to regenerate entirely from a single cell (Müller
2001). The significance of this evolutionary feat
is underscored by the unique difficulty of animal
multicellularity. Crucially, all animal life is
bound by the concept of “division of labor.”
Neither phototrophs nor chemotrophs, cells in
metazoans must sacrifice a unicellular feeding
and reproductive life cycle for the combined
benefit of the organism (Cavalier-Smith 2017).
Thus, for animals, a profound level of coopera-

tion is necessary to balance the selective disad-
vantage imposed by the need for specialized cell
types. Precise details of this evolutionary process
remain unclear, but phylogenomic analyses and
recent transcriptomic data from sponges—our
closest extant relatives to primitive metazoans—
hint that we may have descended from an
“ancestral pluripotent stem cell,” capable of
switching between different cell types or tran-
scriptional programs (Sebé-Pedrós et al. 2017;
Sogabe et al. 2019). From this unlikely begin-
ning, a fundamental mystery of complex life
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emerges: how can a single cell, with one genome,
become a functional and reproductively compe-
tent multicellular organism?

Some organisms, such as the flatworm Pla-
naria, possess adult stem cells capable of this
coordinated regeneration (Morgan 1898; Rink
2013). Most animals, however, reproduce sexu-
ally and produce germ cells, which mature into
gametes (oocytes or sperm) that unite to form
the single-cell zygote. As the genetic content of
the zygote is preserved in each cell of the adult
body, it is important to study principles of epi-
genetic regulation if we wish to understand how
developmental decision-making precedes the
establishment of cellular identity. In this regard,
insights from pluripotent stem cell models have
been particularly revealing. A growing body
of evidence suggests that a categorically distinct
epigenetic program separates somatic cells from
those in the earliest stages of development.

Previous work has shown that pluripotent
cells possess a diffuse, flexible chromatin struc-
ture and an active epigenetic landscape, which
can be dramatically influenced by environmen-
tal signals (Schlesinger and Meshorer 2019).
This takes the form of “open” chromatin in the
pluripotent nucleus, where amilieu of accessible
chromatin permits cross talk between chroma-
tin remodeling complexes and transcription fac-
tors (TFs), resulting in elevated transcription
(Efroni et al. 2008; Gaspar-Maia et al. 2011).
In the past decade, our understanding of the
nature of these phenomena has been bolstered
by several technological advances. For instance,
using super-resolution microscopy techniques,
we are now able to visualize chromatin organi-
zation at the level of nucleosomes. In addition,
rapid advances in high-throughput sequencing
have improved the resolution of Hi-C chroma-
tin–chromatin interaction maps, which have
been generated for many different cell types,
including pluripotent stem cells. These tech-
niques have led to insights into the 3D organi-
zation of the pluripotent genome, suggesting a
role for pluripotency-factor-associating hubs
that govern the transcriptional activity of partic-
ular subregions of the nucleus (Gorkin et al.
2014). However, despite the ever-improving de-
tail from which we can now infer structure and

function, a precisemechanism for how the char-
acteristic “plastic state” of pluripotent nuclei is
established and maintained remains far from
understood. To this end, recent models of phase
separation are providing clues toward an inte-
grative account of pluripotency, namely, that the
combinatorial binding of pluripotency factors
may result in emergent properties that exist
only in the pluripotent state.

In this review, we paint a picture of the plu-
ripotent nucleus from the perspective of its
unique epigenome, dynamic chromatin struc-
ture, and higher-order organizational features.

PLURIPOTENT STEM CELLS AND THEIR
EXPERIMENTAL BEGINNINGS

Pluripotency describes the intrinsic potential of
a cell to give rise to any cell type or tissue in the
developed organism. In eutherians (mammals
who possess an internal placenta), the blastocyst
forms shortly after fertilization of the zygote and
comprises the inner cell mass (ICM) enclosed by
an outer shell of cells called the trophoectoderm.
Cells in the ICM are pluripotent and, as such,
will ultimately give rise to the embryo proper.
Before implantation of the embryo in the uterus
wall, the ICM segregates into the pluripotent
epiblast and the hypoblast, which partitions
the epiblast and the blastocyst cavity. The plu-
ripotent state of cells in the blastocyst is sus-
tained until implantation around day 4.5 in
mouse (day 7 in human) of embryonic develop-
ment (Bergh and Navot 1992; Plusa and Had-
jantonakis 2014), when the three primary germ
layers, endoderm, ectoderm, andmesoderm, be-
gin to form (Fig. 1). Here, gastrulation begins,
and cells in the epiblast begin to differentiate
toward somatic as well as primordial germ cell
(PGC) lineages. The developmental potential of
pluripotent cells is eclipsed only by the zygote
itself and its initial cleavage, known as the
two-cell stage. These cells are totipotent and
can uniquely become the trophoblast lineages,
which eventually form the bulk of the placenta
(Kunath and Rossant 2009; Wu et al. 2017).

The first cultures of mouse embryonic stem
cells (ESCs) were established in 1981 by isolating
cells from the ICMand growing themon top of a
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feeder layer of mouse embryonic fibroblasts
(MEFs) (Evans and Kaufman 1981; Martin
1981). These cells were shown to be capable of
contributing to all adult tissues, including the
germ line, upon injection into a blastocyst-stage
embryo (Bradley et al. 1984; Nagy et al. 1990).
This ability, known as chimera formation, re-
mains the gold standard for developmental
competency of in vitro pluripotent models. Lat-
er, culturing of pluripotent-state cells from hu-
man in vitro fertilized (IVF) blastocysts was sim-
ilarly accomplished (Thomson et al. 1998).
However, our knowledge of the quality of their
pluripotency is limited due to ethical concerns,

which prohibit the generation of fully developed
human chimeras (Mascetti and Pedersen 2016).

