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Pluripotent embryonic stem cells (ESCs) are considered to have open and accessible chromatin relative to
differentiated cells. However, as many studies supporting these conclusions relied on ESCs grown in serum,
it has been suggested that some of these features are the result of culture conditions, particularly as more
recent work using GSK3/MEK inhibitors (‘‘2i’’) to mimic ‘‘ground-state’’ conditions of the pre-implantation
blastocyst observed some altered epigenetic features. Here, we systematically review chromatin and epige-
netic features in 2i- and serum-grown conditions to come to a clearer picture of what are genuine character-
istics of pluripotency and what open chromatin features predict pluripotency.
Introduction
Upon fertilization, the totipotent zygote begins its continuous

journey to become an embryo. At around day 3 post fertiliza-

tion (in mouse), the embryo separates into the outer trophec-

toderm cells, which will ultimately form the placenta, and the

inner cell mass (ICM) to form the pre-implantation blastocyst

(Smith, 2017). The ICM then segregates into the pluripotent

epiblast stem cells (EpiSCs) and the hypoblast cells, the latter

of which contributes to the extraembryonic endoderm. The

ICM and the pre-implantation epiblast cells are pluripotent,

develop into the embryo proper and are thus capable of

generating cell types of the three germ layers: ectoderm,

mesoderm, and endoderm. Once the blastocyst is implanted

in the uterus wall, gastrulation begins, forming the three early

germ layers of the developing embryo. Pluripotency of the

ICM and epiblast cells is thus a very transient stage during

development, between the formation of the blastocyst and

implantation. By contrast, when ICM/epiblast cells are grown

in vitro, forming colonies of embryonic stem cells (ESCs),

this pluripotent stage is preserved (Figure 1). These ESCs

not only maintain their potential to become all cell types

in vitro and in vivo but can also self-renew for many genera-

tions when properly maintained, providing great promise for

regenerative medicine.

While many of the key transcription factors (TFs) and signaling

networks in pluripotent cells have been identified, how these

cells maintain their dual capacity to self-renew and differentiate

into all cell types is still largely unknown. However, it has become

apparent over the past years that chromatin and epigenetics play

a major role in these processes. Chromatin dynamics, structure,

and function was shown to be distinct in pluripotent cells,

compared with differentiated cells (Gaspar-Maia et al., 2011).

These distinct features, which we describe in detail below, led

to the ‘‘open chromatin’’ hypothesis (Gaspar-Maia et al., 2011;

Gasser, 2002; Giadrossi et al., 2007; Meshorer and Misteli,

2006), which posits that ESCs, possess a plastic and dynamic

chromatin state in order to maintain an unlimited potential to

differentiate.
More recently, it was suggested that at least some of these

features, e.g., promiscuous transcription, bivalent domains,

andDNAmethylation, may be attributed to the growth conditions

used for culturing ESCs (Marks et al., 2012). Especially pertinent

in this regard are the high serum concentrations (usually around

15%) that are normally used for culturing undifferentiated ESCs,

especially when grown in the absence ofmouse embryonic fibro-

blasts (MEFs). The cells may be sensing multiple, simultaneous,

and often opposing signals from the numerous factors present

within the serum, some of which may be unknown or not entirely

characterized. This results in a ‘‘confused’’ state, which may

explain some of the unique features attributed to pluripotent

stem cells (Figure 1). Indeed, when mouse ESCs were grown in

the presence of GSK-3a/b and MEK1/2 inhibitors (‘‘2i’’) instead

of in high serum concentrations, mimicking the so-called

‘‘ground state’’ of pluripotency (Ying et al., 2008), they displayed

some altered epigenetic features and transcriptional output that

resembled those found in the pre-implantation ICM (Marks

et al., 2012).

Here, we re-examine the epigenetic, nuclear, and chromatin

features that were attributed to undifferentiated, pluripotent

ESCs and attempt to resolve whether these are genuine charac-

teristics of pluripotency or whether they are a corollary of the

growth conditions used to grow the cells. We focus on mouse

ESCs not only to avoid species confusion but also because hu-

man ESCs (hESCs), until recently, were considered to be devel-

opmentally equivalent to mouse post-implantation EpiSCs, and

conditions supporting a more naive state in human ESCs were

only quite recently worked out. In addition, it is not yet clear

whether naive hESCs are comparable to serum-grown mouse

ESCs, or to 2i-grown ground-statemouse ESCs (Ying and Smith,

2017). However, toward the end, we summarize the state of af-

fairs of human ESC chromatin, albeit more briefly, and compare

the two species. By and large, both mouse and human ESCs, be

it ground-state, serum-grown, or ‘‘primed,’’ show open chro-

matin features that distinguish them from somatic cells, even if

such open chromatin features are less pronounced than in earlier

pre-implantation stages (Wu et al., 2016).
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Figure 1. Pluripotency Is Transient In Vivo
but Lasting in Embryonic Stem Cells
Following fertilization, the zygote (left) develops
over a course of several days into the blastocyst
(middle, left), which comprises the outer tro-
phectoderm cells (light blue) and the inner cell
mass (ICM, yellow). The ICM consists of pluripo-
tent cells, which later segregate into the pluripo-
tent inner epiblast cells (middle right, dark orange)
and the outer hypoblast cells (green), which will
contribute to extraembryonic endoderm. Once
the embryo is implanted in the uterus wall (right),
the pluripotent cells begin to develop into the
three germ layers (ectoderm, mesoderm, endo-
derm), and pluripotency is gradually restricted.
When ICM cells or epiblast stem cells are suc-
cessfully cultured in vitro, they become embry-
onic stem cells (ESCs) and maintain their plurip-
otency and their capacity to self-renew. Ever
since their initial derivation, in 1981, mouse ESCs
have been grown in the presence of fetal calf
serum (FCS), routinely used to culture cells but
which contains many undefined molecules, giving
rise to undefined and even conflicting signaling
pathways resulting in a somewhat heterogeneous
(‘‘confused’’) culture system. A few years later, in
1988, leukemia inhibitory factor (LIF), a cytokine

that activates STAT3 signaling, was found to prevent ESC spontaneous differentiation and maintain its pluripotency. While serum with LIF is still the most
commonly used culture system for mouse ESCs, in 2008, a combination of GSK3 and Mek1/2 inhibitors were shown to better mimic the ground-state plurip-
otency of the developing embryo, resulting in a homogeneous pluripotent culture.
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Mouse Embryonic Stem Cells
Genome Organization in Pluripotency: Fewer Contacts

and Some Long-Range Interactions

At the chromosome level, pluripotent mouse ESCs already

possess an established nuclear organization and chromosome

territories (Mayer et al., 2005), although chromosome intermin-

gling, which is frequent in differentiated cells, is particularly

low in serum-grown ESCs (Maharana et al., 2016). In line with

this, DamID, which maps lamina-associated domains (LADs),

demonstrated that LADs are already present in serum-grown

ESCs, and the lion’s share of these domains remains stable

during differentiation (Peric-Hupkes et al., 2010). An established

higher-order structure in mouse ESCs was confirmed by

mapping topological-associated domains (TADs) using Hi-C ap-

proaches (Dixon et al., 2015; Dixon et al., 2012), as well as chro-

mosome conformation capture carbon copy (5C) in combination

with high-throughput sequencing (Phillips-Cremins et al., 2013).

Promoter capture Hi-C technology was used to generate

chromosomal interaction maps for all annotated promoters

in themouse genome using a collection of custom-designed bio-

tinylated RNA ‘‘baits.’’ This so-called CHi-C technique was used

to compare mouse serum-grown ESCs with fetal liver cells, both

of which displayed a strong bias toward cell-type specific inter-

actions. Supporting this view, gene promoters interacting with

more than 10 enhancers specifically in ESCs were enriched in

developmental pathways and embryogenesis, whereas those

in fetal liver cells were enriched in metabolic functions (Schoen-

felder et al., 2015). These results suggest that while serum-

grown ESCs possess, as we have seen, an established chromo-

some and genome organization, they also show remarkable

ESC-specific, developmentally related contacts. A recent study

that used ultra-deep Hi-C sequencing in serum-grown mouse

ESCs and in neuronally differentiated progeny (both neural pro-

genitor cells [NPCs] and neurons) found that overall, the number
136 Developmental Cell 48, January 28, 2019
of compartment borders decreases, while compartment size in-

creases, during ESC differentiation and that intra-TAD contacts

become stronger, while inter-TAD contacts become progres-

sively depleted (Bonev et al., 2017). Merging 3D organization

with epigenetic profiles, the authors found that Polycomb-medi-

ated interactions were among the strongest interactions in undif-

ferentiated ESCs, becoming progressively disrupted upon differ-

entiation, except for a small subset of genes, which displayed

enhanced interactions, correlating with Ring1B binding. Overall,

this comprehensive study showed that ESC differentiation en-

tails changes in all levels of genome organization, including,

most notably, the Polycomb and TF interaction network. In other

words, while the large-scale architecture seems to be overall

similar in all cells, ESCs tend to also exploit higher level regula-

tion in trans, mediated chiefly by PRC proteins (Figure 2).

