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Abstract
Embryonic stem cells (ESCs) are immortal stem cells that own multi-lineage differentiation potential. ESCs are commonly 
derived from the inner cell mass (ICM) of pre-implantation embryos. Due to their tremendous developmental capacity and 
unlimited self-renewal, ESCs have diverse biomedical applications. Different culture media have been developed to procure 
and maintain ESCs in a state of naïve pluripotency, and to preserve a stable genome and epigenome during serial passaging. 
Chromatin modifications such as DNA methylation and histone modifications along with microRNA activity and different 
signaling pathways dynamically contribute to the regulation of the ESC gene regulatory network (GRN). Such modifications 
undergo remarkable changes in different ESC media and determine the quality and developmental potential of ESCs. In this 
review, we discuss the current approaches for derivation and maintenance of ESCs, and examine how differences in culture 
media impact on the characteristics of pluripotency via modulation of GRN during the course of ICM outgrowth into ESCs. 
We also summarize the current hypotheses concerning the origin of ESCs and provide a perspective about the relationship of 
these cells to their in vivo counterparts (early embryonic cells around the time of implantation). Finally, we discuss genera-
tion of ESCs from human embryos and domesticated animals, and offer suggestions to further advance this fascinating field.
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Introduction

Embryonic stem cells (ESCs) are mostly derived from the 
inner cell mass (ICM) of blastocyst-stage embryos. Although 
they possess infinite self-renewal ability, ESCs are able to 
generate virtually all derivatives of the three embryonic 
germ layers as well as germ cells during in vitro differentia-
tion and own the potential to return to their original niche 

in vivo. These unique features make ESCs a convenient can-
didate for studies in developmental biology, toxicology, dis-
ease modeling, and drug testing [1, 2]. However, the ability 
of ESCs for long-term self-renewal does not recapitulate the 
limited expansion of the ICM in the early embryo. This issue 
raises several questions. Do ESCs represent a “locked” state 
of ICM cells that are captured from a narrow developmental 
window before implantation or do they acquire specific fea-
tures during in vitro derivation that distinguishes them from 
ICM cells? If ESCs acquire distinct properties in vitro, can 
they still be considered to be natural developmental counter-
parts of ICM cells? In more practical terms, which criteria 
should be applied to optimize derivation and maintenance of 
ESCs for further applications? Is it meaningful to maintain 
all features of ICM cells during ESC derivation or rather 
counterproductive? Establishment of ESCs goes along with 
numerous changes in DNA methylation, histone modifica-
tions, gene expression, epithelial/mesenchymal status, and 
proliferative capacity [3, 4]. Despite these considerable and 
dynamic changes, the resultant ESCs are highly similar to 
pre-implantation epiblast cells from which they originated; 
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however, ESCs exhibit certain crucial differences compared 
to epiblast cells [4, 5]. In this article, we review the emer-
gence of pluripotent cells in the ICM and the continuum of 
pluripotency around the time of implantation. We discuss the 
perpetuation of pluripotency in vitro with a focus on culture 
conditions and extrinsic regulators used to efficiently derive 
ESCs from the ICM. Finally, we describe the current knowl-
edge about epigenetic control mechanisms and the intrinsic 
gene regulatory networks (GRNs) that govern maintenance 
and establishment of different ESCs.

In vivo pluripotency: when to derive ESCs?

During early mammalian development, a totipotent zygote 
initiates a highly dynamic developmental process to produce 
a fully functional multicellular organism. The term totipo-
tency has been defined, in its loosest sense, as the ability of 
a cell to generate cell types from both embryonic (i.e. ecto-
derm, mesoderm, and endoderm) and extra-embryonic cell 
lineages (e.g. trophectoderm). However, according to the 
strictest definition, totipotency is the ability of a cell to give 
rise to an entire embryo/fetus along with its associated extra-
embryonic fetal membranes (a feature typically exhibited by 
one- to two-cell embryos). In the blastocyst-stage embryo 
which is the result of the development of a totipotent zygote, 
the pluripotent ICM and the trophectoderm (TE) cells mor-
phologically separate in the first cell fate bifurcation of the 
embryo. Global DNA demethylation occurs during the tran-
sition from the zygote to the blastocyst. ICM cells undergo 
genome-wide DNA hypomethylation, with the exception of 
the parent-specific imprinting control regions (ICRs) that 
are marked by DNA methylation on one of the two parental 
alleles [6]. During the second cell fate specification in the 
embryo, ICM cells segregate into primitive endoderm (PE) 
and pluripotent epiblast (EPI or primitive ectoderm) lineages 
[7]. In fact, it has been demonstrated that EPI and PE cells 
are specified by Nanog and Gata6 expression, respectively; 
the mutually exclusive expression patterns of Nanog and 
Gata6 determines the fate of ICM cell segregation into EPI 
or PE cell lineages, respectively [8]. Despite this association 
with specific TFs, it was found that modulation of Fgf/Erk 
signaling could still shift the Nanog- or Gata6-expressing 
ICM cells towards alternative fate, suggesting that ICM cells 
(from E3.5 blastocysts) have not yet adopted their final fate 
and that the activity of Fgf/Erk pathway specifies the final 
lineage segregation of ICM cells [9]. In the mouse, the first 
and the second lineage segregations are seen on embryonic 
days (E)3.5 and E4.5, respectively, when the embryo is pre-
paring for implantation (Fig. 1) but cells maintain the abil-
ity to become propagated as pluripotent stem cells (PSCs) 
in vitro until the late gastrulation stage (E8.25) [10]. Shortly 
before gastrulation, primordial germ cells (PGCs) arise from 

the epiblast and are protected from the diverse differentiation 
stimuli during gastrulation. In contrast to global de novo 
DNA remethylation in somatic cells of the post-implantation 
embryo, the DNA of PGCs undergo global demethylation 
including at ICRs until de novo methylation is initiated in 
developing gonads, based on the sex of the embryo [11, 12].

Since pluripotency exists until the blastocyst stage, 
pluripotent cells are present for approximately 5 days in 
the mouse embryo, a quarter of the gestation period [13]. 
The nature of development is the permanent progress; 
hence, it is likely that a wide range of pluripotent cells 
with different GRNs and epigenetic signatures might exist 
during early development. Evidence for the existence of 
a pluripotency spectrum comes from the derivation and 
in vitro propagation of two different types of PSC lines, 
ESCs (which represent naïve pluripotency) and epiblast 
stem cells (EpiSCs, which represent primed pluripotency) 
from pre- and post-implantation embryos, respectively 
[14–16]. The characteristics of these two types of PSC 
lines have been extensively reviewed [17, 18] and are 
summarized in Fig. 1. A key point for establishing these 
two types of PSC lines is the use of different culture con-
ditions for their derivation and long-term maintenance. 
The growth factors needed to maintain self-renewal in 
naïve cells are responsible for triggering differentiation 
in the primed status and vice versa [18]. When somatic 
cell reprogramming with ectopic expression of the tran-
scription factors (TFs) Oct4, Sox2, Klf4, and c-Myc is 
performed under culture conditions that favor primed or 
naïve pluripotency, so-called induced pluripotent stem 
(iPS) cells will be generated corresponding to the differ-
ent culture media used [19, 20].

Despite the importance of culture conditions to establish 
various PSC lines, it seems that the developmental window 
for acquiring ESCs is broader than for EpiSCs. ESCs can be 
generated from two- to eight-cell embryos or their isolated 
single blastomeres, and from the morula to blastocyst-stage 
embryos [21]. The developmental memories of different 
embryonic stages from which ESCs are derived appear to 
become erased with the exception of embryonic germ cells 
(EGCs) obtained from PGCs in vitro, which retain their 
epigenetic memory. ICRs that are erased from EGCs are 
not correctly re-established during in vitro or in vivo dif-
ferentiation, because parent-specific genomic imprinting 
occurs only in the developing gonads [22, 23]. Since stabil-
ity of correct imprinting is necessary for the functionality of 
PSC lines (discussed later in the manuscript), it is of crucial 
importance to use culture conditions that support derivation 
of ESCs with proper ICR methylation allowing unlimited 
expansion and use for further lineage differentiation applica-
tions and other purposes.
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In vitro pluripotency: how to derive ESCs?