REGULATORY NETWORKS UNDERLYING
PLURIPOTENCY

Initial breakthroughs in understanding pluri-
potency in mouse arose from investigations
into the core transcriptional circuitry, signaling
pathways, and chemical requirements involved
in the maintenance of pluripotent ESCs (for
review, see Boiani and Schöler 2005). The
presence of leukemia inhibitory factor (LIF)
and bone morphogenetic proteins (BMPs) was
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Figure 1. Stem cells in early development and in vitro. Early development in eutherians begins following fertil-
ization (fusion of the male and female gamete). The single-cell zygote soon forms with the potential to generate a
complete organism. This ability is referred to as totipotency and is lost following development past the two-cell
stage (in mouse). Formation of the blastocyst coincides with the onset of pluripotency within the inner cell mass
(ICM). These cells are innately capable of differentiation to all three germ lineages. Isolation and culture of cells
from the ICM produces what are known as “pluripotent stem cells” (PSCs). These in vitro models of the pluripo-
tent ICM vary in the precise developmental stage that they resemble along the naive-primed axis, which has been
shown to be highly culture-condition-dependent. Cultures of PSCs contain rare populations of two-cell-like cells
that mirror the transcriptome of the in vivo two-cell-stage embryo. However, as of yet, no conditions have been
defined for the maintenance of these cells in culture. (ESCs) embryonic stem cells, (EpiSCs) epiblast stem cells.
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found to sustain the pluripotent state of mouse
ESCs in the absence of a feeder layer. LIF and
BMPs act in concert to activate the JAK-STAT3
pathway and stimulate expression of Id genes,
respectively, promoting ESC self-renewal and in-
hibition of differentiation (Smith et al. 1988; Ying
et al. 2003). Later, a cocktail of two inhibitors (2i),
of the mitogen-activated protein kinase (MEK)
andglycogen synthase kinase 3 (GSK3)pathways,
was shown to maintain the “ground state” (i.e.,
ICM-like) pluripotency of mouse ESCs (Ying
et al. 2008). Key pluripotency TFs operating at
the core of pluripotency were also identified, in-
cluding the three master regulators OCT4,
NANOG, and SOX2 (Schöler 1991; Yuan et al.
1995; Mitsui et al. 2003). These factors were
shown to act cooperatively, largely co-occupying
the same target genes, including each other, re-
vealing that the pluripotent state could be perpet-
uated in a self-regulating manner (Boyer et al.
2005; for review, see Li and Belmonte 2018). In
2006, experiments by Yamanaka and colleagues
demonstrated that somatic cells could be repro-
grammed into induced pluripotent stem cells
(iPSCs) by ectopic expression of only four “mas-
ter” TFs, OCT4, SOX2, c-MYC, and KLF4 (Ta-
kahashi and Yamanaka 2006). This seminal
report further paved the way for extensive char-
acterization of the pluripotency gene regulatory
network, and how the binding of TFs reshape the
epigenetic landscape to promote pluripotency.
This realization also prompted the discovery of
a growing number of chromatin-related factors
that regulate pluripotency and early ESC differ-
entiation, including BAF250b, BPTF, esBAF,
BAF155, CHD1, BAF60a, and the linker histone
chaperone SET (Landry et al. 2008; Yan et al.
2008; Gaspar-Maia et al. 2009; Ho et al. 2009;
Schaniel et al. 2009; Alajem et al. 2015; Edupu-
ganti et al. 2017). In spite of these discoveries, a
great deal of work remains in discerning the epi-
genetic principles and chromatin organization of
the pluripotent state.

THE EPIGENETIC LANDSCAPE OF
PLURIPOTENCY

Epigenetics, the nongenetic inheritable form of
gene regulation, naturally underlies any function-

al distinction between pluripotent and differenti-
ated cells. At the chromatin level, two types
of epigenetic modifications—DNA methylation
and posttranslational histone marks—define the
epigenetic landscape. The pattern of epigenetic
marks and their distribution across the genome
dictate where—and importantly—how much,
transcription can take place. This ultimately con-
tributes to the establishment of cellular identity.

DNA Methylation

The methylome of the early embryo undergoes
profound reprogramming from fertilization of
the zygote through to gastrulation of the postim-
plantation blastocyst. In ESCs, methylation de-
fects do not impair stem cell identity; however,
upon differentiation, DNA methyltransferase
(DNMT) mutants do not up-regulate lineage-
specific markers and fail to silence pluripotency
factors (Jackson et al. 2004; Smith and Meissner
2013). In vivo, nuclei of pluripotent cells are
widely depleted of DNA methylation—a leftover
from the wave of global demethylation triggered
by pronuclear fusion (Smith andMeissner 2013).
This process is thought to occur mainly through
passive loss (i.e., dilution following DNA replica-
tion) by nuclear exclusion or inactivation of
DNMTs, as opposed to active demethylation
through the TET3 methylcytosine dioxygenase,
which occurs in PGCs (Ko et al. 2005; Hirasawa
and Sasaki 2009; von Meyenn et al. 2016; Green-
berg and Bourc’his 2019). Some regions, such as
transposable elements and imprinting control re-
gions, resist this demethylation and are protected
by recruitment of residual DNMT proteins, a
process that is mediated by factors such as
UHRF1, STELLA (DPPA3), and ZFP57/KAP1
(Nakamura et al. 2007; Rowe et al. 2010;Quenne-
ville et al. 2011; Iurlaro et al. 2017; Li et al. 2018).
This hypomethylated state is sustained until the
exit from pluripotency, which coincides with the
re-establishment of methylation.