A study directly comparing higher-order genome organization

in 2i- versus serum-grown mouse ESCs found that while the

overall organization and number of interactions were similar be-

tween the two states, a group of extremely long-range promoter-

promoter interactions (ELRIs) was found to display a time-

dependent loss during the transition from serum to 2i conditions

(Joshi et al., 2015). This was accompanied by transcriptional re-

wiring and reduction of H3K27me3 around these ELRIs in 2i con-

ditions, which were required for this genomic reprogramming

event. Interestingly, 2i-LIF conditions were shown to be neces-

sary to reinstate several interactions that failed to reestablish

during the reprogramming process fromNPCs to induced plurip-

otent stem cells (iPSCs) (Beagan et al., 2016), again suggesting

that serum provides a confusing environment as opposed to the

ground-state environment of theMEK/GSK3 pathways inhibitors

(Figure 2). Another recent study, which directly compared chro-

matin loops in 2i-grown ESCs, serum-grown ESCs, EpiSCs, and

NPCs, found a widespread gain of structural loops, especially at

CTCF sites, during the exit from pluripotency (Pękowska et al.,
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Figure 2. Changes in Higher-Order Genome Organization during ESC Differentiation
(A) ESCs, either in ground-state (left) or serum conditions (middle), possess distal enhancers (orange boxes), which colocalize with architectural proteins (CTCF,
cohesin, condensin, blue circles) and interact mainly with pluripotency TFs. Upon differentiation (right), these long-range contacts are decreased. In addition, in
serum-grown ESCs, extremely long-range intra- and inter-chromosomal polycomb complex (green circles) mediated interactions are present. These interactions
are largely absent in 2i ESCs and in differentiated cells.
(B)While the global genomic organization is established in the pluripotent state and remains throughout differentiation, several notable changes are observed: the
number of compartment borders decreases while compartment size increases during ESC differentiation, and inter-TAD contacts become progressively
depleted while intra-TAD contacts become stronger (bottom right).
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2018), supporting the increase in intra-TAD contacts mentioned

above (Bonev et al., 2017).

Taken together, these results demonstrate that while both 2i-

and serum-grown ESCs have an overall established and quite

similar 3D genomic architecture, several extremely long-range

contacts are present only in serum conditions and the TAD

compartment structure changes (Figure 2; Table 1). Functionally,

this suggests that while such long-range interactions might be

dispensable for pluripotency of cultured ESCs, they may reflect

the situation in the developing embryo, suggesting that the

required rewiring likely takes places when ESCs are transplanted

into blastocysts. In addition, both 2i- and serum-grown ESCs

have a significantly lower number of chromatin loops compared

with EpiSCs and differentiated cells, suggesting that loop forma-

tion may restrict developmental potential.

Global Chromatin Structure in Ground State versus

Serum: Nucleosome ‘‘Clutches’’ Define Pluripotency

Imaging-based approaches demonstrated that serum-grown

ESCs have a distinct organization of chromatin from that

observed in differentiating cells. The classical DAPI-dense

condensed HP1-positive, H3K9me3 heterochromatin foci

appear to be more diffuse in ESCs (Aoto et al., 2006; Meshorer

et al., 2006), and they increase in number and compaction during

differentiation (Fussner et al., 2011; Kobayakawa et al., 2007;

Meshorer, 2007; Meshorer et al., 2006) (Figure 3A), suggesting

a global rearrangement of centromeres. A direct side-by-side

comparison of 2i-grown, serum-grown, and primed EpiSCs

shows an increase in H3K9me3 foci from 2i- to serum-grown

to EpiSCs and, somewhat unexpectedly, H3K27me3-positive

DAPI domains in 2i-grown cells (Tosolini et al., 2018). Especially

visible is the redistribution of the heterochromatin protein HP1b

from an almost completely diffuse pattern in nuclei of undifferen-

tiated ESCs to the gradual accumulation in heterochromatin foci

during differentiation (Mattout et al., 2015) (Figure 3B). Electro-

spectroscopic imaging (ESI) revealed a more homogeneous

chromatin structure in pluripotent cells both in vitro (Efroni
et al., 2008; Fussner et al., 2011) and in vivo (Ahmed et al.,

2010), while early ESC differentiation entails the formation of

blocks of peripheral condensed heterochromatin (Hiratani

et al., 2010). The transition from widely dispersed 10 nm fibers

to peripheral heterochromatin organization was also observed

during ESC differentiation to EpiSCs, a process that, interest-

ingly, did not require DNA methylation (Hassan-Zadeh et al.,

2017). The nuclear lamina itself, which is largely, although not

completely (Eckersley-Maslin et al., 2013), devoid of Lamin A in

ESCs (Melcer et al., 2012), is also less organized and more wrin-

kled in ESCs (Meshorer and Misteli, 2006; Pagliara et al., 2014)

(Figure 3C). The examination of DAPI-stained images from

recent studies reporting 2i growth conditions showed an overall

global nuclear architecture similar to that observed in serum

(Guyochin et al., 2014), and ESI imaging revealed a highly homo-

geneous chromatin structure in 2i-grown reprogrammed fibro-

blasts (Fussner et al., 2011). In one example, MAD2L2 was

shown to maintain an open chromatin state in 2i-grown ESCs

(Rahjouei et al., 2017). ESCs depleted for MAD2L2 showed an

elevated level of heterochromatin and spreading of H3K9

methylation (Rahjouei et al., 2017). The pluripotency factor

Nanog was also shown to regulate pericentromeric heterochro-

matin organization in mouse ESCs (Novo et al., 2016). Nanog�/�

ESCs displayed chromocenter organization that was indistin-

guishable from differentiated cells. Importantly, global chromatin

organization and chromocenter clustering were shown to be un-

affected when the ESCswere switched to 2i conditions, implying

no difference in the global arrangement of chromatin between

these conditions.

An elegant imaging study directly compared serum-grown and

2i-grown mouse ESCs using stochastic optical reconstruction

microscopy (STORM) super-resolution microscopy (Ricci et al.,

2015). The authors found that nucleosomes are arranged in

discrete nanodomains in interphase nuclei of mouse ESCs,

which they termed ‘‘clutches.’’ Interestingly, 2i-grown ESCs

had a lower number of nucleosomes per clutch as compared
Developmental Cell 48, January 28, 2019 137



Table 1. Chromatin Features in Serum- and 2i-Grown ESCs, Compared with Differentiated Cells.

Serum References 2i References

Genome organization chromosome territories no change (Mayer et al., 2005) – –

chromosome intermingling lower (Maharana et al., 2016) – –

LADs no change (Peric-Hupkes et al., 2010) – –

TADs – global no change (Dixon et al., 2012; Joshi et al., 2015) no change (Joshi et al., 2015)

TADs – finer resolution weaker / higher intra-/ inter-

tad contacts

(Bonev et al., 2017) – –

long-distance interaction higher (Phillips-Cremins et al., 2013) highest (Joshi et al., 2015)

Chromatin structure heterochromatin foci,

light microscopy

fewer, less compact (Aoto et al., 2006; Kobayakawa et al.,

2007; Meshorer et al., 2006)

comparable to serum (Guyochin et al., 2014;

Novo et al., 2016;

Rahjouei et al., 2017)

chromatin distribution,

electrospectroscopic imaging

more homogeneous (Ahmed et al., 2010; Efroni et al.,

2008; Hiratani et al., 2010)

more homogeneous (Fussner et al., 2011)

HP1b distribution more diffuse (Mattout et al., 2015) – –

nuclear lamina wrinkled, less organized (Meshorer and Misteli, 2006;

Pagliara et al., 2014)

– –

nucleosome clutches,

super-resolution microscopy

fewer nucleosomes (Ricci et al., 2015) fewest nucleosomes (Ricci et al., 2015)

Chromatin

accessibility

MNAse digestion more accessible (Morozumi et al., 2016 ) – –

DHS-seq more accessible (Deng et al., 2013) – –

FAIRE-seq more accessible (Murtha et al., 2015) even more accessible (Murtha et al., 2015)

RED-seq more accessible (Chen et al., 2014) – –

ATAC-seq more accessible (Simon et al., 2017; Xu et al., 2017) comparable to serum (Hendrickson et al., 2017;

Wu et al., 2016)

The epigenome DNA methylation comparable (Melcer et al., 2012) much lower (Marks et al., 2012)

active histone modifications slightly higher (Efroni et al., 2008; Hezroni et al., 2011;

Morozumi et al., 2016; Qiao et al., 2015;

Yellajoshyula et al., 2011)

slightly higher (Rahjouei et al., 2017)

suppressive histone

modifications

slightly lower (Ahmed et al., 2010; Efroni et al., 2008;

Liu et al., 2015; Loh et al., 2007;

Sridharan et al., 2013)

slightly lower (Fussner et al., 2011)

H3K27me3 slightly lower (Juan et al., 2016) lower at developmental genes (Marks et al., 2012)

gH2AX higher (Banáth et al., 2009) higher (Rahjouei et al., 2017)

Transposable

elements

DNA methylation comparable (�80%) (Walter et al., 2016) much lower (<20%) (Walter et al., 2016)

H3K27me3 high only on ERV-I group (Leeb et al., 2010) higher on ERVs from all groups (Walter et al., 2016)

H3K9me3 high on most ERVs (Karimi et al., 2011) high on most ERVs (Walter et al., 2016)

X inactivation Xist expression much lower, heterogeneous (Kobayashi et al., 2016) much lower, homogeneous (Sousa et al., 2018)

Replication timing asynchrony higher (Rivera-Mulia et al., 2018) higher (Rivera-Mulia et al., 2018)

comparable (Masika et al., 2017) lower (Masika et al., 2017)
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with serum-grown ESCs, which displayed a more heteroge-

neous distribution, as expected. ESC-derived NPCs had the

highest number of nucleosomes per clutch (Figure 4). This sug-

gested that nucleosome clustering is a feature of the develop-

mental state of the cells, a hypothesis that was tested success-

fully, enabling the prediction of pluripotency in a variety of iPSCs

(Ricci et al., 2015). Taken together, these results suggest that the

global chromatin structure of serum- and 2i-grown ESCs is very

similar and that 2i conditions support and even enhance an open

chromatin configuration, chromocenter clustering, and hetero-

chromatin distribution (Table 1). Thus, the ‘‘open chromatin’’ hy-

pothesis of ESCs is strengthened by these imaging-based re-

sults, suggesting once again that pluripotency entails unique

chromatin features compared with differentiated cells and,

importantly, that global chromatin organization predicts pluripo-

tency and function.

