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Abstract

In mammals, pluripotent stem cells can give rise to every cell type of embryonic lineage, and hold 

great potential in regenerative medicine and disease modeling. Guided by the mechanism 

underlying pluripotency, pluripotent stem cells have been successfully induced through 

manipulating the transcriptional and epigenetic networks of various differentiated cell types. 

However, the factors that confer totipotency, the ability to give rise to cells in both embryonic and 

extra-embryonic lineages, still remain poorly understood. It is currently unknown whether 

totipotency can be induced and maintained in vitro. In this review, we summarize the current 

progress in the field, with the aim of providing a foundation for understanding the mechanisms 

that regulate totipotency.
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INTRODUCTION

Following fertilization in mammals, the resulting zygote initiates a developmental program 

that gives rise to a new organism composed of a myriad of different cell types. Cells from 

very early-stage embryos have the ability to generate both embryonic and extra-embryonic 

cell types and thereby be defined as totipotent cells (Figure 1). In a strict sense, totipotency 

denotes the ability of a cell to generate an entire organism. For instance, if separated, each 

blastomere from a mouse 2-cell embryo is capable of developing into a complete organism 

[1]. However, mouse blastomeres at the 4- or 8-cell stage have already lost this ability [2]. 

Therefore, it is believed that mouse zygote and blastomeres of 2-cell stage embryos are the 
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only mouse cells to be strictly totipotent. The success of a single splitting blastomere in 

giving rise to a whole organism has also been demonstrated in multiple mammalian species, 

including sheep, rat, cattle, pig, horse and monkey [3-8]. Particularly, a single blastomere 

from 4- and 8-cell stage embryos is capable of giving rise to live organisms in sheep, cattle 

and pig [7, 9, 10]. As such, the developmental stages at which cells maintain totipotency 

seem to be variable among species.

Shortly into development, the totipotent cells of an embryo commit to two different cell 

fates, the embryonic cell lineage (the inner cell mass, ICM) and the extra-embryonic cell 

lineage (the trophectoderm). This transition takes place between the 4-cell and morula stage 

in mouse. Cells from ICM can contribute to all cell types of embryonic lineage, but not to 

cell types of extra-embryonic lineage. Thus, ICM cells are pluripotent instead of totipotent. 

Embryonic stem cells (ESCs) can be derived from ICM cells and maintain pluripotency in 

culture [11]. ESCs can contribute to different embryonic lineages when injected into pre-

implantation embryos or differentiated in vitro [12]. Since ESCs are capable of self-renewal 

in culture and have great potential in regenerative medicine, the transcriptional and 

epigenetic networks regulating their pluripotency have been extensively studied [13-15]. 

The knowledge gained from these studies not only contributed to the optimization of 

culturing conditions for maintaining ESC pluripotency, but also led to the discovery of 

induced pluripotent stem cell (iPSC) through manipulating transcriptional and epigenetic 

networks [16, 17]. Contrary to pluripotency, our knowledge of totipotency is limited partly 

due to the small number of totipotent cells present in pre-implantation embryos. 

Nonetheless, recent studies have revealed some key features of totipotent embryos. Here we 

review these recent advances, which may serve as the foundation for understanding the 

mechanisms of totipotency.

MOLECULAR FEATURES OF TOTIPOTENT EMBRYOS

Unique transcriptome

Mature oocytes are arrested at MII phase and are transcriptionally inert. Upon fertilization, 

the fertilized egg reenters the cell cycle to initiate the embryonic developmental process. To 

satisfy the requirement of the embryonic developmental process, new transcripts need to be 

synthesized from the zygotic genome. This process is called zygotic genome activation 

(ZGA). Mouse ZGA begins at S/G2 phase of 1-cell zygotes and becomes prominent at 2-cell 

stage [18, 19]. ZGA is essential for embryonic development as embryos will arrest at the 2-

cell stage if ZGA is blocked by inhibitors of RNA synthesis [20]. Transcriptome analysis of 

pre-implantation mouse embryos revealed two major waves of transcriptional activation; 

with ZGA largely taking place at the 2-cell stage and the second wave occurring from the 

morula to blastocyst stage [21]. Additionally, a minor wave of ZGA involving about 500 

genes is observed at 1-cell stage [22]. However, these early microarray studies may not 

completely represent de novo synthesized transcripts due to the masking of newly 

synthesized transcripts by the large pool of maternally stored RNAs. Sequencing nascent 

transcripts or transcripts derived from the paternal genome using SNP information will 

reveal precisely which genes are indeed activated in totipotent 1-cell and 2-cell stage 

embryos.
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Activation of transposable elements (TEs) is one feature unique to ZGA. TEs are silenced in 

most cell types but contribute significantly to the transcriptome of pre-implantation 

embryos. Several types of TEs are highly and specifically activated during pre-implantation 

development with different kinetics (Figure 1). Long interspersed nuclear element 1 