Historically, the first ESCs were derived either from 129 
strain late blastocysts [24] or from blastocysts obtained by 
mating SWR/J male mice to ICR females [25]. Culture con-
ditions were developed based on media for in vitro cultiva-
tion of teratocarcinoma-derived embryonal carcinoma cells, 
which included fibroblast cells as the feeder layer and fetal 
calf serum. Further research revealed that feeder cells and 
serum can be substituted by leukemia inhibitory factor (Lif) 
[26] and bone morphogenetic protein 4 (Bmp4) [27], respec-
tively. Bmp4 plus Lif (Bmp4/L) or, for economic reasons, 
serum and Lif (S/L) were established as the standard cul-
ture media for cultivation of mouse ESCs. However, neither 
the culture of the ICM in undefined S/L nor in the defined 

Bmp4/L conditions promoted successful/efficient generation 
of ESCs from mouse strains other than 129 strain [28].

In 1997, Brook and Gardner used delayed implantation 
or diapause blastocysts for highly efficient generation of 
ESCs from different mouse strains previously considered 
to be refractory or non-permissive to ESC generation [29]. 
Diapause is a phenomenon in different species, including 
many mammals, which occurs in  situations considered 
harmful for further embryo development. In mice, diapause 
appears naturally in lactating females and can be experi-
mentally induced by ovariectomy, which prevents blasto-
cysts to attach to the uterus for several weeks [30]. Diapause 
embryos undergo specification of ICM cells into EPI and 
PE cells. EPI cells from diapause embryos (dia-EPI) have 
an active pluripotency network while in a state of biosyn-
thetic and proliferative quiescence, which is most likely 
due to downregulation of c-Myc [31]. Although Lif/Stat3 

Fig. 1   Derivation of pluripotent stem cell lines from developing 
mouse embryos. After sperm and oocyte fertilization, global DNA 
demethylation occurs in the pre-implantation embryo during the 
development of a zygote to a blastocyst. After implantation, lineage 
differentiation is achieved by de novo global methylation. PGCs that 
emerge from post-implantation epiblast (EPI) are kept away from gas-
trulation events and undergo global demethylation. Naïve and primed 
stem cells can be derived from pre- and post-implantation epiblast 
cells, respectively, which exhibit different molecular and functional 
properties. Naïve PSC lines are generated in vitro by culturing early 
embryos at the cleavage to blastocyst stages (ESC lines), from PGCs 

(EGC lines), and from reprogramming of post-implantation-derived 
EpiSCs in different culture media, which gives different characteris-
tics to the derived lines. EPSCs derived from single blastomeres in 
a cocktail of various differentiation chemical inhibitors (see Fig.  2) 
have the potential to undergo embryonic and extra-embryonic dif-
ferentiation. The methylation status of ESCs derived and maintained 
in different culture conditions differ from each other and are not nec-
essarily the same as their in  vivo counterpart. EPI epiblasts, ESCs 
embryonic stem cells, EGCs embryonic germ cells, EPSCs expanded 
potential stem cells, EpiSCs post-implantation epiblast-derived stem 
cells, PGCs primordial germ cells
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signal transduction is attributed to the maintenance of dia-
EPI cells, it is not involved in the maintenance of ICM or 
normal EPI cells of E4.5 pre-implantation blastocysts [32]. 
However, Stat3 signaling has more recently been found to 
be active and indispensable in four-cell-stage embryos until 
the blastocyst stage. In four-cell embryos, it is activated 
by Lif signals, but in blastocysts, Stat3 phosphorylation is 
induced via autocrine interleukin-6 signaling, which leads to 
direct Oct4 and Nanog activation by Stat3, and is necessary 
for maintenance of ICM lineages (but not for the forma-
tion of ICM and TE) in vivo [33]. These findings indicate 
that ESCs are probably derived from EPI progenitors in the 
ICM or ICM-derived EPI cells, but not from non-segregated 
ICM cells. The starting point of ESC generation is loosely 
considered at E3.5 of mouse embryos, when the ICM has 
not yet segregated into EPI and PE. This time point is well 
known because of the convenience of flushing blastocysts 
from the uterus [34]. Consistent with the idea that ESCs are 
not directly derived from ICM (and, therefore, not from E3.5 
blastocysts), the transcriptome and epigenome profiles of the 
ICM and ESCs show considerable differences. ICM cells 
express both PE- and EPI cell-specific TFs, whereas ESCs 
do not express the PE-related genes Pdgfr, Sox17, Gata6, 
and Gata4 [35, 36]. DNA methylation of ICM cells and S/L-
cultured ESCs clearly differs. Global DNA methylation in 
ICM cells indicates a hypomethylated state with approxi-
mately 30% CpG methylation, whereas ESCs cultured in S/L 
have approximately 80% CpG methylation [37–39] (Fig. 1). 
Importantly, the highly efficient generation of ESCs from 
microdissected EPI cells of E4.5 embryos or from dia-EPI 
strongly suggests that ICM cells first develop into EPI cells 
in culture prior to ESC generation [28, 29]. The efficiency 
of ESCs derived from ICM cells is remarkably enhanced 
with genetic or chemical inhibition of fibroblast growth fac-
tor 4 (Fgf4), the main signaling pathway responsible for PE 
specification/differentiation [40]. The main effects of Lif and 
Bmp4 signaling in the maintenance of ESCs are mediated by 
shielding cells against endogenous pro-differentiation path-
ways in ESCs, such as the autocrine Fgf4 signaling [28, 41]. 
The high success rate of ESC generation from blastocysts 
isolated from 129/Sv mice is likely caused by the inher-
ently small number of PE cells in this strain [28]. Notably, 
it has been shown to be due to augmentation of Jak–Stat3 
signaling pathways along with low activity of the mitogen-
activated protein kinase (Mapk) pathway in PE cells of 129/
Sv strain of mice [42]. Therefore, the mouse strain or devel-
opmental stage of the blastocysts determines the efficiency 
of ESC derivation under S/L conditions. Blastocysts gener-
ating EPI cells as the dominant starting cells in the culture 
show a higher propensity to form ESC lines.

The concept of ground-state pluripotency, which is 
achieved through efficient inhibition of endogenous pro-
differentiation pathways, has facilitated the establishment 

of ESCs from blastocysts of various refractory and non-per-
missive mouse strains as well as from rats [41, 43]. Accord-
ing to the ground-state model, ESCs can be successfully 
and efficiently derived and propagated when ICM cells are 
insulated from endogenous differentiation stimuli. Applica-
tion of two small molecule chemicals (named 2 inhibitors 
or 2i) inhibiting the endogenous pro-differentiation path-
ways Fgf–Erk and glycogen synthase kinase3β (Gsk3β) has 
resulted in highly effective ESC production from the ICM, 
thereby validating the ground-state hypothesis for stem cell 
generation and maintenance [41]. Of note, Gsk3β inhibition 
leads to indirect activation of Wnt signaling, which serves as 
a pro-self-renewal pathway in ESCs. Since Lif upregulates 
a number of pluripotency-related TFs and promotes clono-
genicity, 2i plus Lif (2i/L) was introduced as the optimal set-
ting for establishing ESC cultures under defined serum- and 
feeder-free conditions [44, 45].

More recently, several other endogenous differentiation 
pathways such as calcineurin–NFAT [46], Src kinase [47], 
protein kinase C (PKC) isoforms [48], Tgf-β [21, 49, 50], 
and the Jnk and p38 branches of Mapk signaling [51, 52] 
have been described, which tend to promote the exit from 
pluripotency. Their modulation by various combinations of 
chemical inhibitors might become useful for efficient deriva-
tion and maintenance of ESCs.