Chromatin Is Globally More Accessible in

Pluripotent Cells

An open chromatin conformation should entail higher accessi-

bility of chromatin to either enzymatic digestion, e.g., micro-

coccal nuclease (MNase), DNase I, etc. or to methods that

integrate elements within the genome, e.g., assay for transpo-

sase-accessible chromatin sequencing (ATAC-seq). Several

studies over the past decade indeed demonstrated higher chro-

matin accessibility in ESCs. Global higher accessibility toMNase

digestion was shown for serum-grown ESCs compared with

differentiating cells (Morozumi et al., 2016). In one thorough

study, which mapped genome-wide DNase-I hypersensitive

sites (DHSs), a striking reduction of DHSs was revealed from

�55,000 sites in serum-grown ESCs to �30,000 in NPCs (Deng

et al., 2013). Interestingly, the high mobility group protein

HMGN1 was found to be largely responsible for maintaining

accessible DHSs in ESCs. Deletion of HMGN1 in ESCs resulted

in a dramatic drop ofDHSsby almost 70%, adding to the growing

list of factors that act tomaintain anaccessible chromatin inESCs

(Alajem et al., 2015; Gaspar-Maia et al., 2009; Ho et al., 2009;

Melcer et al., 2012; Morozumi et al., 2016; Novo et al., 2016;

Wan et al., 2013; Yellajoshyula et al., 2011). Although enzymatic

digestion of chromatin is usually regarded as a measure of chro-

matin accessibility, quantitative conclusions usually require

different enzyme concentrations. Therefore, DHSs as such,

maynot directly reflect regionsof accessible chromatin but rather

TF binding sites. In this case, the results above should be inter-

preted as demonstrating a higher number ofmeasured TF-bound

events in ESCs rather than accessible chromatin per se, although

if we assume that ESCs do not require a larger number of TFs to

operate, TFbindingmay in turn also reflectmore accessible chro-

matin in vivo. Be it as it may, the consistent differences between

pluripotent and differentiating cells support themodel that posits

that ESCs keep all options open.

An alternative method to DHSs is formaldehyde-assisted

identification of regulatory elements (FAIRE) (Giresi et al., 2007).

Comprehensive mapping of open chromatin regions using

FAIRE-seq in 2i-grown ESCs, EpiSCs, NPCs, andMEFs revealed

a marked difference between the two pluripotent cell lines, ESCs

and EpiSCs, and the two differentiated cell types (Murtha et al.,

2015). ESCs and EpiSCs displayed a greater percentage of

their open chromatin at promoters and exons, compared with

the NPCs and MEFs, and overall, as expected, ESCs had the
Developmental Cell 48, January 28, 2019 139



Figure 3. Heterochromatin and Nuclear
Lamina Rearrangement during Embryonic
Stem Cell Differentiation
A schematic diagram depicting a representative
ESC (left) and a differentiated cell (right) is
shown in the middle. The black circles represent
heterochromatin foci, which are larger and more
dispersed in ESCs and more numerous and
condensed in differentiated cells.
(A) Representative DAPI stained (blue) undifferen-
tiated (left) and differentiated (right) mouse ESC.
(B) HP1b rearrangement during ESC differentia-
tion. HP1b (red) is dispersed in undifferentiated
ESCs (left) and becomes concentrated in hetero-
chromatin foci (right).
(C) Nuclear lamina rearrangement during ESC dif-
ferentiation. Shown are representative immuno-
fluorescence images of Lamin B staining (green)
in undifferentiated (left) and differentiated (right)
mouse ESCs. All scale bars, 2 mm.
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most accessible chromatin, followed by EpiSCs. While both

DNase-seq and FAIRE-seq have been used extensively in the

past several years to probe open chromatin, a limitation of these

methods is that they typically identify nucleosome-depleted re-

gions. To address this, a modified genome-wide accessibility

assay—restriction endonuclease digestion of chromatin coupled

to deep sequencing (RED-seq)—was developed utilizing restric-

tion enzyme digestion and biotin adaptor ligation (Chen et al.,

2014). RED-seq was able to detect nucleosome-depleted re-

gions, akin to DNase-seq and FAIRE-seq, but in addition, it

enabled the detection of chromatin accessibility within nucleo-

somes. Comparing ESCs and MEFs, this study reported, once

again, a global open chromatin structure in serum-grown ESCs.

A decrease of over 20% in the number of RED-seq open chro-

matin peaks were observed over both DHSs and CTCF sites.

To complement such genome-wide accessibility methods,

nuclease footprinting, which utilizes MNase digestion to reveal

nucleosome footprints of different sizes, can be used to track

changes in footprints over selected binding sites. Nuclease foot-

prints demonstrated, for example, that the chromatin remodeling

complex esBAF (Ho et al., 2009) acts tomaintain open chromatin

in ESCs, especially by promoting KLF4 occupancy, thus main-

taining an accessible chromatin structure overKLF4binding sites

(Hainer and Fazzio, 2015). ATAC-seq performed in serum-grown

mouse ESCs and during early ESC endodermal differentiation

identified over 85,000 open chromatin sites in ESCs (Simon

et al., 2017). Following differentiation to definitive endoderm,

both gain (�19%) and loss (�32.5%) of ATAC-seq peaks were

identified, but globally, a net loss of over 13% in accessible sites

were recorded, down to just over 70,000 sites. Although absolute

quantitative conclusions should be taken with caution, these re-

sults are in line with the DHS, FAIRE-seq, and RED-seq studies

discussed above. In another monoallelic ATAC-seq study,

serum-grown ESCs displayed biallelic accessibility of the pro-

moter-enriched random monoallelically accessible elements,
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some of which became monoallelic in

ESC-derived NPCs (Xu et al., 2017),

possibly explaining, at least partially, the

higher overall accessibility observed in

ESCs. This coincides with the biallelic
expression observed in serum-grown ESCs, which largely be-

comes monoallelic in NPCs (Eckersley-Maslin et al., 2014).

Although not all accessibility assays have been performed in

ground-state 2i conditions (e.g., nucleosome positioning, which

we do not discuss here), ATAC-seq was recently conducted in

serum-grown and 2i-grown ESCs in two separate studies (Hen-

drickson et al., 2017; Wu et al., 2016), but which, importantly,

enabled a side-by-side comparison (Hendrickson et al., 2017).

Somewhat unexpectedly, the two profiles seemed almost iden-

tical, and both had a slightly higher number of ATAC-seq peaks

than ICM cells. In this case, the 2i-grown cells looked more

similar to serum-grown cells than to ICM cells. Taken together,

all genome-wide studies aiming to characterize accessible and

open chromatin in ESCs, be it serum-grown or in ground-state

conditions, agree that ESC chromatin is overall more accessible,

more prone to enzymatic digestion, and more amenable for

transposon insertions (Table 1), demonstrating once again that

open chromatin accompanies, and is very likely required for,

pluripotent cells.

Changing the Epigenome: 2i Reduces Global DNA

Methylation and Local H3K27me3

Perhaps the two most prominent features of ground-state

pluripotency, distinguishing it from serum-grown ESCs, are

the global low-level DNA methylation and the reduced

H3K27 methylation in developmentally regulated genes (Marks

et al., 2012). Notwithstanding, a significant fraction (> 18%)

of 2i-grown cells showed chromocenter accumulation of

H3K27me3, a feature never observed in serum-grown cells

(Tosolini et al., 2018). Recent reports added mechanistic in-

sights into the erasure of DNA methylation when ESCs are

switched from serum to 2i, identifying several key players in

the process. Examples include the de novo DNAmethyltransfer-

ase (DNMT) expression driven by fibroblast growth factor (FGF)

signaling (Ficz et al., 2013), maintenance DNMTs regulated by

UHRF1 (von Meyenn et al., 2016), and p53, which restricts the



Figure 4. Several Distinct Epigenetic
Features in Undifferentiated and
Differentiated ESCs
Shown are schematic diagrams of chromatin in
ground-state (2i) ESCs (top), serum-grown ESCs
(middle), and differentiated cells (bottom). Nucle-
osomes ‘‘clutches’’ rearrange during differentia-
tion. Ground-state ESCs show the lowest number
of nucleosomes per clutch, serum-grown ESCs
show an intermediate number, and differentiating
cells display the highest number of nucleosomes
per clutch. DNA methylation (red triangles) is
globally reduced in ground-state ESCs compared
with both serum-grown ESCs and differentiating
cells, both of which have elevated levels of
DNMTs (orange circles). H3K27me3 (purple tri-
angles) is reduced locally at developmental
genes in ground-state ESCs, while in serum-
grown ESCs, it marks, together with H3K4me3
(green triangles), ‘‘bivalent,’’ developmentally
regulated genes, some of which are resolved
during differentiation.
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expression of the de novo DNMTs while inducing the expression