(LINE-1) repeats are activated at 1-cell stage embryos and remain active throughout pre-

implantation development [23-25]. Indeed, activation of LINE-1 has been shown to be 

important for pre-implantation development [26]. Inhibition of LINE-1 by morpholino-

modified antisense oligonucleotides in zygotes causes developmental arrest of embryos at 2- 

or 4-cell stage. Intracisternal A-particles (IAPs), one of the active transposons of type II 

endogenous retroviruses, are expressed in oocytes but are degraded after fertilization. These 

repeats are re-expressed at the 2-cell stage and peak at the blastocyst stage [27, 28]. Murine 

endogenous retrovirus with leucine tRNA primer (MuERV-L) repeats belong to type III 

endogenous retroviruses and are specifically expressed at the 2-cell stage. Hundreds of 

genes express chimeric transcripts with junctions to MuERV-L at the 5′ end, indicating that 

the long terminal repeats (LTRs) of MuERV-L serve as functional promoters in the 

activation of a large set of 2-cell specific genes [29]. Despite the observation of dynamic TE 

expression, the mechanism of regulation and the biological function of these transcripts 

remain largely unknown.

Another hallmark of ZGA is stage-specific gene expression, where many genes activated in 

2-cell stage embryos are undetectable during any other stage of embryonic development. 

Since many of the 2-cell specific genes are physically close to endogenous retroviruses, 

transcription of at least a subset of these genes is likely controlled by nearby ERVs [29, 30]. 

One of the best known 2-cell embryo-specific gene families is the Zscan4 family gene 

cluster. Zscan4 proteins have been shown to be important for genome stability and telomere 

elongation [31]. Indeed, depletion of Zscan4 genes has caused severe delay in pre-

implantation development with many embryos arrested at the 2-cell stage [32]. With the 

exception of Zscan4, the function of the majority of the 2-cell specific genes is largely 

unknown. How ZGA is achieved and whether any of the genes activated during ZGA is 

required for totipotency remain to be determined. Nevertheless, a complete characterization 

of the transcripts associated with totipotent cells will be the first step for understanding the 

mechanism underlying totipotency.

Epigenetic and chromatin features

During pre-implantation development, dramatic epigenetic and chromatin changes take 

place, including de novo nucleosome assembly, DNA demethylation and dynamic histone 

modifications. Since totipotency might be linked to the unique epigenetic and chromatin 

state of totipotent cells, we now summarize the molecular events taking place in totipotent 

cells.

Loss of DNA methylation—DNA in mammalian cells is subject to methylation at the 5-

positon of cytosine (5mC) mostly in the context of CpGs. Recent studies have revealed that 

DNA methylation is dynamically regulated through active and passive demethylation [33]. 

Following fertilization, both maternal and paternal genomes are globally demethylated, 

reaching its lowest levels at the blastocyst stage [34, 35]. Specifically, global loss of 5mC, 
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especially in the paternal genome takes place a few hours after fertilization [36, 37]. This 

wave of 5mC loss is coupled with 5mC oxidation by the ten eleven translocation 3 (TET3) 

protein to generate 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-

carboxylcytosine (5caC) [38-42]. The oxidized 5mC products are lost through DNA 

replication-dependent dilution [39, 42]. Consistently, the Thymine DNA glycosylase (TDG), 

the enzyme that removes 5fC and 5caC, is not expressed during pre-implantation 

development and is not required for this wave of DNA demethylation [43].

Recent studies indicate that DNA replication, instead of Tet3-mediated 5mC oxidation, is a 

major contributor for the loss of 5mC in zygotes [43, 44]. Given that heterozygous Tet3 

mutant offspring lacking maternal Tet3 only shows a modest penetrance of post-

implantation developmental failure due to haploinsufficiency [40, 45], Tet3-mediated 5mC 

oxidation is unlikely to contribute to the totipotent state. Nevertheless, due to the inability of 

decoupling of the DNA replication and embryonic developmental process, the potential role 

of this wave of DNA demethylation in the generation of the totipotent state cannot be ruled 

out. Thus, developing methods to manipulate replication-dependent DNA demethylation, 

though difficult, may provide an avenue to understand the functional importance of genome-

wide DNA demethylation during pre-implantation development and cell potency.

