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Summary 

The transient capacity to autonomously form and organize all of the embryonic and extra-

embryonic tissues involved in the development of a complete organism is termed totipotency. In 

mammals, totipotency is a feature restricted to the earliest cells of the pre-implantation embryo, 

which harbor this unique capacity during the first 1-3 cell cycles, depending on the species. 

However, our understanding of the regulatory mechanisms responsible for the establishment, 

maintenance and termination of such a highly plastic regulatory state remains limited. Mammalian 

totipotency occurs concomitantly to a set of highly-intermingled biological processes such as 

global chromatin remodeling, an unusual set of metabolic characteristics and the de-repression 

of the vast majority of transposable elements, and it is unclear whether these processes act to 

sustain it. Following a general overview of these processes, in this dissertation I present my 

contributions to a body of work on an in vitro model system for mammalian totipotency, which 

exhibits certain molecular features of the in vivo totipotent state. Afterwards, in the second part 

of this thesis, I present the transcriptional analyses that I have conducted with the aim of 

understanding the role of transposable element transcription during pre-implantation 

development. Overall, this work describes a set of phenomena that arise in totipotent cells in vivo 

and in totipotent-like cells in vitro and explores how recapitulating certain molecular features of 

totipotent cells in pluripotent cells induces a totipotent-like state in vitro. 
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Aims 
 

 

Part 1. The molecular basis of totipotent-like cells in culture 

§ Generate a roadmap for the spontaneous emergence of 2-cell-like cells in mouse 
embryonic stem cell cultures. 

§ Identify the molecular drivers that underlie the exit of the embryonic stem cell state 
towards the 2-cell-like state and their mode of action. 

§ Determine whether 2-cell-like cells recapitulate other features of the totipotent 2-
cell embryo beyond gene expression changes. 

 

Part 2. The molecular basis of mammalian totipotency in vivo 

§ Develop an approach to jointly assess gene expression changes and transcription 
initiation sites from single cell or single embryo samples. 

§ Systematically generate transcriptional profiles using this method at different 
timepoints of pre-implantation development across 5 mammalian species. 

§ Identify a conserved totipotency-associated transcriptional program. 

§ Determine the degree of evolutionary conservation of transposable element 
expression during mammalian pre-implantation development. 
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Mammalian pre-implantation development 

 

A brief history of mammals 

About 210 million years ago – shortly after the giant supercontinent Pangea began to break up, 

but prior to the advent of the unresolved cataclysm that marked the end of the Triassic (Figure 1)  

– a set of little insectivorous carnivores emerged as the first group of mammals (Kemp, 2005). 

Armed with big brains, highly differentiated dentition, active thermal homeostasis and a rather 

avant-garde jaw, these tiny – yet sturdy – mammals had already procured the near entirety of 

modern mammalian features. Although the precise timing is yet to be determined (Vaughan et al., 

2013), two main lineages would emerge shortly after the appearance of these first mammals: i) 

the Monotreme lineage, which has survived up to our days in the oviparous forms of the platypus 

and of four species of echidnas; and ii) the Therian lineage, that would go on to give rise to all 

viviparous mammals, including marsupials and eutherians. Notably, all of these pioneering 

mammals most likely still relied on egg-laying for reproduction, despite at this point already 

possessing the vast majority of morphological and physiological features that are typically 

associated with modern mammals.  

 

Over the course of the first two thirds of mammalian history – some 140 million years during which 

dinosaurs dominated the world’s terrestrial ecosystems – mammals would diversify and give rise 

to the cladistic diversity with which we are now acquainted. Mesozoic mammals would turn out 

to be tremendously inventive, proliferating and branching out into numerous lineages despite the 

fact that none of them seem to have grown past the size of an average cat (Kemp, 2005; Vaughan 

et al., 2013). In particular, one of the most extraordinary innovations that would arise during this 

period would be the advent of embryonic implantation and its associated viviparity within the 

Figure 1. Timeline of mammalian evolution. 
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Therian lineage (Figure 2), at some point before their split into the Marsupial and Eutherian 

lineages 170-190 million years ago (Williamson et al., 2014). By adhering to the mother’s uterus 

in order to obtain additional nutrients, an implanted therian embryo would be able to develop for 

an extended period of time within the mother without entirely relying on an egg’s yolk. While 

marsupials would device rather short-lived placentas to achieve this task and would give birth to 

comparatively undeveloped young, eutherians would further advance these mechanisms and 

would undertake the vast majority of their developmental program upon implantation (Roberts et 

al., 2016). As I will discuss further below, implantation would turn out to be one key novelty with 

deep implications for the landscape of cellular potency itself. 

 

Finally, the last chapter of mammalian history commenced approximately 65 million years ago, 

following the mass extinction event that brought the end of the dinosaurs (Kemp, 2005). With the 

dinosaurs gone, this episode of mammalian evolution would see the emergence of the first large 

bodied eutherians and marsupials, which would quickly fill the ecological niches left behind by the 

dinosaurs. Despite initially possessing a virtually identical set of morphological features, the better-

implanting eutherian mammals would eventually outcompete their marsupial counterparts and 

today represent the vast majority of mammalian species. Overall, mammalian evolution can be 

partially understood as the development of a series of increasingly sophisticated sustenance 

mechanisms that arose to nourish the developing embryo. 