Alternative approaches to ESC derivation 
and maintenance

Cultivation of ESCs in 2i/L medium provides several impor-
tant advantages over the traditional S/L medium. 2i/L cul-
ture markedly enhances ESC derivation from blastocysts, 
and overcomes the strain type barrier for ESC production 
in rodents. The 2i/L medium generates ESCs with a high 
degree of homogeneity and high clonogenicity [44]. How-
ever, 2i/L-grown ESCs suffer from extensive global DNA 
demethylation, even at ICRs, and genetic instability under 
long-term inhibition of Fgf–Erk signaling, which com-
promises both the quality and developmental potential of 
2i/L-grown ESCs [53, 54]. Inhibition of other differentia-
tion-stimulating pathways and/or modification of the con-
ventional 2i/L cocktail might generate ESCs with superior 
features compared to 2i/L medium. It has been reported that 
replacing the small molecule inhibitor of Fgf–Erk signaling 
either by a Src kinase inhibitor, CGP77675 (also known as 
alternative 2i or a2i) [47], or reducing the dosage (from 1 
to 0.2 μM) of the Fgf–Erk inhibitor (also known as titrated 
2i or t2i) gives rise to ESCs with a more stable genetic and 
epigenetic status [53, 54]. Although the genetic instability 
in 2i/L cells is attributed to inhibition of Fgf–Erk signal-
ing, surprisingly, dual inhibition of Tgf-β and Fgf–Erk path-
ways (also known as R2i culture) leads to the generation and 
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maintenance of ESCs with high chromosomal integrity [50]. 
This finding suggests that inhibition of Fgf–Erk signaling 
may destabilize the ESC genomic integrity when the Tgf-β 
pathway is active in the cells. It has been recently reported 
that addition of the chemicals SB203580 (p38 Mapk 
inhibitor), JNK inhibitor VIII, XAV939 (Axin stabilizer), 
A-419259 (inhibitor of Src family kinases) to 2i/L culture 
results in derivation of so-called expanded potential stem 
cells (EPSCs) from single blastomeres. EPSCs have a stable 
genome and enhanced developmental potential giving rise to 
both embryonic and extra-embryonic lineages [55] (Fig. 2). 
Since genome stability and a proper epigenomic status are 

crucial to the developmental capacity of pluripotent cells, 
it is necessary to use optimized culture media that promote 
efficient ESC derivation and maintain a stable genome over 
serial passaging.

Mechanisms of ESC maintenance

The in vitro derivation and maintenance of ESCs have 
revealed that modulating different signaling pathways 
imparts different characteristics to ESCs. In this scenario, 
while the judge about a signaling pathway alone does not 

Fig. 2   Signaling pathways in the naïve mouse pluripotent state. In 
pre-implantation embryos, ground-state pluripotency is established in 
the epiblast of the blastocyst and can become ‘primed’ during post-
implantation development. These two states of pluripotency not only 
sustain the ability for self-renewal but also maintain the capacity to 
differentiate. Naïve pluripotency that can be maintained under serum 
and LIF (S/L) depends on two extracellular ligands (Lif and Bmp4). 
Ground-state pluripotency is achieved by the use of two inhibitors, 
which block Gsk3 and Mapk (2i) plus Lif (2i/L). Alternatively, the 
ground-state condition is composed of two inhibitors of Tgf-β and 
Mapk signaling pathways (R2i plus Lif or R2i/L). Inhibition of both 
Gsk3 and Src kinase (a2i condition) has been found to allow the deri-
vation of ESCs. Block blastomeres’ differentiation by inhibition of 
p38–Mapk, JNK, Src and the Parp family, and stabilization of Axin 
create expanded potential stem cells or EPSCs which exhibits embry-
onic and extra-embryonic lineage differentiation potential. Although 

the growth factors and pluripotency network genes are important in 
the determination of a stem cell fate, various metabolic pathways, the 
degree of cell adhesion to the substrate, and DNA methylation may 
play a critical role in controlling stem cell fate. Low focal adhesion 
and the glycolysis pathway in terms of energy metabolism are cor-
related with pluripotency maintenance of mESCs. PD0325901 inhibi-
tor of Mapk kinase (also known as MEK), SB203580 JNK inhibitor 
VIII and p38 inhibitor, A149259 Src kinase inhibitor, CGP77675 
(CGP) Src inhibitor, XAV939 Parp family members TNKS1/2 inhibi-
tor, AXIN stabilizer and β-catenin and Yap destruction complex, 
CHIR99021 (CHIR) GSK3 inhibitor, SB431542 (SB43) inhibitor of 
TGFβ type I receptors (also known as activin receptor-like kinase 
(ALK)-4, -5, and -7). ND not determined, Lif leukemia inhibitory fac-
tor, Bmp4 bone morphogenetic protein 4, mESCs mouse embryonic 
stem cells, EPSCs expanded potential stem cells
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meet our expectation about the actual circumstances present 
in ESCs, we would address a limited number of molecular 
pathways, since how different signaling axes cross talk with 
each other in ESCs has remained poorly understood.

Extrinsic signals that influence ESC behavior

Pluripotency and self-renewal of ESCs are governed by 
extrinsic signaling pathways, which ripple through intracel-
lular molecular networks, including metabolic processes, 
TFs’ regulatory circuitry, epigenetic regulators, and regula-
tory non-coding RNAs (ncRNAs). A number of reports have 
discussed pluripotency-related signaling pathways [56, 57]. 
Here, we provide some examples illustrating the impact of 
individual signaling pathways on others and on the mainte-
nance of pluripotency.

Bmp signaling is among the key signaling axes regulat-
ing the undifferentiated state of ESCs. BMPs drive stem cell 
self-renewal in S/L-based ESC medium. Bmp signaling is 
highly augmented through the blockade of Tgf-β signaling in 
R2i/L culture [50]. The Bmp pathway correlates with higher 
DNA methylation and is less active in 2i/L ESCs [58] where 
cells exhibit global DNA hypomethylation (Fig. 2). Block-
age of Bmp results in massive and rapid R2i/L cell death, 
whereas 2i/L cells respond less severely to this treatment 
[50], which highlights a key difference between these two 
ground-state cultures.

In contrast to pro-self-renewal Bmp4 signaling, Fgf4 
enhances differentiation of ESCs via autocrine signaling. 
Its pharmacological inhibition along with inhibition of Gsk3 
(2i/L) or Tgf-β (R2i/L) has been shown to promote self-
renewal of ESCs, preventing differentiation [41, 49, 50]. The 
safety of Fgf4 inhibition has been challenged, since genomic 
stability is compromised when Fgf4 signaling is blocked 
for extended periods of time [53], probably because Erk 
inhibition leads to global DNA demethylation [37], favor-
ing genomic instability and transposition of mobile genetic 
elements [59]. In light of this finding, the a2i or t2i condition 
is proposed to be a safer approach to ESC maintenance and 
generation [53]. We have previously reported the presence 
of a stable genome in R2i/L ESCs [50], which suggests a 
protective effect of Tgf-β inhibition on the ESC genome.

Adhesion dynamics and extracellular matrix (ECM) 
components are important factors that regulate propagation 
and developmental programming of ESCs. Manipulation of 
matrix rigidity directs lineage specification in mouse ESCs 
[60]. Cultured feeder-free, S/L-grown ESCs strongly adhere 
to gelatinized substrates and grow as a flat layer; however, 
in ground state supporting media such as 2i/L and R2i/L 
cultures, ESCs grow as compact colonies on gelatin. Both 
2i/L and R2i/L cells express lower levels of integrins com-
pared to S/L cells [61]. Enhanced interaction of ESCs with 

ECM components, as in S/L medium, negatively affects self-
renewal of ESCs via FAK [62] (Fig. 2). Overall, the dynamic 
activity of diverse signaling routes controls the efficiency 
by which ESCs are maintained in an undifferentiated state.