Histone Modifications

In broad terms, pluripotent cells possess a rela-
tive abundance of active histone marks, includ-
ing H3K4 methylation and H3/H4 acetylation,
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and, relative to somatic cells, are depleted in re-
pressive marks, such as H3K27me3, H3K9me3,
and H3K9me2 (Meshorer et al. 2006; Efroni
et al. 2008; Fussner et al. 2010; Hawkins et al.
2010; Liu et al. 2015; Qiao et al. 2015). Posttrans-
lational histone modifications also exhibit
distinct patterns of localization in pluripotent
cells. A large body of evidence suggests that epi-
genetic modifiers and preestablished histone
modifications are required to regulate gene ex-
pression during development (Meissner et al.
2008; Mohn et al. 2008; Athanasiadou et al.
2010; Gao et al. 2018). A prominent mechanistic
theory for how this can occur is “promoter bi-
valency.” This epigenetic feature describes the
presence of opposing histone modifications,
H3K4me3 and H3K27me3, which are often
located at the promoters of developmentally
important genes (Bernstein et al. 2006). In plu-
ripotent ESCs, the repressive H3K27me3mark—
catalyzed by polycomb repressive complex 2
(PRC2)—keeps genes silent during an undiffer-
entiated state, while the simultaneous presence
of active H3K4me3—deposited by COMPASS
family proteins—prevents these genes from be-
coming permanently silenced, allowing prompt
activation upon differentiation (Margueron and
Reinberg 2011; Shilatifard 2012). Another mod-
ification associated with pluripotency is H3K56
acetylation. H3K56ac can be found in ESCs at the
binding sites of the core pluripotency factors,
OCT4, SOX2, and NANOG (Xie et al. 2009),
and marks pluripotency-related enhancers (Liv-
yatan et al. 2015). Although only OCT4 has been
shown to directly interact with H3K56ac, loss of
SIRT6, an H3K56-targeting NAD-dependent
deacetylase, results in differentiation defects and
activation of OCT4, SOX2, and NANOG (Tan
et al. 2013; Etchegaray et al. 2015).

It remains unclear, however, to what extent
the epigenetic features observed inESCs are char-
acteristic of the early embryo (Harikumar and
Meshorer 2015; Yagi et al. 2017). As it stands,
our knowledge of epigenetic modifications in
pluripotency comes predominantly from in vitro
models, owing to the large number of cells re-
quired for standard ChIP-seq protocols. More-
over, a plethora of studies have noted that chang-
ing the growth conditions of ESCs has a

significant effect on the epigenetic landscape
(Marks et al. 2012; Ficz et al. 2013; Habibi et al.
2013; Leitch et al. 2013). Encouragingly, improve-
ments in ChIP-seq and alternative methods such
as CUT&RUN (antibody-targeted MNase diges-
tion) have been recently developed for epigenet-
ically profiling individual embryos or even single
cells (Hainer et al. 2019). For instance, by adapt-
ing ChIP-seq for low-input samples, one study
confirmed that broad H3K4me3 enrichment is
a feature of the preimplantation embryo; con-
versely, the authors found that bivalency at pro-
moters was relatively rare and unstable (Liu et al.
2016). Additionally, a recent report observed
functional bivalency in postimplantation epi-
blasts but not at earlier pluripotent stages (Xiang
et al. 2020). Despite being powerful models of
early embryonic states, the debate continues re-
garding ESCs and their in vivo relevance.

STATES OF PLURIPOTENCY

The pluripotent-stage embryo can be separated
into two categories: naive and primed. These
terms reflect populations in the pre- and post-
implantation epiblast and exist in both mouse
and human (Guo et al. 2016b). Importantly,
these populations can be broadly recapitulated
in vitro (Nichols and Smith 2009). This has led
to extensive characterization of molecular and
functional features unique to each state (for re-
view, see Weinberger et al. 2016). Culturing
mouse ESCs in either 2i/LIF- or serum/LIF-con-
taining media mimics the naive state, whereas
“primed” epiblast stem cells (EpiSCs) are de-
rived from the postimplantation epiblast and
require supplementation of FGF2 and Activin
A (Ying et al. 2008). Crucially, although both
states are pluripotent, only the naive form is
fully capable of contributing to chimera forma-
tion upon ex vivo injection into the blastocyst
(Brons et al. 2007; Tesar et al. 2007).

Naive and Primed Pluripotency

Smith and colleagues proposed in 2008 that
ESCs grown in 2i/LIF conditionsmore accurate-
ly represent the preimplantation ICM, that is,
the in vivo naive state (Ying et al. 2008). Hence,
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this has been described as “ground-state” pluri-
potency, as opposed to a “confused” pluripotent
state of ESCs grown in serum/LIF conditions
(Schlesinger and Meshorer 2019). This notion
has been explored further in studies comparing
epigenomic and transcriptomic profiles of ESCs
cultured in either condition. Two clear hall-
marks of “ground-state” pluripotency have
emerged: globally depleted DNA methylation
and local reduction of H3K27me3 at develop-
mental genes (Marks et al. 2012). In contrast, the
“confused” state is typified by a more heteroge-
neous transcription profile, particularly of plu-
ripotency factors and bivalent-marked genes
(Kolodziejczyk et al. 2015; Guo et al. 2016a).
This is perhaps a reflection of a more chaotic
signaling environment caused by the undefined
mixture of factors present in the serum itself (see
Schlesinger and Meshorer 2019 for a systematic
comparison of ESCs in 2i vs. serum conditions).

Describing a definitive epigenome for primed
pluripotency has proven more difficult. Regard-
less of culture condition, naive and primed cells
clearly possess distinct developmental capacities.
ESCs and EpiSCs were recently shown to vary in
their propensity to differentiate toward endo-
derm, ectoderm, and mesoderm lineages (Ghi-
mire et al. 2018). However, inconsistencies
between cells in the postimplantation blastocyst
and EpiSCs, their in vitro counterparts, have
thwarted attempts to identify precise epigenetic
differences (Takahashi et al. 2018). Although
EpiSCs have more promoter-associated hyper-
methylation and exhibit enhancer switching at
pluripotency genes, the same differences are not
observed in vivo (Factor et al. 2014; Veillard et al.
2014; Takahashi et al. 2018). These discrepancies
are complicated further by the poorly conserved
nature of “primed” features like X-chromosome
inactivation. For instance, although dosage com-
pensation of X-linked genes is a feature of the
“primed” state, the initiation of this process is
not generalizable among eutherians (Sado and
Sakaguchi 2013). In addition, only recently
have culture conditions for a “naive” pluripotent
state been established for human cells, albeit with
relatively limited success. The difficulty of estab-
lishing human ESCs of a comparable develop-
mental stage to naive mouse ESCs reflects our

incomplete understanding of the core principles
of pluripotency (Rossant 2015; Ying and Smith
2017; Yilmaz and Benvenisty 2019).