Chromatin remodeling and asymmetric histone modifications—In addition to 

loss of DNA methylation, the two pronuclei, particularly the paternal pronucleus, go through 

drastic remodeling resulting in the replacement of protamines by maternally-stored histones. 

Interestingly, only the histone variant H3.3, but not H3.1 or H3.2, is used in the repackaging 

of the paternal genome after removal of protamines [46-50]. The newly assembled paternal 

chromatin exhibits distinct features from that of the maternal chromatin inherited from 

oocytes. For example, paternal chromatin is devoid of several histone modifications, 

including H3K4me3/2, H3K9me3/2/1 and H3K27me3/2/1 [46, 51]. Despite of the 

establishment of H3K27me3 at the late pronuclei stage in the paternal pronucleus, paternal 

and maternal pronuclei exhibit visibly distinct H3K27me3 immunostaining patterns, 

indicating that different parts of the genome are modified in the two pronuclei [51]. 

Although the level of H3K27me3 is low in paternal chromatin, the Polycomb repression 

complex 1 (PRC1) is recruited to the paternal pronucleus and plays an important role in the 

repression of transcription from heterochromatin in male pronucleus [52]. In contrast, 

H3K9me3, instead of PRC1, is important for heterochromatin repression in the female 

pronucleus. It is interesting to note that unlike maternal pronucleus-depleted zygotes, 

paternal pronucleus-depleted zygotes cannot support somatic cell nuclear transfer (SCNT)-

mediated reprogramming [53]. This suggests that asymmetric distribution of reprogramming 

factors in the two pronuclei might be associated with the asymmetric epigenetic status of the 

two pronuclei. Understanding the epigenetic status of the two pronuclei may reveal 

important clues for understanding SCNT-mediated reprogramming.

Chromatin organization and mobility—In addition to the dynamic changes in histone 

and DNA modifications, drastic chromatin reconfiguration takes place during pre-

implantation development. Heterochromatin is the best-characterized chromatin domain 

during this process. In somatic cells, chromocenters can be visualized by staining with DNA 
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dye. However, the chromocenter structure is not visible in early developing embryos until 

the late 2-cell stage [54, 55]. Instead, in zygotes and 2-cell embryos, the centromeric 

heterochromatin is packed at the periphery of the Nucleolar Precursor Bodies (NPBs) and 

forms a ring-shaped structure around NPBs. Remodeling of centromeric heterochromatin 

starts at 2-cell stage. The centromeric heterochromatin is associated with NPBs at the 

beginning of the second cell cycle. However, at the end of the second cell cycle, a 

significant portion of the rims of centromeric heterochromatin begins to form spherical 

patches, and centromeric heterochromatin starts to form chromocenters at the late 2-cell 

stage [56]. This NPB association of centromeric heterochromatin correlates with the timing 

of cells with totipotency. Moreover, centromeric heterochromatin is also relocated to the 

periphery of NPBs in SCNT embryos [54]. Nucleoplasmin2 (NPM2) is the major protein 

component of NPBs and is required for sperm chromatin decondensation [57, 58]. Knockout 

of NPM2 in the oocyte causes failure of pre-implantation development [59], and physical 

removal of NPBs causes significant retardation of sperm chromatin decondensation [57]. 

These results suggest that functional NPBs are required for the generation of totipotent 

zygotes. However, how NPBs participate in chromatin reconfiguration to support the 

totipotent state remains unknown. Recent studies have also revealed that chromatin of 2-cell 

embryos has much higher mobility than that of later-stage pre-implantation embryos [60]. 

This unusual chromatin mobility in 2-cell embryos may be one of the features of the 

totipotent cell state. Future study should reveal how the high mobility chromatin state is 

established in 2-cell embryos and how chromatin mobility is functionally linked to 

totipotency.

TRANSITION FROM TOTIPOTENCY TO PLURIPOTENCY

The earliest cell fate commitment of totipotent embryos results in the generation of Cdx2 

positive trophectoderm cells that give rise to extra-embryonic tissues, and Oct4 positive 

inner cell mass (ICM) cells, which generate the three germ layers of an embryo [61-63]. 