Metabolic regulation of ESCs

Metabolic pathways exert important roles in ESCs and dur-
ing different stages of embryogenesis. In blastocysts, ICM 
cells are exposed to a hypoxic environment; therefore, they 
predominantly undergo glycolysis and convert glucose to 
lactate [63]. Similar to ICM cells, mouse ESCs preferen-
tially use glycolysis, which is necessary for rapid prolifera-
tion, although an “on demand” switch from glycolysis to 
oxidative phosphorylation (OXPHOS) is feasible. A recent 
study demonstrated that ESCs cultured in ground-state con-
ditions (2i/L and R2i/L) upregulate glycolytic enzymes, 
thereby proliferating faster than S/L ESCs [64, 65]. Kon-
doh et al. have reported that inhibition of glycolysis signifi-
cantly reduces ESC self-renewal [66]. Of note, glycolysis 
produces less reactive oxygen species (ROS) than OXPHOS, 
and low levels of ROS support rapid proliferation of PSCs 
[67]. Metabolic processes are also tightly connected with 
epigenetic pathways in ESCs. Acetyl-CoA, which is a key 
metabolic mediator produced via glycolysis, serves as an 
essential acetyl group donor in histone lysine acetylation 
reactions [68, 69]. Therefore, metabolic pathways work in 
concert with other processes to regulate ESC proliferation 
and developmental potential.

Roles played by transcription factors, non‑coding 
RNAs, and epigenetic factors in the maintenance 
of ESCs

An integrated regulatory circuitry composed of TFs, 
epigenetic modifiers, and non-coding RNAs, particu-
larly microRNAs (miRNAs), shapes the behavior of 
ESCs. Main pluripotency-associated TFs such as Nanog, 
Oct4, and Sox2 form self-sustaining auto-regulatory as 
well as feedforward loops which maintain the long-term 
self-renewal of ESCs [70]. By co-occupying the regula-
tory regions of thousands of genes in ESCs, these fac-
tors regulate the transcription of many genes and serve as 
main players of a core transcriptional regulatory network 
which promotes the expression of genes associated with 
self-renewal and inhibits the transcription of those asso-
ciated with differentiation lineages [70, 71]. In addition 
to protein-coding genes, ESC-enriched TFs such as Oct4 
and Nanog also bind to the regulatory DNA elements of 
miRNA genes and promote or inhibit their transcription 
[72]. The core pluripotency TFs promote the transcrip-
tion of ESC cycle-regulating (ESCC) miRNAs including 
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miRNAs from miR-290–295 and miR-302–367 clusters 
which shape the unique cell cycle and other equally impor-
tant aspects of ESCs [73, 74]. Other sets of miRNAs such 
as let-7 family members, which are inhibited by pluripo-
tency-associated TFs, tend to destabilize the self-renewal 
program [75].

In contrast to ground-state ESCs, S/L-grown ESCs 
express high levels of c-Myc, which not only promotes open-
ing and remodeling of chromatin to drive ESC self-renewal 
but also inhibits ESC differentiation into primitive endo-
derm by repressing Gata6 [76]. In S/L ESCs, c-Myc appears 
to upregulate the miR-290–295 cluster [72, 77]. However, 
other regulators, such as Gadd45a [78], might activate this 
miRNA locus in ground-state cells since c-Myc is silenced 
in ground-state ESCs (similar to diapause embryos) [31, 50, 
79]. S/L ESCs also highly express the RNA-binding protein 
Lin28a which inhibits the maturation of precursor let-7 miR-
NAs in S/L-grown cells [80]. However, since Lin28a is lowly 
expressed in ground-state ESCs, some of the let-7 miRNAs 
are upregulated in ground-state cells. These differentiation-
associated miRNAs, which are unexpectedly upregulated 
in ground-state pluripotency, are reported to promote some 
features of ground-state pluripotency by targeting c-Myc as 

well as Lin28a [81, 82]. These findings indicate that ground-
state ESCs express a specific repertoire of TFs and other 
regulatory proteins which are assembled into a specific GRN 
which is different from that of S/L ESCs, giving rise to dif-
ferent behaviors of these two PSC states.

2i/R2i ESCs not only express different TFs and other 
regulatory proteins, but also express a distinct set of miR-
NAs compared to S/L-grown cells. A large miRNA cluster 
embedded in the 10th intron of the imprinted Sfmbt2 locus 
is upregulated in S/L-grown ESCs compared to ground-
state cells [82, 83]. On the other hand, another large miRNA 
cluster embedded in the imprinted Dlk1–Dio3 locus is more 
abundantly expressed in ground-state ESCs than cells grown 
in S/L [82] (Fig. 3). These data highlight the potential bio-
logical importance of genomic imprints in the regulation of 
different states of naïve pluripotency.

Contrary to S/L-grown ESCs, 2i/L ESCs display global 
DNA demethylation [37, 38], probably because de novo 
DNA methyltransferases (Dnmt3a/3b and Dnmt3l) are 
downregulated by Prdm14 in 2i/L cells [84–86]. Prdm14 
was also reported to inhibit DNA methylation via promotion 
of active DNA demethylation via ten eleven translocation 
(Tet) enzymes and stimulation of base-excision repair (BER) 

Fig. 3   miRNA-mediated regulation of GRN in serum and ground-
state ESCs. In ESCs, the pluripotency-associated TFs bind to the reg-
ulatory regions of their target protein-coding and non-protein-coding 
genes and promote or repress their expression. In serum ESCs, c-Myc 
is highly expressed. In cooperation with other TFs, c-Myc promotes 
the expression of ESCC miRNAs. Lin28 is also highly expressed 
in serum ESCs and inhibits let-7 maturation. In ground-state ESCs, 
Lin28 is poorly expressed. This partly explains why let-7 miRNAs 
are upregulated. Since c-Myc is markedly downregulated in ground-

state ESCs, other TFs might promote the high expression level of 
ESCC miRNAs in these cells. Ground-state ESCs abundantly express 
the Dlk1-Dio3 locus-embedded miRNAs, whereas serum ESCs 
highly express a large miRNA cluster located in the 10th intron of 
the Sfmbt2 gene. It has not been determined which regulator factors 
control the expression of these two large miRNA clusters. GRN gene 
regulatory network, miRNA microRNA, TF transcription factor, ESC 
embryonic stem cell, ESCC miRNAs embryonic stem cell cycle-regu-
lating miRNAs
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[84, 86–88]. However, a recent study shows that neither de 
novo DNA methyltransferases nor Tet enzymes are involved 
in global DNA hypomethylation in 2i/L cells; instead, it is 
shown to be due to the 2i-induced downregulation of Uhrf1, 
which recruits the maintenance DNA methyltransferase 
(Dnmt1) to replication foci [89]. Moreover, 2i culture was 
observed to induce genome-wide loss of H3K9me2 mark, 
which is required for Uhrf1 recruitment to chromatin in a 
DNA replication-coupled manner [89]. Prdm14 supports 
the ground state of pluripotency by diminishing Fgf4–Erk 
signaling, which is activated by the core pluripotency TFs 
Oct4, Sox2, and Nanog, and is associated with differentia-
tion leakage observed in S/L-grown ESCs [85] (Fig. 4).

In 2i/L cells, the genomic imprints are erased and remain 
unmethylated in somatic cells differentiated from 2i/L cells 
[54]. Therefore, the 2i/L culture may lead to epigenetic arte-
facts, which might endanger the safety and quality of 2i/L 
ESCs. Of note, the R2i/L culture promotes upregulation of 
Dnmts and preserves a more stable genome compared to 
the 2i/L culture [37, 87]. Similarly, EPSCs exhibit higher 
expression of Dnmts and Tet enzymes compared to 2i/L 
ESCs, a higher level of 5-methylcytosine, and increased 
numbers of bivalent genomic regions [55]. These results 
indicate that (1) DNA methylation plays a major role in 
ESCs exhibiting high or intermediate levels of DNA meth-
ylation; (2) global DNA hypomethylation endangers the 
genomic and epigenomic stability of ESCs (as in 2iL ESCs); 

and (3) genome-wide DNA demethylation is not a common 
feature of ground-state pluripotency since alternative culture 
media which favor ground-state pluripotency exhibit global 
DNA hypermethylation.