The Pluripotency Continuum

Ultimately, experimental pluripotent models
appear to provide “snapshots” of pluripotency,
rather than behave as mirrors of precise develop-
mental stages. Indeed, a third, “formative” or
“epiblast-like” phase, resembling embryonic day
5.5, has been proposed to exist between the naive
andprimed states (Kalkan andSmith 2014; Smith
2017; for review, see Morgani et al. 2017). In ad-
dition, recent single-cell analyses have found
that a subpopulation of naive cells possess a
transcriptome with primed-like expression, and
a similar naive-primed transition is apparent
across species during early embryonic develop-
ment (Messmer et al. 2019). This echoes the
theorizing ofmanywho have speculated that plu-
ripotent cells lie on a developmental continuum
of successive phases (Fig. 2; Ohtsuka and Dalton
2008;Hough et al. 2009; Loh and Lim 2010; Tesar
2016). The heterogeneity of “confused”ESCs cul-
tured in serum could represent amixture of naive
and primed cells or cells in the process of transi-
tioning between the two states. Interestingly,
many of the epigenetic differences observed be-
tween ESCs and EpiSCs reiterate the differences
between “ground-state” versus “confused” ESC
populations. For example, increases in global lev-
els of DNAmethylation and focal enrichments of
H3K27me3 at developmental promoters appear
to correlate with being further along on the
ground-state/confused/primed axis; this is also
true for clusters of H3K9me3 at pericentromeric
repeats (Marks et al. 2012; Juan et al. 2016; Toso-
lini et al. 2018). The broad range of epigenetic
landscapes that are permissive of a pluripotent
state is indicative that a holistic characterization
of pluripotency is needed—one that accounts for
the spatial andchemical properties of thenucleus.

CHROMATIN STRUCTURE IN PLURIPOTENT
NUCLEI

Inmammalian cells, asmuch as 2 mofDNAcan
fit comfortably within a nucleus of 10 μm in
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diameter. Besides the staggering degree of coor-
dination required for this feat alone, cells must
also retain their cellular identity and the appro-
priate transcriptomic activity. This is facilitated
by the structural material of the genome, or
chromatin, which is comprised of repetitive
units of histone–DNA complexes called nucleo-
somes (Kornberg 1974; Oudet et al. 1975). Nu-
cleosomes consist of a histone octamer wrapped
by 145–147 bp of DNA, separated by linker
DNA of variable length and further compacted
by linker histone H1 (Korolev et al. 2018). Early
images from electronmicroscopy (EM) revealed
that nucleosome fibers are roughly 10-nm wide
and resemble “beads on a string” (Oudet et al.
1975; Kornberg and Klug 1981). Later, the first

X-ray diffraction images of isolated chromatin
informed 30-nm fiber models of chromatin
folding, and others predicted more complex
patterns of folding, including the 120-nm chro-
monema (Belmont and Bruce 1994). It was
conceivable, therefore, that a “higher-order struc-
ture” of these nucleosomes followed hierarchical
principles of organization, and that this could be
functionally relevant for gene regulation.

However, with the advent of advanced EM
techniques, the existence of these structures in
situ has been disputed. By using transmission
EM (TEM) and cryo-EM, several groups were
unable to detect 30-nm fibers in the chromatin
of intact nuclei (Eltsov et al. 2008; Maeshima
et al. 2014; Maeshima 2020). Indeed, beyond
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Figure 2. Pluripotency lies on a continuum of successive phases. The figure is based on “Waddington’s land-
scape,” and shows the journey taken by a naive pluripotent cell (ball labeled 1) toward a more differentiated (but
still pluripotent) primed state (ball labeled 3). The status of cells transitioning between these two states is not well
defined (balls labeled 2). Color of the balls represents the overall transcriptomic state. (Inset, right) Represents
“pluripotent phases” as serial populations of cells with differing levels of heterogeneity rather than discrete
developmental stages. Importantly, ground-state pluripotency seems to occupy a “lower energy” state in terms
of chromatin mobility compared to both two-cell-stage embryos and serum-cultured embryonic stem cells
(ESCs) (Bošković et al. 2014), which may also explain the relatively lower transcriptional promiscuity among
naive pluripotent populations (Tosolini et al. 2018). Prior to commitment to a particular primed state, cells may
be found in a heterogeneousmix of transcriptomic andmetabolic states. This has been somewhat recapitulated in
vitro with serum-grown ESCs, which have been described to possess a “confused” transcriptome. However, to
what extent there exists a phenotypically distinct “formative” phase between naive and primed pluripotency, or
whether this state is strictly necessary for lineage commitment, remains poorly understood.
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the level of the 10-nm nucleosome fiber, larger
folded structures in interphase chromatin are
often thought to be artefacts of fixation proce-
dures or exist only in vitro (Kuznetsova and
Sheval 2016). Currently, models depicting less-
ordered chains of zigzagging nucleosomes are
considered to be more accurate representations
of interphase chromatin (Fussner et al. 2011;
Grigoryev et al. 2016; Bascom and Schlick
2017; Krietenstein et al. 2020).

Nucleosome Organization

At the nanoscale level, nucleosomes have been
observed to form discrete “clutches,” or clusters,
that differ in size and distribution depending on
developmental stage (Ricci et al. 2015). Imaging
of mouse ESCs at this scale has been accom-
plishedwith various super-resolution techniques,
including structured illumination microscopy
(SIM) and stochastic optical reconstruction mi-
croscopy (STORM) (for review, see Ricci et al.
2017). STORM imaging of H2B in ESCs and in
ESC-derived neuronal progenitor cells (NPCs)
revealed that NPCs have a higher number of nu-
cleosomes per clutch.Moreover, clutch size could
predict how well human iPSCs had been repro-
grammed toward pluripotency (Ricci et al. 2015).
These results strengthened previous observations
that used electron spectroscopic imaging (ESI) to
visualize chromatin structure in pluripotent cells.
These studies showed that cells in early embryon-
ic tissue have mesh-like, more widely dispersed
fibers of nucleosomes, compared with differenti-
ated fibroblasts, which are enriched in dense re-
gions of 10-nm nucleosomal fibers (Ahmed et al.
2010; Fussner et al. 2010). Heterochromatin,
which is associated with transcriptional repres-
sion, contains a higher density of nucleosomes
than euchromatin, confirming early histological
observations that there are fewer clusters of het-
erochromatin in undifferentiated cells (Park et al.
2004; Meshorer and Misteli 2006; Imai et al.
2017).