of TET1 and TET2, which promote DNA demethylation (Tovy

et al., 2017). The demethylation process was shown to be

completed within about 7 days, but interestingly, most of the de-

methylation occurred rapidly, already within the first 24 h after

the switch to 2i conditions (Ficz et al., 2013). Conversely, the

transition from 2i back to serum conditions is accompanied

by upregulation of de novo DNMTs and downregulation of

PRDM14, the latter of which both represses de novo DNMTs

and promotes Tet activity on target genes (Ficz et al., 2013; Kal-

kan et al., 2017). Recently, using whole-genome bisulfite

sequencing (WGBS) and single-cell profiling, DNA methylation

heterogeneity was described during the transition from 2i- to

serum-grown ESCs (Rulands et al., 2018). Interestingly, the

methylation state of many enhancer loci within individual ESCs

is synchronized and coupled with nascent transcription, result-

ing in an oscillating pattern of methylation, which is faster than

cell fate decisions and autonomous of the cell cycle. Function-

ally, this may suggest an important role for the heterogeneous

states observed under serum conditions for rapid cell fate deci-

sions during the exit from pluripotency. Curiously, despite these

widespread global differences in DNA methylation between the

serum- and 2i-grown conditions, the differentiation potential of

these two states was shown to be overall similar (Marks et al.,

2012), suggesting that the acquired DNA methylation in serum

conditions can be easily reprogrammed. Recent work, however,

showed that prolonged inhibition of Mek1/2 signaling results in

aberrant DNA hypomethylation of several imprinted loci and

loss of H2A.X, resulting in impaired developmental potential

(Choi et al., 2017; Yagi et al., 2017). Replacement of Mek1/2

inhibitors with Src inhibitors (a2i) preserved global and local

(imprinted control regions) DNA methylation as well as develop-

mental potential while maintaining a ground-state-like transcrip-

tional state (Choi et al., 2017). Based on the epigenetic similarity

between 2i ESCs and ESCs grown in the presence of GSK3

and Src inhibitors, it is likely that the latter would display an

open chromatin structure characteristic of both serum- and
2i-grown ESCs. Together, it appears that while DNA methylation

is perhaps the most distinguishing feature between 2i- and

serum-grown ESCs, its function seems to be redundant in undif-

ferentiated ESCs.

ESC chromatin was shown to be enriched with activity-related

histone modifications in both serum (Efroni et al., 2008; Hezroni

et al., 2011; Morozumi et al., 2016; Qiao et al., 2015; Yellajosh-

yula et al., 2011) and ground-state (Rahjouei et al., 2017) condi-

tions and, curiously, also with gH2AX, the phosphorylated

form of the DNA-damage related H2A.X, suggested to reflect

their open chromatin nature (Banáth et al., 2009; Rahjouei

et al., 2017). ESCs were also shown to be relatively depleted

for heterochromatin-associated histone marks, especially his-

tone modifications marking constitutive heterochromatin, i.e.,

H3K9me3 (Loh et al., 2007; Wen et al., 2009). Specifically, ESC

differentiation was shown to entail heterochromatin spreading

into ‘‘large organized chromatin K9 domains’’ (LOCKs) (Wen

et al., 2009). Although the statistical validity of these particular

data was later challenged (Lienert et al., 2011), several other

studies employing either imaging-based examinations (Ahmed

et al., 2010; Efroni et al., 2008; Mattout et al., 2011) or biochem-

ical and epigenomic assays (Liu et al., 2015; Loh et al., 2007;

Sridharan et al., 2013), confirmed the paucity of heterochro-

matin-related histone modifications (i.e., H3K9me2; H3K9me3)

in both serum- and 2i-grown mouse pluripotent cells by high-

throughput mapping. Interestingly, a recent study demonstrated

H3K9me3-independent inaccessible chromatin formation and

silencing of lineage-specifying genes in 2i-grown ESCs by a

complex consisting of ADNP and CHD4 as well as the two HP1

proteins HP1b and HP1g (Ostapcuk et al., 2018). Both HP1b

and HP1g were already previously shown not to be associated

with heterochromatin and H3K9me3 and to assume a more

genic distribution in ESCs (Mattout et al., 2015). Overall, the

constitutive heterochromatin content in pluripotent cells, both

2i- and serum-grown, seems lower than in differentiated

cells, supporting the view that ESCs keep their options open

by refraining from irreversible silencing mechanisms. Which
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alternative silencing pathways operate, especially in 2i condi-

tions, largely remain to be identified.

Polycomb-associated ‘‘facultative’’ heterochromatin, i.e.,

H3K27me3, was also shown to be relatively low in serum-grown

ESCs and to increase during differentiation (Juan et al., 2016).

Interestingly, in the same study, H3K27me2was found to display

the opposite trend, suggesting that H3K27me2 is partially meth-

ylated into H3K27me3 during ESC differentiation. In 2i condi-

tions, H3K27me3 is significantly depleted in developmentally

regulated genes (Juan et al., 2016; Marks et al., 2012), but by

contrast to the promiscuously transcribing serum-grown ESCs

(Efroni et al., 2008; Lin et al., 2012; Nie et al., 2012; Percharde

et al., 2017), ground-state ESCs do not show permissive tran-

scription (Marks et al., 2012) and do not express satellite repeats

(Tosolini et al., 2018) as serum-grown ESCs do (Efroni et al.,

2008; Tosolini et al., 2018), suggesting that transcription in

2i-grown ESCs is blocked by means other than H3K27me3,

H3K9me3, or DNA methylation.

In serum-grown ESCs, H3K27me3 was shown to be present

together with H3K4me3 in many developmentally regulated

genes, forming the so-called bivalent chromatin (Azuara et al.,

2006; Bernstein et al., 2006; Mikkelsen et al., 2007). Bivalent

chromatin is an elegant concept. It not only explained how

ESCs silence their ‘‘active-chromatin-enriched’’ genome but

also provided a mechanism for rapid activation or suppression

of developmentally regulated genes during differentiation (Hari-

kumar and Meshorer, 2015; Voigt et al., 2013). The demonstra-

tion that 2i-grown ESCs are largely devoid of H3K27me3 in

developmental genes challenged the bivalency idea in ground-

state ESCs. In addition, all early studies were conducted on

cell populations. Thus, even if we are convinced that bivalent do-

mains exist within the same cell, it was essentially impossible,

until recently, to determine whether the conflicting histonemarks

are present on the same chromosome, on the same nucleo-

some, and on the same histone molecule itself (Harikumar and

Meshorer, 2015). Whether this placement is even important for

their function should also be considered (Hu et al., 2013). An

interesting biochemical study suggested that the H3K4me3

and H3K27me3 marks are present within the same nucleosome

on separate histone molecules (Voigt et al., 2012). A more recent

elegant approach using immobilization of single nucleosomes

provided the final proof that the bivalent unit is the nucleosome

itself (Shema et al., 2016). Since the latter work used serum-

grown mouse ESCs, it indeed provided evidence for the pres-

ence of bivalency and its enrichment in undifferentiated ESCs

(Shema et al., 2016) but did not resolve whether 2i grown

ESCs completely lose this feature.

Taken together, these studies show that serum- and 2i-grown

ESCs differ significantly in their global DNA methylation profiles

and local H3K27me3 profiles. Low-level DNA methylation and

reduced H3K27me3 at developmental genes is a hallmark of

ground-state pluripotency and resembles the ICM. While, as

we have seen above, the two states share an open and acces-

sible chromatin structure, such differences may account for the

lower number of clutches (Ricci et al., 2015) or the higher number

of long-distance interactions (Joshi et al., 2015) observed in 2i-

grown ESCs, discussed above. Be that as it may, while both

DNAmethylation and H3K7me3 are associated with heterochro-

matin and silencing, serum-grown, rather than ground-state,
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ESCs show transcriptional promiscuity (Efroni et al., 2008) and

expression heterogeneity (Singer et al., 2014), suggesting that

other silencing mechanisms are at play restricting permissive

transcription in ground-state ESCs (Hainer et al., 2015).

Differences in Transposable Element Regulation

between Serum and 2i

Nearly half of the mammalian genome is derived from trophecto-

derm (Goodier and Kazazian, 2008), including members of the

long terminal repeat (LTR)-containing endogenous retroviruses

(ERVs), and the non-LTR-containing retrotransposons (LINE-1

and SINE-1). These genetic elements are considered a major

driving force in vertebrate evolution, and many such introduced

retroviral genes, non-coding RNAs, or promoters are being used

by the genome of their hosts (Schlesinger and Goff, 2015).