However, the inner and outer cells of the early blastocyst can still specify in the absence of 

Cdx2 or Oct4, indicating the existence of other mechanisms regulating initial cell fate 

specification [61, 63, 64]. For instance, the transcription factor TEAD4 has been shown to 

be required for trophectoderm lineage specification [65]. Although it is not yet clear how 

these cell lineage-specific transcription factors are selectively activated for the initial cell 

fate commitment, some recent studies have started to reveal important clues.

Blastomeres of 2-cell embryos are believed to be identical. Global differences in the 

H3R26me2 histone arginine methylation pattern can be detected as early the 4-cell stage in 

different blastomeres [66]. Furthermore, expression of PRDM14, a potential chromatin 

modifier, is shown to be highly expressed in two of the blastomeres while exhibiting low 

expression in the other two blastomeres at late 4-cell stage [67]. Although Oct4 protein 

levels are similar in every cell of a 4-cell stage embryo and that all cells are morphologically 

indistinguishable, by this point the mobility of Oct4 has already diverged into two distinct 

patterns [68]. This suggests that chromatin accessibility for Oct4 binding in 4-cell 

blastomeres is already in two distinct states. Indeed, those cells exhibiting high Oct4 

mobility in 4-cell embryos or 8-cell embryos tend to contribute to the trophectoderm, while 

those cells with low Oct4 mobility contribute to both the trophectoderm and the ICM [68]. 
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How Oct4 mobility is regulated in different 4-cell stage blastomeres remains to be 

determined. Since these events coincide with the timing when blastomeres exit the totipotent 

state, differences in chromatin dynamics of the different 4-cell stage blastomeres might be 

an important factor regulating totipotency [69, 70].

INDUCTION OF TOTIPOTENCY

Totipotent cells can be generated naturally through fertilization. Alternatively, they can also 

be generated artificially through somatic cell nuclear transfer (SCNT) (Figure 1) [71-73]. It 

has been shown that MII oocytes, 1-cell zygote and 2-cell blastomeres all are capable of 

supporting SCNT to generate an entire organism [53, 74-76], indicating that these cells have 

the capacity to support totipotency.

Despite the success in generating cloned animals through SCNT in many different species, a 

common problem associated with SCNT is the low efficiency in generating viable animals. 

SCNT-mediated cloning efficiency is very low (1-5%) in most species, except for bovine 

(5-20%) [77]. In the case of mouse, half of SCNT embryos arrest during preimplantation 

development and only 1-2% of SCNT blastocysts transferred to surrogate mother can 

eventually give birth to live mice [77]. In the case of human, the developmental potential of 

SCNT embryos has not yet been tested due to ethical issues. However, the success rate of 

human ESC line derivation is already low as only 10-25% of SCNT-derived human embryos 

can reach the blastocyst stage [78, 79]. Treatment with Trichrostatin A(TSA), a histone 

deacetylase (HDAC) inhibitor, can significantly improve the developmental potential of 

SCNT embryos [80], suggesting the presence of epigenetic barriers in the genome of the 

donor nuclei that prevent successful reprogramming. Identifying and overcoming these 

epigenetic barriers will increase the success rate of totipotency induction.

A recent study not only identified a major epigenetic barrier for SCNT-mediated 

reprogramming, but also provided a simple solution to overcome the barrier leading to a 

drastic increase in SCNT cloning efficiency [81]. By comparing the transcriptomes of 

developing mouse embryos generated by SCNT and in vitro fertilization (IVF), Matoba et al 

identified genomic regions, dubbed reprogramming resistant regions (RRRs), that failed to 

be activated in SCNT 2-cell embryos, but were properly activated in IVF embryos. 

Interestingly, RRRs are enriched for the repressive marker H3K9me3 in donor somatic cells 

[81]. Importantly, removing H3K9me3 by overexpressing an H3K9me3 demethylase, 

Kdm4d, in recipient oocytes or by depletion of the H3K9me3-specific methyltransferases, 

SUV39h1/2, in donor cells not only reactivated most of the RRRs, but also drastically 

improved the developmental potential of SCNT embryos [81]. Previous studies also 

indicated that treatment with histone deacetylase (HDAC) inhibitors is able to improve 

SCNT efficiency [80]. HDAC inhibition and H3K9me3 removal may work on the same 

pathway, as combined treatment with TSA and Kdm4d overexpression does not yield a 

synergistic effect on either pre-implantation development of SCNT embryos or the rate of 

nuclear transfer embryonic stem cell (ntESC) derivation from SCNT embryos [81]. Given 

that cloning efficiency is still not comparable to IVF following removal of the H3K9me3 

barrier, it is likely that additional barriers to SCNT-mediated totipotency exist and are yet to 

be discovered.
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RARE TOTIPOTENT CELLS IN ESC CULTURE