Together, these studies demonstrate that a
diffuse nucleosomal organization is a distin-
guishing structural feature of the pluripotent ge-
nome (Fig. 3). Intuitively, the dual requirements
of stem cells to self-renew and differentiate pre-

sumes a high degree of flexibility in gene regu-
lation, and, therefore, being able to easily switch
between different arrangements of chromatin
may facilitate this process. However, it is worth
considering alternative morphological interpre-
tations of chromatin organization. For example,
a recent study creatively illustrated that chroma-
tin reorganization can occur in response to me-
chanical stress. Nava et al. (2020) showed that
reduction of H3K9me3 levels could be triggered
by cell stretching, which reduces heterochroma-
tin at the nuclear periphery and protects cells
from mechanically induced DNA damage. The
tightly packed chromatin of differentiated cells
may reflect a physiological need for morpholog-
ical compaction when compared with the char-
acteristically large nuclei of ESCs. Indeed, it has
been suggested that in quiescent cells, the main
function of chromatin compaction may be to
reduce cellular size by reducing nuclear volume,
rather than to regulate global transcription
(Pombo and Dillon 2015). The decondensed
chromatin in ESCs may have as much to do
with their unspecialized nature as their need
for transcriptional flexibility.

In any case, it is safe to conclude that imag-
ing-based studies strongly support earlier hy-
potheses that an “open” chromatin configuration
is a hallmark of pluripotency (this theory has
been covered at length in the following reviews:
Meshorer andMisteli 2006; Koh et al. 2010; Gas-
par-Maia et al. 2011; Chen and Dent 2014; Ko-
bayashi and Kikyo 2015; Percharde et al. 2017;
Schlesinger and Meshorer 2019). Here, it is
important to note that although it has been
proposed that chromatin density and not high-
er-order organization separates “closed” from
“accessible” chromatin (Ou et al. 2017), the den-
sity of heterochromatin has been measured to be
only 1.53-fold higher than neighboring euchro-
matin (Imai et al. 2017). This suggests that the
accumulation of non-nucleosomal proteins or
RNA molecules may play a significant role in
contributing to the “closed” quality of hetero-
chromatin. Indeed, elucidating the relationship
between chromatin structure and the function
of chromatin-associating factors will aid our un-
derstanding of how transcriptional activity is or-
ganized in the nucleus.
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OPEN CHROMATIN

Several decades prior to the discovery of the
molecular structure of DNA, Emil Heitz
(1928) precociously observed two types of dif-
ferentially stained regions of chromosomes,
which he termed “euchromatin” and “hetero-
chromatin.” Although classically used to dis-
tinguish cytologically between light- and heavy-
staining DNA, today these terms are more
commonly used to describe respective regions
of active or inactive transcription (Woodcock
and Ghosh 2010). The transcriptionally repres-
sive environment associated with heterochroma-
tin is thought to reflect its condensed structure,
which prevents physical access by transcriptional
machinery. In contrast, euchromatin is con-
sidered to be more open and accessible to regu-
latory proteins and thus more transcriptionally
permissive.

The concept of “open chromatin” also ap-
plies to the characteristically flexible and dy-
namic nature of the pluripotent nucleus. That
is, in addition to having a higher euchromatin-
to-heterochromatin ratio, pluripotent cells have
hyperdynamic nucleosomes as evidenced by
fluorescence recovery after photobleaching
(FRAP) experiments, where heterochromatic
regions of mouse ESC nuclei undergo rapid ex-
change of core histones H2B and H3, linker his-
tone H1, and heterochromatin protein 1 (HP1)
(Meshorer et al. 2006). Not limited tomammals,
loosely bound chromatin has also been observed
in Drosophila embryos (Bhattacharya et al.
2009); moreover, totipotent planarian neoblasts
are largely depleted in heterochromatin (Morita
et al. 1969). Mechanistically, several factors were
suggested to contribute to chromatin plasticity
in ESCs, including histone hyperacetylation and
the almost complete lack of the nuclear interme-

RNA transcript

Nucleosome

“clutch”

Pluripotent nucleus

Somatic nucleus

Figure 3. Nucleosome density in interphase nuclei of pluripotent and somatic cells. Pluripotent cells possess
smaller and relatively sparse clusters of nucleosomes (“clutches”) compared with somatic cells. In more differ-
entiated cells, a dense arrangement of “clutches” results in more condensed chromatin, preventing the accessi-
bility of transcriptional machinery, such as Pol II, and reducing transcription (Ricci et al. 2015).
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diate filament protein lamin A (Melcer et al.
2012). As noted above, several chromatin re-
modeling proteins were also implicated inmain-
taining open chromatin and/or pluripotency in
ESCs. CHD1, a well-studied chromatin remod-
eling factor, is required to prevent spurious
formation of heterochromatin in ESCs (Gas-
par-Maia et al. 2009). CHD1 is implicated in
the maintenance of pluripotency in ESCs and
transcription initiation via binding to the medi-
ator coactivator complex at active genes (Lin
et al. 2011). Unsurprisingly, serum-grown eu-
chromatin-rich ESCs are transcriptionally pro-
miscuous and exhibit low levels of genome-wide
gene expression (Efroni et al. 2008). More re-
cently, single-cell RNA-seq studies have shown
that the transcriptomes of undifferentiated cells
are also more diverse, demonstrating wide-
spread transcriptome sampling in pluripotent
stem cells, which become gradually restricted
upon differentiation (Gulati et al. 2020).