Hence, the expression of these elements must be tightly regu-

lated during embryonic development to balance the potentially

damaging effects of widespread retrotransposition against the

benefits of promoting genetic diversity. Transposon reactivation

is thus an inherent danger in cells that lose epigenetic silencing

during developmental reprogramming. ERV activity is controlled

by multiple epigenetic mechanisms including DNA methylation,

repressive histone modifications, and small RNAs (Rowe

and Trono, 2011). In somatic tissues, DNA methylation and

H3K9me2/3 have been shown to be responsible for trophecto-

derm silencing (Hutnick et al., 2010). In ESCs, while some

ERVs are expressed in the absence of members of the polycomb

complex (Leeb et al., 2010) or the H3K9me3 methyltransferase

SETDB1, a second group is mainly regulated by DNA methyl-

ation (Karimi et al., 2011). The silencing of such potentially haz-

ardous genomic elements was suggested to be the main role

of DNA methylation in mammalian cells (Bestor et al., 2015;

Walsh et al., 1998). Therefore, it was not clear how trophecto-

derms would be regulated in 2i-grown cells, where DNA methyl-

ation is drastically diminished. Inspection of the DNAmethylation

landscape usingWGBS in ESCs shifted from serum- to 2i-grown

conditions, revealed that around 20% of DNA methylation is re-

fractory to demethylation. DNAmethylation is retained mostly on

imprinted genes, major satellite repeats, and intracisternal A par-

ticles (IAP) repetitive elements (Ficz et al., 2013; Habibi et al.,

2013). Interestingly, 2i-grown cells treated with vitamin C

showed a transient significant increase in 5hmC and a progres-

sive loss of 5mC. These responses were completely abolished in

cells lacking TET activity. Akin to in vivo blastocysts, IAP ele-

ments and imprinted regions were resistant to vitamin-C-medi-

ated demethylation (Blaschke et al., 2013). In the absence of

DNA-methylation-mediated silencing, trophectoderms were

shown to be silenced by suppressive histone modifications after

a short wave of trophectoderm activation in 2i-LIF and vitamin-C

conditions (Walter et al., 2016). Thus, it seems that specific

repressive histone marks can secure the control of trophecto-

derms during early development and in ground-state ESC

culture, in times of extensive DNA demethylation (Figure 5A).

The idea that other chromatin-based modifications (e.g.,

H3K27me3) can substitute for DNAmethylation in silencing likely

represents the rule, rather than the exception, for ground-state

ESCs of some trophectoderm subgroups.

Two Active X Chromosomes in Pluripotency

Random X inactivation, the process of dosage compensation in

female mammals, takes place in the blastocyst stage embryo
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Figure 5. Transposable Elements, X Inactivation, and Replication Riming in 2i versus Serum ESCs
(A) 2i/vitC induces a rapid loss of DNA methylation followed by a transcriptional burst of most ERVs. H3K27me3 accumulation and H3K9me3 restore tro-
phectoderm repression.
(B) Nanog and Xist expression correlates in serum-grown ESCs. Upon transition to 2i, Nanog is homogeneously expressed at high levels and Xist is repressed,
reversing the initiation of the X-inactivation process.
(C) Schematic representative fluorescence in situ hybridization (FISH) of ESCs during S phase. The paternal allele is marked with a red probe, while the asyn-
chronously replicating gene (Nanog, Ig-Ck, and Olfr locus on chromosome 6) is labeled green. A single dot denotes a yet-to-be replicated allele (late replication);
double dots represent replicated alleles. A high percentage of single-double pattern is observed for all asynchronously replicating genes in ESCs grown in the
presence of serum. In 2i, the genes are switching to synchronous replication timing—a transitory change that will revert once the 2i is removed. This reversion, or
initiation of asynchronous replication, is dependent on DNA methylation and is not observed in ESCs depleted for the three DNA methyltransferases (TKO).
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around the time of implantation (Augui et al., 2011). Since the

process in mouse is gradual between embryonic day (E) 3.5

and E5.5 and not entirely synchronous, the blastocyst usually

contains cells in different stages of X inactivation (Kobayashi

et al., 2016). Regardless, in ESCs, having two active X chromo-

somes is considered one of the defining hallmarks of pluripo-

tency in mammalian female cells (Kobayashi et al., 2016). X inac-

tivation in mouse ESCs was recently evaluated in 2i versus

serum conditions (Sousa et al., 2018). The authors show that

1 day after serum-grown ESCs are switched to 2i, the levels of

Xist and other X-inactivation regulatory RNAs are downregu-

lated, directly correlating with the upregulation of Nanog expres-

sion (Figure 5B). Unexpectedly, this effect was also observed in

male ESCs. The single X chromosome in male cells was shown

to go through the same initiation steps of X inactivation in the

Nanog negative ESCs, as well as during the first days of differen-

tiation in both 2i- and serum-grown ESCs. Since, as discussed
above, serum-grown ESCs are a heterogeneous population of

cells, they possess mixed stages of X inactivation, although

most of the cells do show two active X chromosomes (Kobayashi

et al., 2016). In this regard, while 2i-grown cells may better mimic

the E3.5 ICM cells, serum-grown ESCs may more faithfully

represent the heterogeneous situation found in blastocysts

in vivo (Figure 1). This idea explains why both cell types, despite

some of the apparent differences described herein, are similarly

pluripotent.

Replication Timing in ESCs Align with 3D Genome

Organization

Mammalian DNA is replicated in a highly organized and regu-

lated fashion, whereby the genome is divided into replication

time zones that are correlated with gene expression. Active

genes usually replicate early during S phase, while inactive re-

gions replicate late (Gilbert, 2010). About half of the genome

replication timing is conserved, while the other half is changing
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during differentiation (Rivera-Mulia and Gilbert, 2016). Recently,

it has been shown that in 2i grown ESCs, single cells of the same

population maintain conserved and homogeneous replication

timing patterns (Dileep and Gilbert, 2018). Interestingly, a tight

correlation was observed between replication timing domains

and the TADs and LADs in different cell types (Pope et al.,

2014), a feature that is also conserved at the single-cell level (Na-

gano et al., 2017). As mentioned earlier, these megascale 3D

structural domains are established in the pluripotent state, and

their boundaries remain largely conserved throughout the cell

cycle and development. Accordingly, while the replication

domain boundaries also appear to be stable in different cell

types, approximately half of the genomic domains are switching

replication timing between cell states (Rivera-Mulia and Gilbert,

2016). Therefore, we can speculate that, as there is no major dif-

ference in the overall 3D genomic organization between 2i- and

serum-grown ESCs, we can expect no major difference in the

global replication timing patterns.

While a global direct comparison of replication timing between

2i- and serum-grown ESCs has yet to be reported, several

studies examined replication timing of monoallelically expressed

genes in 2i- and serum-grown ESCs. Monoallelically expressed

genes (or chromosome in the case of X inactivation) replicate

asynchronously in S phase with one, usually the active, allele

replicating earlier. This mechanism serves as an epigenetic

mark for distinguishing between the two alleles. In a recent study

carried out on ESCs derived from hybrid crosses ofM. musculus

musculus 3 M. musculus castaneus, a relatively high degree of

asynchrony (�17% of the genes) was reported in ESCs (Riv-

era-Mulia et al., 2018). Both serum- and 2i-grown ESCs showed

this high degree of asynchrony, which was lost during differenti-

ation. By contrast, in a study conducted in ESCs of inbred

mice strains, the examined alleles replicated synchronously in

ground-state ESCs but asynchronously in serum, switching

between late and early replication timing (Figure 5C) (Masika

et al., 2017). This serum-related asynchrony is DNA methylation

dependent since it disappears in ESCs lacking all DNMTs

(DNMT-TKO) (Masika et al., 2017). Together, these data may

suggest that the oscillations in CpG methylation in serum-grown

ESCs might affect the establishment of the allelic discrimination

and thus be responsible for generating allelic choice diversity in

the organism. The differences observed in replication timing in

ESCs derived from inbred versus non-inbred mice may suggest

that cis-acting sequences regulate synchronous replication

in ground-state conditions. What these sequences are and

whether replication timing changes globally between 2i- and

serum-grown ESCs await additional research.

Chromatin Proteins Are Hyperdynamic in

Pluripotent Cells

Using fluorescence recovery after photobleaching (FRAP), the

association between chromatin and structural chromatin pro-

teins including HP1 proteins (Christogianni et al., 2017; Dialynas

et al., 2007; Stixová et al., 2011), HMGproteins (Deng et al., 2013;

Melcer et al., 2012), and core and linker histones (Bhattacharya

et al., 2009; Melcer et al., 2012; Meshorer et al., 2006; Morozumi

et al., 2016) was shown to be hyperdynamic in serum-grown

pluripotent cells. Congruently, reprogramming somatic cells to

pluripotency reverts themore restricted protein-chromatin asso-

ciation to the pluripotent hyperdynamic state (Hezroni et al.,
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2011). This dynamic association is restricted upon differentiation

and was suggested to be important for the pluripotent state

(Mattout and Meshorer, 2010; Melcer and Meshorer, 2010;

Suvà et al., 2013). Interestingly, only pluripotent and multipotent

cells, although to a lesser extent, displayed this hyperdynamic

behavior compared with differentiated cells, and differentiation

per se did not alter the dynamic state of chromatin proteins

(Meshorer et al., 2006). The only histone protein that did not

show hyperdynamic behavior in ESCs is the core histone variant

H3.3 (Meshorer et al., 2006). Intriguingly, however, subsequent

genome-wide turnover studies using sequencing approaches

at a single nucleosome resolution revealed a single hyperdy-

namic H3.3 nucleosome marking promoters of undifferentiated

2i-grown ESCs (Schlesinger et al., 2017). This resembles the

behavior of the core histone variant MacroH2A2, which was

also studied using a similar approach, in serum-grown ESCs:

MacroH2A2 was stably associated with large genomic blocks,

which further extended upon ESC differentiation, but in promoter

regions, it displayed a high turnover rate in undifferentiated ESCs

(Yildirim et al., 2014). These results suggest that the global hyper-

dynamic behavior observed for several structural components of

chromatin is not a general feature of all chromatin proteins in

pluripotent cells and that at least some variants display pro-

moter-specific dynamic turnover in ESCs (Table 1).