It is believed that, under proper culture conditions, ESCs are capable of indefinite self-

renewal and are capable of maintaining a pluripotent state. However, recent studies have 

revealed that even under these conditions, a rare subpopulation of ESCs (less than 0.5%) 

expresses much lower levels of Oct4, Nanog, and Sox2 than the majority of ESCs while 

expressing a group of genes that are only detected in 2-cell mouse embryos. Based on these 

transcriptional features, they are named 2-cell embryo-like (2C-like) cells (Figure 2) [29]. 

Similar to the 2-cell mouse embryos, the endogenous retrovirus MuERV-L is highly active 

in 2C-like cells. In addition, 2C-like cells also exhibit a different epigenetic state compared 

to ESCs. For example, 2C-like cells exhibit high levels of histone acetylation and H3K4me2 

[29]. In addition, 2C-like cells also possess high chromatin mobility observed in totipotent 

2-cell embryos [60]. Amazingly, the 2C-like cells can contribute to both embryonic and 

extraembryonic tissues when injected into pre-implantation embryos [29]. This indicates that 

2C-like cells have expanded potency compared to ESCs as ESCs can only contribute to 

embryonic tissues. Although these studies suggest that 2C-like cells may be totipotent, a 

definitive conclusion awaits the demonstration that a single 2C-like cell can indeed 

contribute to both embryonic and extra embryonic tissues as the above study cannot rule out 

the possibility that the 2C-like cells may contain two cell populations with potential for 

either embryonic or extra embryonic tissues.

2C-like cells not only share features of totipotent cells but also appear to be required for 

long-term maintenance of ESCs in culture. Depletion of cells entering the 2C-like state by 

expression of toxic DTA under the control of LTR of MuERV-L not only compromises ESC 

self-renewal rate but also causes differentiation bias toward mesoderm and ectoderm cell 

lineages when the ESCs are subjected to differentiation [29]. However, these cells are still 

capable of generating high contribution chimaeras even after 20 passages, although their 

proliferation rate is significantly decreased [29]. Another piece of evidence supporting the 

importance of entering the 2C-like state for ESC maintenance comes from the study of 

Zscan4 proteins that are specifically expressed in 2-cell stage mouse embryos. Depletion of 

Zscan4 in mouse embryos causes a delay in pre-implantation development as well as 

implantation failure [32]. Interestingly, Zscan4 is also capable of promoting telomere 

elongation in a telomerase-independent manner in ESCs, as depletion of Zscan4 in this 

population leads to telomere shortening, genome instability and ultimately, cell collapse 

[31]. In addition, ESCs with increased expression frequency of Zscan4 can restore and 

maintain developmental potency in long-term culture [82] and these cells are of higher 

quality in terms of tetraploid complementation for chimera generation compared to normal 

ESCs [82]. Nevertheless, it is not yet clear why cycling into the 2C-like state can improve 

long-term maintenance and pluripotency of ESCs. It is also not yet known whether cycling 

between ESC and 2C-like states is a regulated or stochastic event and whether the 2C-like 

state can be stably maintained in vitro.

Since both 2C-like cells and 2-cell embryos are associated with activation of MuERV-L 

repeats, understanding how MuERV-L repeats are controlled may provide clues to how 2C-

like state is regulated. Several studies have shown that MuERV-L can be activated in 

response to the depletion of a number of epigenetic factors that include Kap1, Lsd1, G9a, 
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GLP, HP1, Rybp, Rex1 and Tet proteins [29, 30, 83-86]. In addition, MuERV-L can also be 

activated by the treatment of an HDAC inhibitor, TSA [29]. Kap1, a transcriptional co-

repressor of Kruppel-associated box domain-zinc finger proteins (KRAB-ZFPs) [87], can 

bind and repress MuERV-L expression, although how KRAB-ZFP mediates the binding is 

still unknown [30, 84]. In addition, Lsd1 and HDACs can be recruited by Kap1 to further 

suppress the transcription of MuERV-L [84]. Lsd1, a histone demethylase, can contribute to 

transcriptional repression by removing the active transcription mark H3K4me2/1 [88] while 

HDACs repress gene expression by removing histone acetylation, also a transcription 

activation mark [89]. In addition to removing histone marks associated with active 

transcription, adding the repressive H3K9me2 mark by G9a and GLP is also required for 

efficient suppression of MuERV-L [83, 84, 90]. Consistent with a role of H3K9me2 in 

repressing MuERV-L, H3K9me2 binding protein, HP1, is required for efficient repression 

of MuERV-L [83, 91]. In addition to histone modifications, DNA methylation may also 

contribute to the regulation of MuERV-L. A recent study showed that the Tet proteins affect 

MuERV-L expression by modulating the chromatin binding of the Kap1 protein [30]. 