Genome Accessibility

TFs exert their effect on gene expression by
binding to DNA; chromatin plasticity is thought
to facilitate this by allowing regulatory proteins
access to nucleosome-bound DNA (Klemm
et al. 2019). Therefore, genome accessibility is
a central variable that links the flexibility of
chromatin structurewith transcriptional control
by regulatory factors. Human ChIP-seq data
from the Encyclopedia of DNA Elements (EN-
CODE) project estimates that almost 95% of TFs
bind to accessible DNA, despite accessible re-
gions comprising as little as 4% of the genome
(Thurman et al. 2012; Kelley et al. 2016).

Measurement of genome accessibility can be
assessed indirectly through fragmentation by
nucleases, such as DNase-I, or by insertion of
sequencing adaptors, as in transposase-accessi-
ble chromatin sequencing (ATAC-seq). Using
these techniques, a number of groups have
shown that the genome of pluripotent cells is
more accessible than differentiated cells. For ex-
ample, a study mapping DNase-I hypersensitive
sites (DHSs) revealed that ESCs had almost dou-
ble the frequency of DHSs than NPCs, and the
depletion of HMGN, a nucleosome-binding

protein, was shown to lead to a significant re-
duction in DHSs (Deng et al. 2013). ATAC-seq
experiments have further supported these find-
ings. Differentiation of ESCs toward definitive
endoderm results in a 13% net loss of ATAC-seq
peaks globally (Simon et al. 2017). Moreover, an
interesting study used an allele-specific ATAC-
seq method to show that promoter elements in
ESCs that were biallelically accessible became
monoallelically accessible after NPC differenti-
ation (Xu et al. 2017). This complements a pre-
vious observation that monoallelic transcription
is more than fivefold higher in NPCs than in
ESCs (Eckersley-Maslin et al. 2014).

Micrococcal nuclease (MNase) digestion is
also used to measure genome accessibility and is
a classic method for detecting regions of nucle-
osome occupancy. One study found that, glob-
ally, differentiating cells are more resistant to
MNase digestion than ESCs. The bromodomain
factor, ATAD2, which is predominantly ex-
pressed in ESCs, was found partly responsible
for increasing chromatin sensitivity to MNase
digestion (Morozumi et al. 2016). Moreover,
the ESC-specific chromatin remodeling BAF
complex, esBAF, was found to possess an addi-
tional role in maintaining nucleosome-depleted
regions in pluripotent cells (Ho et al. 2009;
Hainer et al. 2015). Intriguingly, the same group
demonstrated that esBAF activity at these re-
gions was necessary for binding of the pluripo-
tency factor, KLF4 (Hainer and Fazzio 2015).
This suggests that synergy may exist between
chromatin remodeling complexes and pluripo-
tency TF activity, especially as components of
the BAF complex have been previously shown
to enhance iPSC reprogramming efficiency
(Singhal et al. 2010).

Chromatin Remodeling and Pluripotency

Intriguingly, members of the “pluripotent essen-
tialome” (factors necessary for maintenance of
pluripotency) are very highly enriched in the pro-
tein interactome of OCT4, SOX2, and NANOG
(Wang et al. 2006; Yilmaz et al. 2018). Many of
these proteins are involved in chromatin remod-
eling, as mentioned above, adding to mounting
evidence that cross talk between chromatin-mod-
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ifying complexes and core pluripotency factors is
a fundamental mechanism for maintaining
pluripotency (for review, see Orkin andHoched-
linger 2011). Greater chromatin accessibility in
pluripotent cells, therefore, may be the conse-
quence of positive reinforcement of nucleosome
disassembly and the binding of regulatory fac-
tors, amplifying the existing feedforward loops
maintained by the pluripotency network (Fig.
4). Indeed, a recent study has shown that sub-
populations of human pluripotent stem cells
with high capacities for self-renewal have greater
chromatin accessibility at regions of pluripotency
TF binding (Lau et al. 2020). Moreover, evidence
from zebrafish embryos indicates that TFs are in
passive competition with core histones for bind-

ing to DNA, and the nuclear ratio between his-
tones and DNA-binding factors is important for
the onset of zygotic transcription (Joseph et al.
2017).

3D ORGANIZATION OF THE PLURIPOTENT
GENOME

How the genome is spatially organized is intrin-
sically linked to the establishment of cell-type
identity. Although, as discussed earlier, the pre-
cise nature of higher-order chromatin structure
is controversial, a conserved hierarchy of topo-
logical organization can be observed throughout
interphase. Perhaps the most obvious example
of this is the arrangement of chromosomes,

Chromatin remodeling

proteins/complexes

Pluripotency transcription

factors

Genome

accessibility

Pluripotency

transcription

factor binding

Recruitment

of

chromatin

remodelers

Disassembly

of

nucleosomes

Figure 4. Synergy between chromatin remodeling and pluripotency factor binding. Four hallmarks of pluripotent
stem cells are represented by the colored gears. The binding of pluripotency factors (e.g., SOX2, NANOG,OCT4)
can bring about the recruitment of chromatin remodeling complexes (e.g., esBAF, CHD1, p300). This leads to
histone exchange as nucleosomes are disassembled, which in turn promotes accessible regions of DNA and
permits further binding of transcription factors.
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which occupy distinct territories in interphase
nuclei (Cremer and Cremer 2010).