But why are chromatin proteins more dynamic in pluripotent

cells? One potential explanation is the relative paucity of consti-

tutive heterochromatin, especially H3K9me3 domains. Since

the levels of HP1 proteins, for example, are not lower in ESCs

compared with differentiated cells (Mattout et al., 2015), a larger

unbound fraction of HP1 to H3K9me3 is expected, leading to the

observed hyperdynamic behavior. As H3K9me3 domains are

formed during differentiation, more and more HP1 molecules

become associated with them, and their diffusion mobility is

restricted. In the case of linker and core histones, one intriguing

possibility is a change in phase separation (Erdel and Rippe,

2018), caused, indirectly, by the formation of heterochromatin

(Larson et al., 2017; Strom et al., 2017).

On examination of the reorganization process of the hetero-

chromatin landscape during early serum-grown differentiating

ESCs, fewer dynamic heterochromatin domains were observed

during the exit from pluripotency, resulting in a highly heteroge-

neous process, which becomes more and more stable over time

(Christogianni et al., 2017). A dynamic chromatin state in serum-

grown ESCs was further confirmed using correlated spatiotem-

poral fluctuations (Talwar et al., 2013). Photobleaching-based

experiments performed in early developing mouse embryos re-

vealed that hyperdynamic plasticity of core histones in vivo pre-

cedes the pluripotent state with the highest dynamic association

of H3.1 and H3.2 at 2-cell-stage embryos (Bo�skovi�c et al., 2014).

As in ESCs, the core histone variant H3.3 also did not show this

typical hyperdynamic association in early embryos (Bo�skovi�c

et al., 2014), suggesting at least partial selectivity or reflecting

the different chaperone activities for the two classes of variants.

In addition to structural components of chromatin, the nuclear

lamina protein Lamin B1 (Bhattacharya et al., 2009) as well as

the helicase Topoisomerase I (TopoI) (Harikumar et al., 2017)

were also shown to be more dynamic in ESCs compared with

differentiated cells. Together, these data suggest that several

architectural proteins, all of which are chromatin associated,



Figure 6. Schematic Summary of Chromatin
Features in Pluripotent and Differentiated
Cells
x axis denotes differentiation; y axis denotes cul-
ture conditions; bottom: 2i, top: serum. Overall,
ESCs begin their journey with an ‘‘open’’ chromatin
structure, which supports pluripotency; during
differentiation, the potential of the cells gradually
decreases, while gaining their specific functions.
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show hyperdynamic plasticity in undifferentiated serum-grown

ESCs, supporting the open chromatin view of ESCs. However,

most studies reported to date were performed in serum condi-

tions, and hence, it cannot be ruled out that the hyperdynamic

plasticity is, at least partially, due to the confusing signals ob-

tained from growing ESCs in the presence of serum. This is sup-

ported by the high variation of chromatin protein plasticity

observed in serum conditions (Christogianni et al., 2017) and

might suggest that the ground state has a lower epigenetic

‘‘Waddington landscape energy,’’ which is elevated during

serum and perhaps during ESCpriming and then restricted again

during differentiation and specification.

This view is supported by a study that directly compared, us-

ing FRAP experiments, the dynamic plasticity of core histones in

Nanog-positive and Nanog-negative serum-grown ESCs (Chalut

et al., 2012). Although the authors did not grow the cells in

ground-state 2i conditions, they identified naive (Nanog-high)

versus primed (Nanog-low) ESCs according to Nanog expres-

sion. They demonstrated that the Nanog-high naive ESCs

show restricted dynamics and transcriptional activity compared

with the primed Nanog-low cells. They further developed an op-

tical stretching method to reveal that naive ESCs have a stiffer

nucleus, which is coupled to a globally more condensed chro-

matin state (Chalut et al., 2012). In a follow-up study, the authors

used 2i ground-state conditions and identified three distinct

states: 2i-grown naive ESCs expressing both Nanog and Rex1,

primed ESCs 48 h after withdrawal of the two inhibitors, and a

‘‘transition’’ state (T) 24 h after 2i removal where the cells still

express Rex1 but not Nanog. Remarkably, T-ESCs have

auxetic nuclei, meaning that they become stiffer with increasing

compression. Moreover, using electron microscopy, the authors

show that chromatin is less compact in T-ESCs than in naive
De
ESCs (Pagliara et al., 2014). Taken

together, these results imply that ESCs

transition through a more permissive

state when undergoing differentiation. It

is likely that several of the recorded

features of ESCs described above

including chromatin protein hyperdynam-

ics, permissive transcription, decon-

densed chromatin, active histone modifi-

cations, etc. are transiently enriched in

this transition state and that serum-grown

ESCs show a high degree of variability

resulting in promiscuous phenotypes.

Regardless, essentially all studies argue

that both ground-state and serum-grown

mouse ESCs possess some degree of

open, accessible, and permissive chro-
matin. Based on all combined literature, one intriguing possibility

is that ground-state ESCs possess a semi-restricted state,

which is lifted to a higher energy hyperdynamic state when

they are grown in serum or even when primed for differentiation.

Once differentiation begins, the various open chromatin plas-

ticity features depicted above become gradually restricted

(Figure 6).

Human Embryonic Stem Cells Also Display Open
Chromatin Features
While conditions mimicking ground-state pluripotency in mouse

were identified in 2008 (Ying et al., 2008) and very recently modi-

fied and improved (Choi et al., 2017), the situation with hESCs re-

mains somewhat controversial, having been shown to represent

epiblast stage, rather than blastocyst stage, mouse ESCs (Brons

et al., 2007; Tesar et al., 2007), at least before naive conditions

were developed for hESCs. In one example supporting this

view, hESC replication timing profiles were significantly more

aligned to mouse EpiSCs than to mouse ESCs (Ryba et al.,

2010). Nonetheless, several studies convincingly showed that

hESCs possess chromatin and nuclear features that support

an open and relaxed state. For example, nuclei of hESCs were

shown to have high physical plasticity that stiffens upon differen-

tiation (Pajerowski et al., 2007), enrichment of active histone

modifications (Bártová et al., 2008a), and an overall decon-

densed chromatin (Bártová et al., 2008b), and ultrastructural im-

aging studies revealed a conspicuous absence of heterochro-

matin, including peripheral heterochromatin (Underwood et al.,

2017). We will therefore only briefly summarize the situation in

human pluripotency and select representative examples to

illustrate the current state of affairs of chromatin plasticity

in hESCs.
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Direct measurement of open chromatin content in hESCs was

carried out using DHSs and FAIRE. The authors compared

several human cell lines, including hESCs, and found that the

latter possessed the higher fraction of DNAse-I sites, with

>3%, compared with an average of <2% in six other human

cell lines tested (Song et al., 2011). The same was true for

open chromatin, which the authors calculated based on their ex-

periments. In a more recent study, ATAC-seq was used to map

open chromatin during hESC differentiation into cardiomyocytes

(Liu et al., 2017). In this study, the authors analyzed the relative

genomic fraction rather than overall accessibility. They found

that the fraction of open sites corresponding to promoter regions

increased during differentiation at the expense of intergenic re-

gions. This transition likely reflects the changes in transcription

that are associated with differentiation, resulting in many open

sites in intergenic regions. Less compact chromatin in hESCs

was also observed in a study, which compared hESCs with hu-

man CD34+ cord blood cells (Lorzadeh et al., 2016). Unlike the

CD34+ cells, which were shown to be enriched with 2-nucleo-

some fragment sizes, hESCs were highly enriched with single

nucleosome fragments, likely reflecting a more open chromatin.

Together, these data argue for a less compact chromatin in

hESCs compared with differentiated cells.

A relatively open chromatin structure in hESCs compared

with differentiated cells was also found using epigenomic map-

ping. High-resolution mapping of several histone modifications

in hESCs using ChIP-seq analyses revealed that the two most

predominantly redistributed modifications were the heterochro-

matin-associated H3K27me3 and H3K9me3, demonstrating

heterochromatin increase during ESC differentiation (Hawkins

et al., 2010). Notwithstanding, differentiation into primordial-

germ-cell-like cells (PGCLCs) resulted in a global decrease in

H3K27me3, although ESCs showed the highest number of

H3K27ac-specific regions (Kurimoto et al., 2015). In the most

comprehensive epigenomic mapping conducted as yet, chro-

matin state dynamics were analyzed in some 300 human cell

types and tissues (Zhu et al., 2013). This study confirmed that

human ESCs, akin to their mouse counterparts, are indeed

largely depleted for heterochromatin-associated histone modi-

fications, especially the Polycomb-associated H3K27me3,

which spreads during cellular differentiation and specification.