To inhibit differentiation pathways, Prdm14 physically 
interacts and cooperates with the polycomb group (PcG) 
proteins to silence target genes, such as Dnmt3a/3b [85]. The 
simultaneous presence of the repressive H3K27me3 (depos-
ited by PcG proteins) and active H3K4me3 histone modifi-
cations (deposited by trithorax group (trxG) proteins) was 
dubbed “bivalent” and marks genes that are temporarily but 
nor permanently inactive [90]. ESCs grown in the presence 
of S/L have a higher number of bivalent chromatin marks 
than differentiated cells such as mouse embryonic fibroblasts 
[91]. Genomic regions rich in bivalent chromatin marks or 
H3K27me3 alone promote long-range promoter–promoter 
interactions. Such promoter-mediated interactions are absent 
in 2i/L cells because 2i/L cells contain a significantly smaller 
number of bivalent marks at their bivalent regions and lower 
amounts of H3K27me3 marks [92]. In summary, ESCs have 
an integrated GRN in which various regulatory molecules 
cooperate with each other to control ESC behavior.

Fig. 4   How the ESC genome is rapidly and globally demethyl-
ated in 2i culture. In 2i ESCs, Prdm14 expression is highly induced 
and, in conjunction with PRC2, inhibits the expression of Dnmts. 
The Prdm14–PRC2 complex also activates the expression of Tet 
enzymes, which catalyze the conversion of 5-methylcytosine (5mC) 
into 5-hydroxymethyl-cytosine (5hmC), 5-formyl-cytosine (5fC), 
and 5-carboxyl-cytosine (5caC). Next, the products of Tet activity 
are converted into an unmodified cytosine through the base-excision 
repair (BER) pathway. Tet enzymes are reportedly induced by the 

histone modifier Jmjd2c which is inhibited by Fgf–Erk signaling. 
In the 2i culture, Fgf–Erk signaling along with the Gsk3 pathway 
is chemically inhibited, thereby leading to the rapid, genome-wide 
DNA hypomethylation in 2i ESCs. Of note, it has recently been sug-
gested that Uhrf1 plays a more important role than other factors by 
recruiting Dnmt1  to replication foci. ESC embryonic stem cell, Tet 
ten eleven translocation, miRNAs microRNAs, FGF fibroblast growth 
factor
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Mechanistic insights into ICM–ESC transition

It is clearly important to decipher the process of how ICM 
transitions to ESCs with self-renewal capabilities. The rela-
tionship of ESC to their in vivo embryonic counterparts 
would become much clearer, if we understand whether 
ESCs are captured from a narrow developmental window 
or undergo different molecular and epigenetic reprogram-
ming events during ICM–ESC transition. This understanding 
can guide us to choose the optimum culture condition for 
establishment of ESCs, which in turn has a crucial impact 
on different characteristics of ESCs. This is not only an aca-
demic question but has numerous practical ramifications, 
since genomic stability and epigenetic configurations of ESC 
will have lasting effects on ESC-derived cells.

Approaches to study the mechanisms for ICM–ESC 
transition are based on molecular comparisons between 
pre-implantation embryonal cells and ESCs or on molecu-
lar time-course analysis of ICM outgrowth during establish-
ment of ESCs [3–5, 93]. These studies, although currently 
incomplete, have revealed highly dynamic changes in the 
expression and function of key genes and cellular pathways 
underlying the formation of ESCs from ICM cells of blas-
tocysts. A comprehensive view of temporal changes might 
clarify the origin of ESCs.

Dynamic gene expression patterns during ESC 
formation

Single-cell RNA-Seq analyses of ICM cells, ICM out-
growths at days 3 and 5, and established ESCs in S/L culture 
revealed major changes in the expression of messenger RNA 
and miRNA transcripts [3]. Many pluripotency-related TFs 
such as Sox2, Nanog, Esrrb, Cdh1 (E-cadherin), Pecam1, 
Pim1, Pim3, and Prdm14 are highly expressed in Oct4-
expressing cells during the ICM to ESC transition. Other 
pluripotency-related genes such as Nodal, Eras, Smad1, 
Zic3, Id1, Id2, Tcf3, and Nr0b1 are upregulated during ICM 
outgrowth, suggesting potential roles in the immortalization 
of ESCs. Genes associated with the TE, PE, and different 
germ layers such as Cdx2, Gata4, Gata6, Hoxd8, Bmp1, 
Bmp2, Tgfbr2, Tgfbr3, Jak2, Fgf3, Fgf10, Fgfr3, Fgfr4, 
Sox7, Sox9, and Sox17 are downregulated during generation 
of ESC in S/L-based medium. The expression profile of a 
selected set of miRNAs showed highly expressed miRNAs 
in both ICM and ESCs such as the miR-290–295 cluster; 
miRNAs that upregulated in ESCs compared to ICM cells, 
such as miR-302c and miR-367 (miR-302–367 cluster); and 
miRNAs with reduced expression in ESCs versus ICM that 
included the let-7 family (associated with differentiation). 
Interestingly, expression of Lin28, which suppresses matura-
tion of let-7 miRNAs, was positively regulated during ESC 

formation [3]. These data corresponded to the gradual acqui-
sition of self-renewal ability and repression of differentiation 
pathways during the course of ESC derivation in S/L-based 
ESC media.

However, such studies suffer from the use of the S/L 
condition. The S/L culture exhibits an extremely low effi-
ciency in generating ESCs from most mouse strains as well 
as from rats. ESCs in S/L culture tend to differentiate spon-
taneously and show a high degree of heterogeneity regard-
ing expression of important naïve pluripotency TFs such 
as Nanog [94], Rex1 [95], and Dppa3 (Stella) [96]. These 
shortcomings might be addressed using culture media that 
promote highly efficient production of ESCs and acquisition 
of ground-state pluripotency.

Recently, the process of ESC generation has been care-
fully analyzed in a time-course transcriptome study using 
the efficient R2i/L culture system [4]. Previous studies have 
revealed that the R2i/L culture system more efficiently pre-
serves genomic integrity of PSC lines generated from single 
blastomeres of pre-implantation and from PGCs of post-
implantation embryos compared to the 2i/L condition [21, 
50, 97]. Cells were analyzed using high-throughput mRNA 
profiling at days 0 (ICM), 0.5 (12 h after ICM seeding in 
R2i/L medium), 1, 2, 3, and 5, as well as established ESC 
lines at passages 2, 4, and 15. Similar to generation of S/L-
based ESCs, it became clear that (1) the number of differ-
entially expressed genes increased considerably in a gradual 
manner during ground-state ESC derivation; (2) differentia-
tion-associated genes were mostly downregulated; (3) genes 
associated with self-renewal and immortality were mostly 
upregulated, although some of the typical pluripotency-asso-
ciated genes remained unchanged, which was probably due 
to the pluripotency of both ICM and ESCs; and (4) metabo-
lism and cell adhesion dynamics were strikingly altered. In 
addition, transcriptional profiles of ICM outgrowths exhib-
ited the most prominent changes at the earliest time points 
during the course of R2i-based ESC generation. ICM out-
growths at later time points as well as low-passage ESCs 
showed nearly identical transcriptional profiles compared to 
E4.5 EPI [4]. These collective findings have indicated that 
the global gene expression undergoes rapid and substantial 
changes over the course of ESC formation, suggesting pos-
sible functions of genes that exhibit differential expression.

Regulation of epithelial‑to‑mesenchymal transition 
(EMT) during ESC generation

Epithelial-to-mesenchymal transition (EMT) and the reverse 
process, mesenchymal-to-epithelial transition (MET), play 
critically important roles in tissue remodeling and normal 
organismal development, as well as in cancer and numer-
ous other diseases [98]. During ESC derivation, this pro-
cess appears to be tightly regulated and arrest of EMT is 
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necessary for ESC establishment in both 2i/L and R2i/L 
media. Cellular factors associated with epithelialization, 
such as E-cadherin and Klf4, as well as some members of 
the ESCC miRNAs, including miR-302c and miR-367 along 
with members from the miR-17 family, undergo upregula-
tion during generation of ESCs from ICM [3, 4]. On the 
other hand, mesenchymal markers such as Snail, Dab2, 
Eomes, and Tgfbr2, are downregulated during ICM to ESC 
transition [3, 4], implying that mesenchymal genes might 
provide a barrier for efficient establishment of ESCs from 
ICM. In line with these observations, it has been shown that 
overexpression of typical mesenchymal genes such as Snail 
or Tgf-β in R2i/L medium (with ~ 100% efficiency of ESC 
generation) prevents generation of pluripotent ESC lines [4]. 
Loss of function of Klf4 (as a MET driver) is detrimental to 
the ICM to ESC transition and significantly reduces the effi-
ciency with which ESCs are obtained [4]. These collective 
findings highlight the critical significance of EMT inhibition 
for the successful and efficient generation of ESCs.