Chromosome Organization

At the chromosome level, the genomes of most
cell types are similarly arranged both in human
and mouse, although some features of cell
specificity do exist. Whereas each possess
established chromosome territories, pluripotent
ESCs and differentiated cell types differ in their
radial positioning of individual chromosomes,
which is related to gene density, as revealed by
dual-color 3D fluorescence in situ hybridization
(3D-FISH) experiments (Mayer et al. 2005). In
addition, repositioning of chromosomal arms
has been observed in the case of NANOG, which
is highly expressed during pluripotency, where
the short arm of chromosome 12 (12p) is found
closer to the center of the nucleus in human
ESCs than in differentiated cells (Wiblin et al.
2005). Heterochromatic chromosomal subre-
gions, such as the centromere and pericentro-
mere, which are called “chromocenters” when
imaged in stained nuclei, cluster differently de-
pending on cell type. For instance, mouse myo-
blasts and fibroblasts have smaller but a greater
number of chromocenters than ESC nuclei,
whereas fewer chromocenters can be seen in
macrophages and postmitotic neurons (Mayer
et al. 2005; Aoto et al. 2006; Kobayakawa et al.
2007). Intriguingly, loss of NANOG causes
chromocenters in ESCs to resemble a more dif-
ferentiated state (Novo et al. 2016). Notably, vis-
ible chromocenters are absent in human cells,
but staining for centromere protein C (CENP-
C) reveals that centromeres in human ESCs lo-
calize further away from the nuclear periphery
than most other cell types (Wiblin et al. 2005).

Chromatin Loops, Domains, and Interaction
Hubs

Organization at a finer scale occurs through
chromatin looping and formation of topologi-
cally associating domains (TADs) or lamina-as-
sociated domains (LADs). Chromatin loops and
TADs have been identified using chromosome
conformation capture (3C)-based technologies,

which map chromatin–chromatin interactions
through formaldehyde cross-linking. LADs,
which are detected with DNA adenine methyl-
transferase identification (DamID), are located
at the nuclear periphery and correlate with gene
silencing (Gonzalez-Sandoval andGasser 2016).
Chromosome regions that interact with the
nuclear lamina make up around 40% of the ge-
nome and are mostly conserved across cell lin-
eages, as evidenced by DamID experiments,
where 73%–87% of LADs were found to overlap
between several stages of development (Peric-
Hupkes et al. 2010). Nonetheless, many LAD-
associated loci reposition themselves relative to
the nuclear interior following differentiation,
and stem-cell-related genes, such as NANOG,
KLF4, and OCT4, show more frequent interac-
tions with the nuclear lamina in ESC-derived
NPCs (Peric-Hupkes et al. 2010). As these loci
generally encompass a single gene or transcrip-
tional unit, this alludes to a functional role for
regulation of nuclear architecture (Melcer and
Meshorer 2010). However, the relationship be-
tween spatial relocalization of gene loci and
changes in transcription is not always apparent.
For instance, in the case of the Hoxd cluster,
although the entire locus loops away from its
chromosome territory upon differentiation in
mouse ESCs, individual genes in the cluster do
not become activated in a concurrent fashion
(Morey et al. 2007).

A fundamental regulatory feature of meta-
zoan nuclei is the existence of long-range en-
hancer–promoter interactions. CTCF-mediated
chromatin looping on the kilobase scale is one
mechanism by which this is thought to occur
(Rao et al. 2014). Genome-wide maps of con-
tacts that occur between any two genomic loci
can be detected using Hi-C, a 3C-derived meth-
od, which incorporates proximity-based ligation
with high-throughput sequencing (Dekker et al.
2002; Lieberman-Aiden et al. 2009). Overall,
long-range contacts are weaker and less preva-
lent in mouse ESCs compared with somatic
cells, and chromatin topology is progressively
established during ESC lineage progression
(Pękowska et al. 2018). This is in line with the
more globally open chromatin configuration of
ESCs, as a diffuse chromatin environment
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would hinder the formation of long-range inter-
actions. In contrast, interactions between pluri-
potency factor binding sites are enriched in
ESCs and the pluripotency factors themselves
contribute to formation of these contacts (Apos-
tolou et al. 2013; Denholtz et al. 2013; de Wit
et al. 2013; Wei et al. 2013). These observations
are supported by Hi-C maps generated during
reprogramming of B cells into iPSCs. Strikingly,
these experiments revealed that following re-
programming, ESC-specific contacts became
more frequent at genes related to developmental
processes, the formation of which preceded
changes in transcription (Stadhouders et al.
2018). In support of this finding, another study,
using a technique called promoter capture Hi-
C, found that developmental pathway–related
genes are enriched in ESC-specific promoter–
enhancer interactions; a large amount of distinct
cell-type-specific contacts were detected for
both ESCs and fetal liver cells at promoters in-
teracting withmore than 10 enhancers (Schoen-
felder et al. 2018).

Similarly, Hi-C studies have found that the
position of TADs and their boundaries do not
considerably vary across diverse mammalian
cell types (Dixon et al. 2012; Rao et al. 2014).
However, at a subset of TADs, changes in the
frequency of intradomain interactions can occur
following human ESC differentiation; this cor-
responds with minor changes in expression
(with a bias toward repression) of genes within
these domains (Dixon et al. 2015). These find-
ings were corroborated by an ultra-deep Hi-C
study, which compared two types of self-inter-
acting compartments in serum grownESCswith
NPCs and neurons. These compartments, re-
ferred to as “A” or “B,” are distinct networks
of loci whose intradomain genes fall within ac-
tive or inactive chromatin, respectively. Bonev
et al. found that co-interactions within compart-
ment “A” were weaker, and compartment “B”
co-interactions became stronger following neu-
ronal differentiation of ESCs, suggesting that
“switching on and off” of particular TADs oc-
curs in a cell-type-sensitive manner. Overall, the
authors found that differentiation results in
stronger intra-TAD contacts and weaker inter-
TAD contacts (Bonev et al. 2017). In stark con-

trast, a recent study showed the opposite trend.
Barrington et al. revealed that ESCs cultured in
2i conditions had, on average, weaker intrado-
main interactions, weaker TAD borders, and
stronger interdomain contacts than neural
stem cells (NSCs) (Barrington et al. 2019).
This discrepancy indicates that environmental
signals significantly influence TADorganization
in ESCs. Moreover, it suggests that 2i-cultured,
“ground state” ESCs are less organized topolog-
ically and that, conversely, ESCs cultured in se-
rum may have already acquired some lineage-
specific genomic features as their transcriptional
heterogeneity would imply. Nevertheless, both
results suggest that during development, forma-
tion, and dissolution of TADs occur in a dis-
tinctly cell-type-specific manner. Here, it is
worth mentioning that the presence and ab-
sence of contacts in Hi-C maps may not reflect
the state of each cell in a population, especially as
the expression of some pluripotency factors,
such as Nanog and Rex1, have been shown to
be highly heterogeneous in ESCs (Toyooka et al.
2008; Clancy et al. 2016). Furthermore, it is also
important to note that as chromatin–chromatin
interaction maps are generated from a popula-
tion of cells, due to cell-to-cell heterogeneity,
they are not wholly representative of “true” or
stable chromatin contacts. Indeed, these may be
highly transient as single-cell Hi-C and imaging
experiments have demonstrated (Nagano et al.
2013; Cattoni et al. 2017; Finn et al. 2019).