Unlike H3K27me3, spreading of the constitutive-heterochro-

matin-associated H3K9me3 was shown to be largely a conse-

quence of the in vitro culture conditions. Statistical modeling

incorporating multiple chromatin states revealed that cellular

specification was accompanied by a global transition from a

uniquely accessible chromatin state to increasingly restrictive

configurations. Supporting this view was the reorganization of

the histone variant H2A.Z from a widespread distribution in

ESCs to confined concentration in promoters and distal ele-

ments in differentiated cells (Zhu et al., 2013). Finally, the dy-

namic association of a heterochromatin protein, i.e., HP1b,

was reported to significantly increase in pluripotent human cells

following reprogramming of somatic fibroblasts (Manukyan and

Singh, 2014) and was suggested to act as a quantifiable mea-

sure for human pluripotency, mimicking the situation in mouse

(Meshorer et al., 2006). Taken together, the epigenomic and

chromatin state of hESCs, even when grown in the more clas-

sical conditions that parallel EpiSCs, is distinct from that of so-
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matic cells, supporting, once again, a more open chromatin

conformation.

Functional Consequences and Conclusions
Serum-grown mouse ESCs have been used to generate mice

by blastocyst injections ever since the 1980s; hence, their plu-

ripotency is not questionable. However, it is possible that only

a fraction of the cells are truly pluripotent and that these cells

are selected in vivo during blastocyst injections, exclusively

contributing to the chimeric animals produced. Therefore, plu-

ripotency-promoting conditions, such as increased histone

acetylation (Hezroni et al., 2011), naive conditions (Ying

et al., 2008), or a2i conditions (Choi et al., 2017; Yagi et al.,

2017), would be highly beneficial from a practical point of

view. Another important motivation to seek conditions that

mimic the ICM of the early embryo (Habibi and Stunnenberg,

2017) is to better model development and to enable proper dif-

ferentiation in vitro. Although 2i conditions were used in multi-

ple studies to generate animals, the recent finding that pro-

longed culturing in these conditions hamper embryonic

development (Choi et al., 2017; Yagi et al., 2017) casts doubt

on the suitability of these conditions for properly mimicking the

ICM. Having said that, the ICM stage is characterized by low-

level DNA methylation, while both serum-grown and a2i-grown

ESCs are hypermethylated. This suggests that DNA methyl-

ation in ESCs may have little functional consequences, likely

reflecting the relatively high levels of the de novo DNMTs pre-

sent in these cells (Figure 4) and that during differentiation, the

proper methylation patterns are established and erased, as

dictated by the developmental route. Supporting this notion

is the fact that ESCs devoid of all three DNMTs (Tsumura

et al., 2006) or all three TET proteins (Dawlaty et al., 2014)

maintain their growth and self-renewal. Thus, in vitro condi-

tions that truly capture the epigenetic state of the ICM without

compromising developmental potential are yet to be identified.

To sum up, mESCs grown in either 2i (‘‘ground-state’’) or

serum (‘‘confused’’) are both naive pluripotent ESCs, while

classically cultured hESCs likely represent EpiSCs. As such,

they are less naive in their pluripotent state than mouse

ESCs, but all of these different pluripotent states display fea-

tures of chromatin ‘‘hyper-plasticity.’’ Assays that measure

open chromatin accurately will enable, for example, the identi-

fication of properly reprogrammed iPSCs. Tracking the chro-

matin landscape from pluripotency through priming to differen-

tiated cells will further enable understanding of the molecular

events that shape our genome and likely reflect the chromatin

restriction, which occurs during development. A better under-

standing of the unique gene silencing mechanisms used by

pluripotent cells, in the generally ‘‘open’’ environment, will

enable examining and assessing the safety of the cells in

use. Taking into account everything we have learned, pluripo-

tent stem cells, whether ground state, serum-grown, or even

primed, show a higher degree of chromatin decompaction

and ‘‘openness’’ than somatic cells do (Figure 6). However,

not all open chromatin features correlate directly with pluripo-

tency, and some, such as promiscuous transcription, seem to

be related to the multiple signals emerging from growing

the cells in serum. Once conditions to grow naive hESCs

become standardized, it will be possible to comprehensively



Developmental Cell

Review
re-examine all epigenomic and chromatin-related features

and, using the mouse model for in vivo studies, correlate

them directly with pluripotency.
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Hendrickson, P.G., Doráis, J.A., Grow, E.J., Whiddon, J.L., Lim, J.W., Wike,
C.L., Weaver, B.D., Pflueger, C., Emery, B.R., Wilcox, A.L., et al. (2017).
Conserved roles of mouse DUX and human DUX4 in activating cleavage-stage
genes and MERVL/HERVL retrotransposons. Nat. Genet. 49, 925–934.

Hezroni, H., Tzchori, I., Davidi, A., Mattout, A., Biran, A., Nissim-Rafinia, M.,
Westphal, H., and Meshorer, E. (2011). H3K9 Histone acetylation predicts plu-
ripotency and reprogramming capacity of ES cells. Nucleus 2, 300–309.

Hiratani, I., Ryba, T., Itoh, M., Rathjen, J., Kulik, M., Papp, B., Fussner, E., Ba-
zett-Jones, D.P., Plath, K., Dalton, S., et al. (2010). Genome-wide dynamics of
replication timing revealed by in vitro models of mouse embryogenesis.
Genome Res. 20, 155–169.

Ho, L., Jothi, R., Ronan, J.L., Cui, K., Zhao, K., and Crabtree, G.R. (2009). An
embryonic stem cell chromatin remodeling complex, esBAF, is an essential
component of the core pluripotency transcriptional network. Proc. Natl.
Acad. Sci. U S A 106, 5187–5191.

Hu, D., Garruss, A.S., Gao, X., Morgan, M.A., Cook, M., Smith, E.R., and
Shilatifard, A. (2013). The Mll2 branch of the COMPASS family regulates biva-
148 Developmental Cell 48, January 28, 2019
lent promoters in mouse embryonic stem cells. Nat. Struct. Mol. Biol. 20,
1093–1097.

Hutnick, L.K., Huang, X., Loo, T.C., Ma, Z., and Fan, G. (2010). Repression
of retrotransposal elements in mouse embryonic stem cells is primarily medi-
ated by a DNA methylation-independent mechanism. J. Biol. Chem. 285,
21082–21091.

Joshi, O., Wang, S.Y., Kuznetsova, T., Atlasi, Y., Peng, T., Fabre, P.J., Habibi,
E., Shaik, J., Saeed, S., Handoko, L., et al. (2015). Dynamic reorganization of
extremely long-range promoter-promoter interactions between two states of
pluripotency. Cell Stem Cell 17, 748–757.

Juan, A.H., Wang, S., Ko, K.D., Zare, H., Tsai, P.F., Feng, X., Vivanco, K.O., As-
coli, A.M., Gutierrez-Cruz, G., Krebs, J., et al. (2016). Roles of H3K27me2 and
H3K27me3 examined during fate specification of embryonic stem cells. Cell
Rep. 17, 1369–1382.

Kalkan, T., Olova, N., Roode, M., Mulas, C., Lee, H.J., Nett, I., Marks, H.,
Walker, R., Stunnenberg, H.G., Lilley, K.S., et al. (2017). Tracking the embry-
onic stem cell transition from ground state pluripotency. Development 144,
1221–1234.

Karimi, M.M., Goyal, P., Maksakova, I.A., Bilenky, M., Leung, D., Tang, J.X.,
Shinkai, Y., Mager, D.L., Jones, S., Hirst, M., et al. (2011). DNA methylation
and SETDB1/H3K9me3 regulate predominantly distinct sets of genes, retro-
elements, and chimeric transcripts in mESCs. Cell Stem Cell 8, 676–687.

Kobayakawa, S., Miike, K., Nakao, M., and Abe, K. (2007). Dynamic changes in
the epigenomic state and nuclear organization of differentiatingmouse embry-
onic stem cells. Genes Cells 12, 447–460.

Kobayashi, S., Hosoi, Y., Shiura, H., Yamagata, K., Takahashi, S., Fujihara, Y.,
Kohda, T., Okabe, M., and Ishino, F. (2016). Live imaging of X chromosome re-
activation dynamics in early mouse development can discriminate naive from
primed pluripotent stem cells. Development 143, 2958–2964.

Kurimoto, K., Yabuta, Y., Hayashi, K., Ohta, H., Kiyonari, H., Mitani, T., Mori-
toki, Y., Kohri, K., Kimura, H., Yamamoto, T., et al. (2015). Quantitative dy-
namics of chromatin remodeling during germ cell specification from mouse
embryonic stem cells. Cell Stem Cell 16, 517–532.

Larson, A.G., Elnatan, D., Keenen, M.M., Trnka, M.J., Johnston, J.B., Burlin-
game, A.L., Agard, D.A., Redding, S., and Narlikar, G.J. (2017). Liquid droplet
formation by HP1alpha suggests a role for phase separation in heterochromat-
in. Nature 547, 236–240.

Leeb,M., Pasini, D., Novatchkova,M., Jaritz, M., Helin, K., andWutz, A. (2010).
Polycomb complexes act redundantly to repress genomic repeats and genes.
Genes Dev. 24, 265–276.

Lienert, F., Mohn, F., Tiwari, V.K., Baubec, T., Roloff, T.C., Gaidatzis, D., Sta-
dler, M.B., and Sch€ubeler, D. (2011). Genomic prevalence of heterochromatic
H3K9me2 and transcription do not discriminate pluripotent from terminally
differentiated cells. PLoS Genet. 7, e1002090.

Lin, C.Y., Lovén, J., Rahl, P.B., Paranal, R.M., Burge, C.B., Bradner, J.E., Lee,
T.I., and Young, R.A. (2012). Transcriptional amplification in tumor cells with
elevated c-Myc. Cell 151, 56–67.