Both epithelial-associated factors and miRNAs promote 
de-differentiation of somatic cells into iPS cells [99–102]. 
Surprisingly, E-cadherin was reported to replace the mas-
ter pluripotency TF, Oct4, in somatic cell reprogramming 
to pluripotency [103], which highlights the importance of 
epithelialization in cell fate reprogramming to pluripotency. 
Similar to the requirement of MET for the generation iPS 
cells and ESCs, epithelialization is also necessary for the 
successful induction of pluripotency in germ cells [104]. 
Hence, we reason that epithelialization (MET induction/
maintenance or EMT blockade) is a common indispensable 
requisite for the acquisition of pluripotency from different 
starting cell types such as the EPI cells of the blastocyst-
stage embryos. The finding that epithelialization is crucial 
for generation of mouse PSC from different sources will 
have implications for the successful and efficient derivation 
of ESCs from human blastocysts.

Epigenetic regulations during ESC derivation

Epigenetic regulation contributes substantially to the control 
of diverse biological processes and developmental pathways. 
Epigenetic regulators such as histone-modifying enzymes, 
chromatin-remodeling complexes, and DNA methyltrans-
ferases are dynamically regulated during early embryonic 
development when in vivo pluripotency gradually arises 
around the time of ICM formation and subsequently dis-
appears when specific embryonic lineages develop around 
the time of gastrulation [105–110]. In addition, epigenetic 
regulation modulates key aspects of ESC behavior includ-
ing survival, cell death pathways, proliferation, and ESC 
fate decisions [110–112]. Since the process of ICM out-
growth to generate ESCs entails in vitro immortalization of 
an ephemeral in vivo pluripotent state, epigenetic programs 

might undergo significant changes and play important 
functions during this transition. During the course of ESC 
derivation, epigenetic regulators exhibit highly dynamic 
patterns of expression [3, 4], which suggests that they may 
have specific functions in this context. Many of the known 
epigenetic factors show differential expression during ESC 
derivation in S/L and/or R2i/L culture conditions; the major-
ity of upregulated epigenetic modifiers (e.g. Dnmts, Suz12, 
Eed, Mat2b, Mbd2, Mecp2, several Hdac enzymes) are often 
associated with repressive epigenetic states. In contrast, 
the majority of downregulated epigenomic factors such as 
H3K9 demethylases Jmjd2d (also known as Kdm4d) and 
Jhdm3a (also known as Kdm4a), histone acetyltransferases 
Ncoa3 and CBP P300, H3K27 demethylase Kdm6b (also 
known as Jmjd3), and H3K4 methyltransferase Mll3 (also 
known as Kmt2c) are associated with an active chromatin 
state [3, 4]. Of note, the DNA demethylases Tet1 and Tet2 
are abundantly expressed in both ESCs and ICM cells as 
well as in Oct4-positive cells in ICM outgrowths [3]. Tet 
enzymes might reverse methylation at regulatory DNA ele-
ments of pluripotency genes introduced by de novo DNA 
methyltransferases.

Pharmacological inhibition of DNA methyltransferases 
using RG108 is detrimental to ESC formation in R2i; how-
ever, 2i/L cells are not influenced by this treatment [4] prob-
ably because they already display highly reduced levels of 
DNA methylation. It remains to be determined whether 
ectopically induced hypermethylation by Dnmt overexpres-
sion compromises the efficiency of ESC derivation in 2i/L 
culture. It will be interesting to investigate whether Dnmts 
and DNA methylation are of similar functional importance 
for efficient ESC generation in a2i and t2i media, which sup-
port proper ICR methylation.

A selected set of analyzed miRNAs is differentially 
expressed between ICM and ESCs. Pluripotency-associated 
miRNAs are mostly upregulated, whereas differentiation-
associated miRNAs are mostly downregulated during the 
course of S/L-based ESC derivation [3]. We have recently 
determined the global expression patterns of miRNAs dur-
ing the course of ESC generation from ICM in R2i/L culture 
and observed highly dynamic patterns of miRNA expression 
(Moradi et al., unpublished data). We identified two major 
phases of highly differential miRNA expression during this 
transition. These observations have suggested that miRNAs 
might play specific roles during ICM–ESC transition. Over-
all, epigenetic regulators display differential expression pat-
terns and are of crucial importance during the process of 
ICM outgrowth into immortal ESCs.
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The role of sex differences in ESC derivation

ESCs obtained from different sexes show different epigenetic 
features, as well as other developmental characteristics. Sex 
differences influence different stages of organismal devel-
opment. For example, female newborns have a lower mor-
tality rate than males [113]. Importantly, peri-implantation 
embryogenesis is also affected by sex dimorphism where 
female embryos develop less rapidly than male embryos 
[114]. Compared to male ESCs, female ESCs are in a less 
differentiated state, display lower global DNA methyla-
tion levels, accumulate genomic aberrations at imprinted 
genomic regions over serial passaging, and exit pluripo-
tency less rapidly/efficiently upon differentiation [53, 54, 
115]. These features are attributed to the presence of two 
active X chromosomes (XaXa) in female ESCs. In contrast, 
XY and XO ESCs are similarly hypermethylated [115, 116]. 
Sex-specific characteristics of female ESCs have been found 
to be mainly due to the X chromosome dosage-dependent 
inhibition of the Fgf–Erk signaling pathway, inhibition of 
Gsk3β (Wnt signaling activation), and stimulation of Akt 
signaling, which results in upregulation of key naïve-asso-
ciated TFs in female ESCs compared to male ESCs [115]. 
In principle, one or more X-linked genes such as Erk phos-
phatase Dusp9 [117] along with other X-linked genes and 
miRNAs [118] downregulate the Fgf–Erk pathway, which 
leads to repression of Dnmts and global DNA hypometh-
ylation; downregulation of the epigenetic regulator Uhrf1, 
which is involved in the regulation of maintenance DNA 
methylation; and delayed differentiation kinetics in female 
ESCs [53, 54, 115, 116]. Timely X chromosome inactiva-
tion is an indispensable prerequisite for the female ESCs to 
properly exit pluripotency and effective initiation of devel-
opment of different fetal cell lineages [115]. While female 
ICM cells retain a XaXa configuration only for a short time 
period in vivo, female ESCs keep XaXa during the course 
of prolonged cellular propagation in vitro. Since female and 
male ICM cells have similarly low global DNA methylation 
levels, sex-dependent differences in DNA methylation status 
arise in culture. In male ESCs, the Y chromosome is occa-
sionally lost whereas female ESCs have a high tendency to 
lose one of their two X chromosomes (or part of it) during 
cultivation and, therefore, become XO [116], indicating that 
female ESCs are intrinsically unstable in culture.