Furthermore, MuERV-L expression can also be modulated by some sequence specific DNA 

binding proteins, such as RYBP and Rex1 [85, 86], although the mechanism of action is still 

unknown. It is important to point out that the increased expression of MuERV-L in cells 

deficient of Kap1, Lsd1, G9a or Tet proteins can be attributed to the increased 2C-like cell 

population as MuERV-L is specifically activated in 2C-like cells (Figure 2) [29, 30].

In addition to 2C-like cells, a small cell population expressing the extraembryonic endoderm 

marker Hex under 2i culture conditions has also been reported to be capable of contributing 

to both embryonic and extra-embryonic lineages [92]. Since a single Hex-positive cell is 

able to contribute to both embryonic and extra-embryonic lineages, Hex-positive cells are 

considered totipotent. Interestingly, gene expression analysis has indicated that Hex-positive 

cells have some transcriptional signatures more akin to those of cells of morula- or early 

blastocyst-stage embryos. Although further studies are needed to fully characterize Hex-

positive cells, the identification of 2C-like and Hex-positive cells indicate that rare 

populations of cells close to different stages of pre-implantation embryos exist in cultured 

ESCs.

CONCLUDING REMARKS

The molecular mechanisms underlying stem cell pluripotency and cell fate reprogramming 

have been extensively studied in the past few years. Despite some concerns in using iPS 

cells, such as incomplete reprogramming, potential of tumorigenesis and immune-

incompatibility [93-96], the success of iPS cells in multiple organisms has opened the door 

to an unlimited cell source for regenerative medicine and disease modeling.

In this review, we discussed the current knowledge relevant to totipotency. The totipotent 

stage of developing embryos is associated with unique transcriptional and epigenetic states. 

Understanding the mechanism for generation, maintenance, and exiting the totipotent state 

should provide more insight into stem cell biology and facilitate the progress of regenerative 

medicine. In the past several years, great progress has been made in understanding the 

molecular mechanism of cell plasticity and cell fate transition during preimplantation 
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development. One of the major challenges in the epigenomic study of preimplantation 

development is the limitation in the number of cells available. As genomic and epigenomic 

techniques compatible with low-input samples become available, we anticipate great 

progress in understanding the molecular mechanisms underlying the generation and 

maintenance of totipotency. Before such technological advances are made, however, 2C-like 

cells derived from pluripotent ESCs may provide a viable alternative cell source for 

molecular characterization of the totipotent state. If totipotency can be induced and 

maintained in vitro, this would substantially facilitate our understanding of fundamental 

developmental processes, and would hold great potential for regenerative medicine.
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Figure 1. Relationship between development, cell potency and reprogramming
Development of a mouse begins with fertilization. 1-cell zygotes and blastomeres of 2-cell 

embryos are totipotent. The inner cell mass (ICM) cells in blastocyst are pluripotent. The 

transition from totipotent to pluripotent cells takes place between the 4-cell to morula stage. 

During post-implantation development, some tissue-specific stem cells or progenitor cells 

remain multipotent, while the majority develop to unipotent and terminally differentiated 

cells. Differentiated cells can be reprogrammed to totipotent cells through somatic cell 

nuclear transfer (SCNT) or to pluripotent cells through forced expression of pluripotency-

associated master transcription factors (induced pluripotency). Diagrams of the relative 

abundance of long interspersed nuclear element 1 (LINE-1), intracisternal A-particle (IAP), 

and murine endogenous retrovirus with leucine tRNA primer (MuERV-L) repeats are shown 

at the bottom.
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Figure 2. Relationship and comparison between ESCs and 2C-like cells
Embryonic stem cells (ESCs) can cycle in and out of a transient 2-cell embryo-like (2C-like) 

state. The population of 2C-like cells at a given time point are less than 0.5% under standard 

ESC culture conditions. The known regulators of the 2C-like state are listed, all of which are 

repressors. The different cellular and molecular features of 2C-like cells and ESCs are listed 

at the bottom.
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