Liu, N., Zhang, Z., Wu, H., Jiang, Y., Meng, L., Xiong, J., Zhao, Z., Zhou, X., Li,
J., Li, H., et al. (2015). Recognition of H3K9 methylation by GLP is required for
efficient establishment of H3K9 methylation, rapid target gene repression, and
mouse viability. Genes Dev. 29, 379–393.

Liu, Q., Jiang, C., Xu, J., Zhao, M.T., Van Bortle, K., Cheng, X., Wang, G.,
Chang, H.Y., Wu, J.C., and Snyder, M.P. (2017). Genome-wide temporal
profiling of transcriptome and open chromatin of early cardiomyocyte differen-
tiation derived From hiPSCs and hESCs. Circ. Res. 121, 376–391.

Loh, Y.-H., Zhang, W., Chen, X., George, J., and Ng, H.-H. (2007). Jmjd1a and
Jmjd2c histone H3 Lys 9 demethylases regulate self-renewal in embryonic
stem cells. Genes Dev. 21, 2545–2557.

Lorzadeh, A., Bilenky, M., Hammond, C., Knapp, D.J., Li, L., Miller, P.H.,
Carles, A., Heravi-Moussavi, A., Gakkhar, S., Moksa, M., et al. (2016). Nucle-
osome density ChIP-seq identifies distinct chromatin modification signatures
associated with MNase accessibility. Cell Rep. 17, 2112–2124.

Maharana, S., Iyer, K.V., Jain, N., Nagarajan, M., Wang, Y., and Shivashankar,
G.V. (2016). Chromosome intermingling-the physical basis of chromosome
organization in differentiated cells. Nucleic Acids Res. 44, 5148–5160.

http://refhub.elsevier.com/S1534-5807(19)30003-6/sref34
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref34
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref34
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref34
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref35
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref35
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref36
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref36
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref36
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref37
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref37
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref38
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref38
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref38
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref39
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref39
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref40
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref40
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref40
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref40
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref41
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref41
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref41
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref41
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref42
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref42
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref42
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref43
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref43
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref43
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref44
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref44
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref44
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref45
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref45
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref45
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref45
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref46
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref46
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref47
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref47
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref47
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref47
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref48
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref48
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref48
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref48
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref49
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref49
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref49
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref49
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref50
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref50
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref50
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref51
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref51
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref51
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref51
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref52
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref52
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref52
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref52
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref53
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref53
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref53
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref53
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref54
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref54
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref54
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref54
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref55
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref55
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref55
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref55
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref56
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref56
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref56
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref56
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref57
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref57
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref57
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref57
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref58
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref58
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref58
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref58
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref59
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref59
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref59
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref60
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref60
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref60
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref60
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref61
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref61
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref61
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref61
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref62
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref62
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref62
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref62
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref63
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref63
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref63
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref64
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref64
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref64
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref64
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref64
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref65
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref65
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref65
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref66
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref66
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref66
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref66
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref67
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref67
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref67
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref67
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref68
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref68
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref68
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref69
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref69
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref69
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref69
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref70
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref70
http://refhub.elsevier.com/S1534-5807(19)30003-6/sref70


Developmental Cell

Review
Manukyan, M., and Singh, P.B. (2014). Epigenome rejuvenation: HP1beta
mobility as a measure of pluripotent and senescent chromatin ground states.
Sci. Rep. 4, 4789.

Marks, H., Kalkan, T., Menafra, R., Denissov, S., Jones, K., Hofemeister, H.,
Nichols, J., Kranz, A., Stewart, A.F., Smith, A., et al. (2012). The transcriptional
and epigenomic foundations of ground state pluripotency. Cell 149, 590–604.

Masika, H., Farago, M., Hecht, M., Condiotti, R., Makedonski, K., Buganim, Y.,
Burstyn-Cohen, T., Bergman, Y., and Cedar, H. (2017). Programming asyn-
chronous replication in stem cells. Nat. Struct. Mol. Biol. 24, 1132–1138.

Mattout, A., Aaronson, Y., Sailaja, B.S., Raghu Ram, E.V., Harikumar, A.,
Mallm, J.P., Sim, K.H., Nissim-Rafinia, M., Supper, E., Singh, P.B., et al.
(2015). Heterochromatin Protein 1beta (HP1beta) has distinct functions and
distinct nuclear distribution in pluripotent versus differentiated cells. Genome
Biol. 16, 213.

Mattout, A., Biran, A., andMeshorer, E. (2011). Global epigenetic changes dur-
ing somatic cell reprogramming to iPS cells. J. Mol. Cell Biol. 3, 341–350.

Mattout, A., and Meshorer, E. (2010). Chromatin plasticity and genome orga-
nization in pluripotent embryonic stem cells. Curr. Opin. Cell Biol. 22, 334–341.

Mayer, R., Brero, A., von Hase, J., Schroeder, T., Cremer, T., and Dietzel, S.
(2005). Common themes and cell type specific variations of higher order chro-
matin arrangements in the mouse. BMC Cell Biol. 6, 44.

Melcer, S., Hezroni, H., Rand, E., Nissim-Rafinia, M., Skoultchi, A., Stewart,
C.L., Bustin, M., and Meshorer, E. (2012). Histone modifications and lamin A
regulate chromatin protein dynamics in early embryonic stem cell differentia-
tion. Nat. Commun. 3, 910.

Melcer, S., and Meshorer, E. (2010). Chromatin plasticity in pluripotent cells.
Essays Biochem. 48, 245–262.

Meshorer, E. (2007). Chromatin in embryonic stem cell neuronal differentiation.
Histol. Histopathol. 22, 311–319.

Meshorer, E., and Misteli, T. (2006). Chromatin in pluripotent embryonic stem
cells and differentiation. Nat. Rev. Mol. Cell Biol. 7, 540–546.

Meshorer, E., Yellajoshula, D., George, E., Scambler, P.J., Brown, D.T., and
Misteli, T. (2006). Hyperdynamic plasticity of chromatin proteins in pluripotent
embryonic stem cells. Dev. Cell 10, 105–116.

Mikkelsen, T.S., Ku, M., Jaffe, D.B., Issac, B., Lieberman, E., Giannoukos, G.,
Alvarez, P., Brockman, W., Kim, T.K., Koche, R.P., et al. (2007). Genome-wide
maps of chromatin state in pluripotent and lineage-committed cells. Nature
448, 553–560.

Morozumi, Y., Boussouar, F., Tan, M., Chaikuad, A., Jamshidikia, M., Colak,
G., He, H., Nie, L., Petosa, C., de Dieuleveult, M., et al. (2016). Atad2 is a gener-
alist facilitator of chromatin dynamics in embryonic stem cells. J. Mol. Cell Biol.
8, 349–362.

Murtha, M., Strino, F., Tokcaer-Keskin, Z., Sumru Bayin, N., Shalabi, D., Xi, X.,
Kluger, Y., and Dailey, L. (2015). Comparative FAIRE-seq analysis reveals dis-
tinguishing features of the chromatin structure of ground state- and primed-
pluripotent cells. Stem Cells 33, 378–391.

Nagano, T., Lubling, Y., Várnai, C., Dudley, C., Leung, W., Baran, Y., Mendel-
son Cohen, N., Wingett, S., Fraser, P., and Tanay, A. (2017). Cell-cycle dy-
namics of chromosomal organization at single-cell resolution. Nature
547, 61–67.

Nie, Z., Hu, G., Wei, G., Cui, K., Yamane, A., Resch, W., Wang, R., Green, D.R.,
Tessarollo, L., Casellas, R., et al. (2012). c-Myc is a universal amplifier of ex-
pressed genes in lymphocytes and embryonic stem cells. Cell 151, 68–79.

Novo, C.L., Tang, C., Ahmed, K., Djuric, U., Fussner, E., Mullin, N.P., Morgan,
N.P., Hayre, J., Sienerth, A.R., Elderkin, S., et al. (2016). The pluripotency fac-
tor Nanog regulates pericentromeric heterochromatin organization in mouse
embryonic stem cells. Genes Dev. 30, 1101–1115.

Ostapcuk, V., Mohn, F., Carl, S.H., Basters, A., Hess, D., Iesmantavicius, V.,
Lampersberger, L., Flemr, M., Pandey, A., Thom€a, N.H., et al. (2018). Activ-
ity-dependent neuroprotective protein recruits HP1 and CHD4 to control line-
age-specifying genes. Nature 557, 739–743.

Pagliara, S., Franze, K., McClain, C.R., Wylde, G., Fisher, C.L., Franklin,
R.J.M., Kabla, A.J., Keyser, U.F., and Chalut, K.J. (2014). Auxetic nuclei in em-
bryonic stem cells exiting pluripotency. Nat. Mater. 13, 638–644.
Pajerowski, J.D., Dahl, K.N., Zhong, F.L., Sammak, P.J., and Discher, D.E.
(2007). Physical plasticity of the nucleus in stem cell differentiation. Proc.
Natl. Acad. Sci. U S A 104, 15619–15624.
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