Male ESCs cultivated under the hypomethylating culture 
condition of 2i/L are highly similar to female ESCs cultured 
in S/L medium in terms of global gene expression, epigenet-
ics, genomic stability, and developmental potential [54]. In 
2i/L cultures, the massive erasure of DNA methylation also 
affects imprinted loci in both male and female ESCs, which 
leads to biallelic expression of imprinted loci such as Impact 
[53, 54]. This genome-wide DNA demethylation, which 

causes aberrant epigenetic changes and defects in genomic 
imprinting, is more prominent in ‘female’ ESCs cultured in 
2i, and renders the cells incompetent for successful contribu-
tion to normal full-term embryonic development in somatic 
cell nuclear transfer and tetraploid complementation experi-
ments, although the cells are able to efficiently contribute to 
chimeras and two-cell-stage embryos. In contrast to female 
2i-grown ESCs, female S/L-grown ESCs as well as female 
a2i- and t2i-grown ESCs can successfully and efficiently 
give rise to full-term all-ESC pups and mice. The 2i-grown 
ESC incompetency has appeared to be due to several chro-
mosomal abnormalities and genomic instabilities, including, 
but not limited to, trisomy 6 and 8 in injected cells. ESC der-
ivation culture media, which induce global hypermethylation 
and/or proper ICR imprinting (discussed above), preserve 
a more stable genome and have a significantly higher suc-
cess rate in tetraploid embryo complementation experiments 
[53, 54]. Hence, it seems likely that the erasure of gamete-
derived genomic imprints as well as chromosomal instability 
lead to compromised embryonic and placental development 
of 2i-derived/grown ESCs. In addition, the histone variant 
H2AX, which is associated with effective DNA repair and 
proper embryonic development [119–121], is depleted at 
developmentally important genes in male 2i-grown ESCs 
and female S/L-grown ESCs compared to male S/L-grown 
ESCs. At many genomic loci, aberrant H2AX binding is 
irreversible [53]. In conclusion, different culture condi-
tions influence ICM–ESC transition in specific ways. The 
2i/L culture induces chromosomal and epigenomic aberra-
tions that negatively affect ESC quality, while less potent 
inhibition of Fgf/Erk in 2i/L culture or dual suppression of 
Fgf–Erk and Tgf-β signaling (R2i/L culture) gives rise to 
ESCs with higher genetic and epigenetic integrity.

The origin of ESCs: capturing, 
reprogramming, or both?

High-throughput profiling and time-resolution analyses have 
shed light on the relationship of ESCs to early embryonic 
cells. Understanding the exact embryonic origin of ESCs 
will help to devise further strategies for obtaining ESCs 
more efficiently and reproducibly and exploit this knowl-
edge for improving ESC derivation from other sources, such 
as humans.

A large amount of evidence implies that the starting cells 
for ESC derivation are EPI cells, which might suggest that 
EPI cells during in vitro ICM cultivation have been captured 
to form ESCs. In the S/L condition, however, not all iso-
lated single EPI cells give rise to ESCs, and a maximum of 
three clones per embryo could be obtained [29, 122]. This 
low efficiency might be caused by the heterogeneity of EPI 
cells, variability of undefined culture conditions, or damage 
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to EPI cells during microdissection [122]. On the other hand, 
expression of key TFs necessary for PGC development in 
both EPI and ESCs, as well as the high epigenetic similar-
ity which exists between the ESCs and EGCs, suggests the 
existence of a subpopulation of EPI cells that will give rise 
to either PGCs or ESC clones in culture. Researchers have 
tracked the expression of a key gene in PGC development, 
Blimp1, during transition of the ICM to ESC and determined 
that ESCs commonly arise from Blimp1-expressing cells in 
the S/L condition [123]. Sorting of Blimp1-positive cells 
from ICM outgrowths greatly increased the efficiency of 
ESC derivation. However, the authors have also observed 
that Blimp1-negative cells, which constitute a high percent-
age of EPI cells, can directly give rise to ESCs in 2i/L cul-
ture [123]. Later, Blimp1 was shown to be dispensable for 
long-term maintenance of ESCs under both S/L and 2i/L 
conditions as well as during EpiSC development and the 
reprogramming of EpiSCs into ESCs [124] questioning the 
hypothesis of PGC precursor selection during the ICM to 
ESC transition.

Expression profiling of 2i-grown ESCs and early mouse 
embryos from 2-cell through post-implantation embryos 
(E1.5–E5.5) confirmed that the ability of ICM cells to give 
rise to ESCs was acquired upon specification of pre-implan-
tation EPI cells [93]. While ICM cells isolated from embryos 
earlier than E3.75 and older than E5.5 lacked the capacity 
to become ESCs, all single pre-implantation EPI cells at 
E4.5 became ESCs under the 2i/L condition. Later, it was 
shown that 2i-grown ESCs as well as dia-EPI cells possess 
a nearly identical transcriptional profile as pre-implantation 
EPI cells. These findings indicate that ESCs are more similar 
to day 4.5 pre-implantation EPI cells than day 3.5 ICM cells, 
but did not clarify how early pluripotent embryonal cells 
acquire long-term self-renewal ability in vitro [93]. Despite 
the high transcriptional similarity of 2i-grown ESCs with 
dia-EPI, it needs to be explained how ‘immortal’ ESCs differ 
from dia-EPI cells, which are in a more silent and dormant 
condition in terms of cell cycling.

To specify when immortality is acquired during ICM 
outgrowth into ESCs, a time-resolution global gene expres-
sion analysis was conducted during the course of ESC gen-
eration in the ground-state R2i/L culture, where ESCs can 
be derived from various mouse strains with almost 100% 
efficiency [4, 50]. Interestingly, most of the dynamic tran-
scriptional changes during the ICM–ESC transition occurred 
as early as 12 h after ICM seeding, while later time points 
displayed less significant changes compared to the 12-h ICM 
outgrowth [4].

Functional annotation of up-regulated genes 12 h after 
ICM culture identified an enrichment of terms related to 
mitotic cell cycling suggesting that the ability of ESCs 
for indefinite self-renewal is acquired during the earliest 
hours of in vitro culture of the ICM. However, the high 

degree of transcriptional similarity between ESCs at dif-
ferent passages and late ICM outgrowths (days 3 and 5) 
indicates that ESC identity is gained gradually in vitro, 
arguing for a reprogramming phenomenon. Yet, the high-
est degree of similarity of different passage ESCs and the 
majority of time points of ICM outgrowth is to day 4.5 EPI 
cells [4] suggesting that ESCs might be obtained through a 
capturing process. Considering the significant differences 
of ESCs and EPI cells, particularly in terms of unlimited 
self-renewal, the enormous transcriptional and epigenetic 
changes over the course of ESC formation from EPI cells, 
and phenomena such as EMT blockage, we propose that a 
combination of both phenomena, i.e, capturing and repro-
gramming (also called creation), is involved in the genera-
tion ESCs from their in vivo counterparts. Figure 5 illus-
trates the most prominent events occurring during ESC 
formation from ICM-derived EPI cells.

ESC derivation from domesticated animals

The extensive information about generation and long-
term maintenance of mouse ESCs may pave the way for 
generation of ESC from farmed animals, which are usu-
ally refractory to this process. Generation of ESCs from 
domestic livestock and companion animal species such as 
cattle, pigs, dogs, chickens, and fish has significant eco-
nomical values and is of great importance for the produc-
tion of genetically modified animals as well as biomedi-
cal models. Attempts to derive ESCs from domesticated 
animals are usually based on the outgrowth of ICM or 
early epiblast, in culture conditions that include a feeder 
layer and base media supplemented with serum, bFGF, 
and LIF (reviewed in Ref. [125]). However, the creation 
of authentic ESC lines with long-term proliferation ability 
and in vitro or in vivo multi-lineage differentiation poten-
tial remains challenging. The few published examples of 
successful establishment of ESC lines from non-rodent 
and non-primate species could not be reproduced [126]. 
Our own attempts to develop stable ESC lines from chick 
embryos did not meet the acceptable efficiency based on 
published protocols. Using the R2i/L culture, however, 
we generated ES-like cells up to four passages from the 
blastodisc of embryonated eggs [127]. Evidence from our 
and other studies suggests that ESCs obtained from non-
rodent species exhibit a primed morphology similar to 
mouse EpiSCs. Recently, a study reported generation of 
stable bovine ESCs [128] using culture conditions, which 
typically support derivation of a type of mouse EpiSCs 
similar to the gastrulation epiblast, named “region-selec-
tive PSCs” or rsPSCs [129]. The rsPSC culture condition 
consists of a serum-free base medium supplemented with 
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bFGF and an inhibitor of the canonical Wnt/β-catenin 
signaling, IWR1. Since most reports dealing with the gen-
eration of ESCs from non-rodent and non-primate spe-
cies could not be reproduced, it is of great importance 
to optimize culture conditions, allowing reproducible 
derivation of ESCs. The current state of research suggests 
that further optimization of culture condition based on 

the current improvements of primed PSCs’ cultures might 
enable reproducible derivation and long-term maintenance 
of valuable domesticated animals.