Nevertheless, evidence from chromatin–
chromatin interaction studies reveal that overall,
topological organization does not profoundly
differ between pluripotent and differentiated
cells. Rather, interactions at specific loci or do-
mains appear to be locally implicated in an ESC-
specific manner. In addition, these interactions
are often located at genes in the core pluripo-
tency network. However, it remains to be seen to
what extent these interactions precede function.
There is a growing consensus, at least in the
realm of genome topology, that function drives
structure more frequently than not (Finn and
Misteli 2019). In the case of pluripotent stem
cells, both form and function are likely inter-
twined, and the transcription of pluripotency
factors and the formation of hubs of interactions

Organization of the Pluripotent Genome

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a040204 13

 on August 27, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


may be costabilizing events (Fig. 5). Indeed, fur-
ther chromatin interaction studies at higher
resolutions are needed to disentangle the rela-
tionship between transcription and spatial orga-
nization. To this end, the establishment of a
micrococcal nuclease (micro-C) method for
profiling of sub-TAD contacts in mammalian
cells is an extremely promising development
(Hsieh et al. 2015, 2020). Micro-C has revealed
that compared with human ESCs, human fetal
fibroblasts (HFFs) possess dramatically in-
creased compartment strength, as well as an in-
crease in the number of long-range contacts
(Krietenstein et al. 2020). This ultrahigh, sin-
gle-nucleosome resolution (Hsieh et al. 2020)

analysis of genome organization in ESCs and
HFFs provides the most comprehensive chro-
matin interactions catalog in both cell types,
supporting the hyperplastic chromatin model
of the pluripotent cell (Schlesinger and
Meshorer 2019).

CONCLUSIONS AND FUTURE
PERSPECTIVES

As we have seen, with the constant development
of newmethods,mostly relying on high-through-
put sequencing readouts, and more recently, su-
per-resolution imaging, the 2D and 3D genome
has been studied in exceedingly finer detail in
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Figure 5. Transcriptional “hubs” of pluripotency factor accumulation. In pluripotent cells, master transcription
factors are highly expressed from loci that are regulated by regions of densely packed enhancers termed “super-
enhancers” (SEs). The combinatorial binding of pluripotency factors themselves at pluripotency gene loci
stabilizes their high levels of expression. Large quantities of pluripotency factors in turn can accumulate at their
target genes throughout the genome. As each pluripotency factor can itself form complexes with other coac-
tivators, multiple loci may be brought together spatially through the binding of enhancers/promoters of different
genes. (ESC) embryonic stem cell.
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pluripotent and differentiated cells. Whereas the
organization of the pluripotent genome (e.g.,
chromosome territories, the marking of DNA
by cytosinemethylation and of chromatin by his-
tone modifications, chromatin–chromatin, and
chromatin–lamina interactions) is globally not
unlike its somatic counterpart, it is nonetheless
unique in specific chromatin features, which, col-
lectively, confer fluid-like properties. How then
do pluripotent ESCs maintain their hyperplastic
chromatin? The emerging concept of “biomolec-
ular condensates” (Banani et al. 2017) or “tran-
scriptional condensates” (Shrinivas et al. 2019)
may provide some clues. Working with knockin
fluorescent mouse ESC strains, Boija et al. (2018)
showed that nuclear condensates formed by the
mediator complex at ESC SEs are dependent on
OCT4, which incorporates into these nuclear
condensates together with MED1 and other me-
diator subunits. Similarly,MED1andBRD4 form
transcriptional condensates on pluripotent SEs,
including the Nanog SE. Because phase-separat-
ed condensates are formed by the nonstructured
activation domains of many TFs (Boija et al.
2018), it is tempting to speculate that the core
transcriptional circuitry operating in pluripotent
cells might be unique in its ability to form dy-
namic transcriptional condensates, antagonizing
chromatin phase separation, particularly as there
is a high level of combinatorial binding of OCT4,
SOX2, andNANOGat enhancers associatedwith
mediator colocalization (Göke et al. 2011). In
contrast, somatic TFs might mediate stronger
long-range interactions by fusing several distant
high-density regions (Shrinivas et al. 2019),
promoting heterochromatin-favoring phase
separation, genome aggregation, and restricted
dynamics. Supporting this model, histone acety-
lation, which is prevalent in ESCs (Bártová et al.
2008; Bian et al. 2009; Hezroni et al. 2011) and
was shown to support chromatin plasticity and
high mobility of chromatin proteins in ESCs
(Melcer et al. 2012), was also shown recently to
constrain phase separation (Gibson et al. 2019).
These ideas, however, remain to be tested.

In closing, beyond the organizational and
structural elements of the pluripotent genome
described herein, a great deal more work—both
theoretical and experimental—will be needed to

bridge the gap between our understanding of
defining features of pluripotency (e.g., open
chromatin, active epigenetic marks) and the
biological necessity of these traits in the early
embryo. For instance, could sensitivity to devel-
opmental cues be an emergent property of a
heterogeneous population capable of promiscu-
ous transcription? Moreover, to what extent is
pluripotency a feature of an individual cell ver-
sus that of the population as a whole? Indeed,
future studies should attempt to contextualize
features of the pluripotent genome with respect
to its developmental milieu. The coming
decades will no doubt offer deeper insights into
the mysterious phenomenon of pluripotency.
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