Fig. 5   Most notable mechanistic 
events occurring during ICM-
ESC transition. ESCs are gener-
ated from the ICM-derived EPI 
cells through a process which 
appears to be a combination of 
reprogramming and captur-
ing. Although ESCs exhibit a 
transcriptome highly similar 
to EPI cells, they are highly 
proliferative as opposed to ICM/
EPI cells which are almost in 
a silent condition in terms of 
cell cycling. Genes are highly 
differentially expressed over the 
course of ESC formation. Some 
transcripts are either upregu-
lated (green lines in ‘mRNA 
Expression’ part) or down-
regulated (red lines in ‘mRNA 
Expression’ part), whereas 
others remain unchanged dur-
ing ICM outgrowth (black line 
in ‘mRNA Expression’ part). 
Upregulated transcripts such as, 
Sox2, Nr0b1, and Id1 appear to 
be necessary for ESC formation, 
while downregulated ones such 
as Cdx2, Tgfbr2, and Gata6 
appear to have adverse effects 
on ICM transition to ESCs. 
Protein-coding (e.g. Nanog 
and Eras) and non-coding 
genes (e.g. miR-302 miRNAs) 
associated with self-renewal 
are highly induced, while those 
associated with differentia-
tion (e.g. Sox17, Hoxd8, and 
some of let-7 miRNAs) exhibit 
downregulation. Importantly, 
epithelial-associated mRNAs 
and miRNAs show increased 
expression while those affiliated 
with mesenchymal phenotype 
are downregulated during ICM 
outgrowth into ESCs. Finally, 
in contrast to ICM cells which 
exhibit a global DNA hypo-
methylation, ESCs grown in 
culture media other than 2i/L 
mostly show genome-wide 
hypermethylation of DNA
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Derivation of ESCs from humans

Unlimited self-renewing capability and multi-lineage dif-
ferentiation potential make human ESCs a promising tool 

for disease modeling and regenerative medicine. Notwith-
standing the inefficiency of ESC derivation from non-rodent 
animals, ESCs can be derived with tolerable efficiency 
from early human embryos through cleavage stages to late 

Fig. 6   Studies to generate naïve human pluripotent stem cells  [135–
155]. Naïve pluripotency can be established in human cells by direct 
reprograming of human somatic cells, conversion of conventional 
primed hESCs/hiPSCs into the naïve pluripotent state, and by direct 
naïve ESC derivation from pre-implantation embryos via overexpres-
sion of pluripotency-related transcription factors or modification of 
the culture conditions. Current naïve human PSCs require additional 
efforts in respect of differentiation potential and genome integrity. 
hiPSCs human induced pluripotent stem cells, hESCs human embry-

onic stem cells, hPSCs human pluripotent stem cells, hLIF human 
LIF, PD PD0325901, Mek inhibitor, CHIR CHIR99021, GSK3β 
inhibitor, A83 A-83-01, ALK4/5/7 inhibitor, FK forskolin, protein 
kinase A agonist, SB20 SB203580, p38 inhibitor, SAHA suberoylani-
lide hydroxamic acid or vorinostat, pan-histone deacetylase (HDAC) 
inhibitor, LPA lysophosphatidic acid, YAP agonist, LRH1 liver recep-
tor homologue 1 or Nr5a2, RARG​ retinoic acid receptor gamma, 
XAV939 tankyrase inhibitor
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blastocysts [130]. However, because of critical issues such 
as sensitivity to single cell dissociation, there has been a 
17-year delay after establishment of mouse ESC lines before 
human ESCs were obtained [131]. However, the identifica-
tion of crucial extrinsic signal molecules including bFGF or 
ACTIVIN, the use of ROCK inhibitor chemicals as suppres-
sors of single cell-induced apoptosis, and the improvement 
of defined serum-free media have paved the way for large-
scale cultivation of human ESCs [2].

Despite these advances, a limited number of studies 
have explored the molecular signature during transition of 
human ICM to ESCs. Human ESCs are morphologically and 
molecularly similar to mouse EpiSCs [18]. Recently, opti-
mized culture media have been reported to generate human 
naïve-like ESCs directly from ICM (see below), which might 
provide the possibility to more accurately investigate the 
underlying mechanisms of ESC derivation from human blas-
tocysts. Human ESCs originate from a transient epiblast-
like structure, designated as post-ICM intermediate (PICMI) 
[132]. PICMI undergoes X-inactivation in female cells and 
the transcriptional profile of these structures is close to 
the human epiblast disc with high expression of NODAL/
ACTIVIN signaling, no canonical Wnt/β-catenin signaling, 
high expression of NANOG, and a mix of early epiblast and 
late epiblast marker gene expressions [132].

The fact that human ESCs show features of primed ESCs, 
however, has created some challenges for using human ESCs 
as an appropriate source for regenerative medicine. In recent 
years, much effort has been made to overcome primed-asso-
ciated characteristics using two strategies: (1) by overexpres-
sion of naïve-specific genes during conversion of human 
primed to naïve ESCs and (2) activation of naïve-related 
signaling pathways by modification of culture conditions 
during direct derivation of naïve human ESCs from ICM 
cells (reviewed in [133]) (Fig. 6). However, the molecular 
and functional properties of naïve human ESCs generated 
by such protocols differ in terms of differentiation poten-
tial, resemblance to pre-implantation human embryos, and 
the maintenance of genomic integrity [134]. Therefore, the 
generation of authentic pluripotent human ESCs with naïve-
specific features needs further investigation. Mechanistic 
insights gained from mouse ESC studies should provide a 
proper platform to produce human ESCs, which exhibit bona 
fide characteristics of naivety.

Concluding remarks

The different strategies used to derive and propagate ESCs 
in culture considerably influence the genomic and epigenetic 
stabilities of the cells. Culture media promoting DNA hyper-
methylation and/or proper ICR methylation allow generation 
of ESCs with high quality and full developmental potential. 

Although the 2i/L culture induces global hypomethylation 
similar to ICM methylome in mouse ESCs, the resulting 
chromosomal instabilities due to extensive DNA demeth-
ylation particularly at ICRs pose a potential threat. Global 
demethylation also negatively affects the developmental 
potential of ESCs propagated in 2i/L. Since these aberrations 
are attributed to the potent inhibition of Fgf–Erk signaling, 
substitution of Fgf–Erk inhibitor by a Src inhibitor or reduc-
ing the dosage of the Fgf–Erk inhibitor might prevent defects 
associated with global DNA demethylation. We have shown 
that dual inhibition of Fgf–Erk and Tgf-β signaling reverses 
adverse effects of the inhibition of Fgf–Erk signaling on the 
ESCs’ (epi)genome and increases DNA methylation, high-
lighting the protective effect of Tgf-β blockage on the ESC 
genome. Proper DNA methylation, particularly at ICRs, is of 
crucial importance for the acquisition of high-quality ESCs 
with full developmental potential. These insights might also 
be important for the induction of naivety in human PSCs, 
where most studies report a global DNA hypomethylation. 
Because ESCs are transcriptionally highly similar to day 4.5 
EPI cells, day 4.5 EPI cells might be the in vivo origin of 
ESCs, which indicates the existence of a capturing process 
during ESC derivation. However, key differences between 
EPI and ESCs, especially the immortality and epithelializa-
tion of ESCs compared to their in vivo counterpart as well 
as dynamic changes in the expression of TFs, epigenetic 
regulators, and miRNAs suggest reprogramming events. We 
propose that a combination of both phenomena contributes 
to the generation of ESCs. Further investigations are needed 
to clarify how ESCs are related to the embryonic cells from 
which they are obtained.
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