 

Embryonic implantation in mammals 

Implantation conferred early mammals the capacity to develop for an extended period of time 

within the mother, in the absence of a large provision of yolk in the egg. Already in the last 

common ancestor of monotremes and therians (Figure 2), a specialized tissue called the 

trophoblast had arisen which would permit the absorption of vital nutrients from the mother 

(Frankenberg, 2018). For reasons that are not entirely understood, monotremes – and probably 

their last common ancestor with therians – had dispensed of a substantial fraction of yolk content 

in favor of absorbing nutrients from the uterine medium through a very primitive placenta 

(Frankenberg, 2018; Selwood and Johnson, 2006). These nutrients are essential for development 

and will sustain the monotreme embryo in utero until it reaches the 19-20 somite stage and is 

finally laid as an egg. 
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While the monotreme trophoblast never lies in direct contact with the uterine endometrium, 

therian embryos would eventually evolve the capacity to break the outer coating of the egg and 

enter in direct contact with the uterus in order to exchange nutrients (Frankenberg, 2018). 

Towards the last third of the marsupial pregnancy, the trophoblast will implant into the uterine 

endometrium with a varying degree of invasiveness depending on the marsupial species (Hughes, 

1974), and a rather rudimentary placenta will be formed. After a very brief period of 

organogenesis, an extremely altricial neonate will be born and will conclude the greater part of 

morphogenesis attached to the mother’s teat (Smith, 2001). Eutherians, on the other hand, 

implant considerably earlier and complete a significantly greater fraction of their development 

inside the womb. In contrast to the two thirds of in-womb development that marsupials complete 

before implantation, eutherian mice embryos implant already at the 4th day of their ~19 day 

developmental program (Wang and Dey, 2006). 

 

Despite its crucial character, it remains unclear how exactly did the trophoblast cell lineage that 

gives rise to the placenta arise over the course of mammalian evolution (Roberts et al., 2016). 

Although functionally comparable yolk-associated tissues are known to exists in birds and reptiles 

(Frankenberg, 2018; Selwood and Johnson, 2006), it is unclear whether they are actually 

homologous to the mammalian trophoblast in terms of cellular and molecular identity. Across all 

three Monotreme, Marsupial and Eutherian mammalian lineages, the very first cell fate decision in 

the embryo involves a choice between the trophoblast and the pluriblast fates, and occurs during 

Figure 2. Evolution of mammalian implantation. 



 18 

the very first 4 - 7 cell cycles, depending on the species (Selwood and Johnson, 2006). Indeed, 

no obviously homologous cellular lineage is known to exist in any other amniote in terms of timing 

and function, suggesting that the trophoblast is either a mammalian novelty or radical 

transposition of the developmental timing of an existing cellular lineage. Thus, the emergence of 

implantation was only possible because of the appearance of a novel cellular lineage at the 

beginning of development, and the remodeling of the cell potency landscape to make room for a 

cellular state with the expanded cellular potency required to produce it. 

 

Cellular potency during pre-implantation development 

Pre-implantation development refers to the window of mammalian development that initiates 

following fertilization of the oocyte by the sperm, and that ends several days later at the time of 

implantation (Figure 3). Fertilization produces a rather peculiar cell called the zygote, which 

harbors both of the parental genomes inherited from the gametes in two physically segregated 

nuclei. One cell division later, both of the parental genomes will be incorporated into the single 

nuclei of the two daughter cells, although certain epigenetic asymmetries inherent to their parental 

origin will remain. In the case of the mouse embryo, several cell divisions later during the 8-cell 

stage, the embryo initiates a process called compaction – through which cells become polarized; 

upon their next division to the morula stage, outer and inner cells are formed for the first time, and 

the former become preferentially specified to the trophoblast lineage. Another morphological 

change, called cavitation, starts to take place at this point and results in the generation of a fluid-

filled cavity called the blastocoel. From this point on, the embryo will be termed a blastocyst and 

will consist of a laminar sphere of trophoblast cells and a cumulus of pluripotent cells – termed 

the inner cell mass or pluriblast – on the inner side of one of the poles of this sphere.  

Figure 3. Overview of eutherian pre-implantation development. During this period, the developmental 
stage is referred to according to the number of cells present in the embryo and individual cells are 
termed blastomeres. 
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In terms of cellular potency, the various cells that arise over this window of development can be 

classified into four main categories: totipotent, plenipotent, pluripotent and trophoblast cells 

(Condic, 2014). In mouse, the totipotent window (Figure 3) includes the zygote and 2-cell stage 

embryo, since individual blastomeres of each of these two stages can produce an entire organism 

on their own (Casser et al., 2017; Tarkowski, 1959). In contrast, cells from the 4-cell and 8-cell 

stages are plenipotent because they have yet to be allocated to any of the two lineages of the 

early blastocyst: the pluripotent inner cell mass – which will give rise to the embryo proper and 

some extra-embryonic tissues – and the trophoblast – which will give rise to the placenta (Kelly, 

1975; Tabansky et al., 2013). While at the morula stage these two lineages have already started 

to be specified, these cells are actually still bipotent and will not commit to either fate until the 

formation of the blastocyst (Rossant and Vijh, 1980). Although in the early blastocyst outer cells 

have already committed irreversibly to their trophoblast fate, inner cells will not commit to the 

pluripotent fate for another cell division and can be directed to contribute towards the trophoblast 

if physically transplanted (Posfai et al., 2017). 

 

The totipotent embryo 

How exactly does a single cell give rise to an entire multicellular organism is one of the longest-

running and most fascinating questions in biology. This transient capacity to autonomously form 

and organize all of the embryonic and extra-embryonic tissues involved in the development of a 

new organism is termed totipotency. In mammals, totipotency is a feature restricted to the 

earliest cells of the pre-implantation embryo. Although its definition entails different interpretations 

(Condic, 2014) – and is used loosely in some instances (Macfarlan et al., 2012; Morgani et al., 

2013) – in this work I will refer to totipotency as the capacity of a single cell to autonomously and 

successfully form and organize all of the embryonic and extra-embryonic tissues that emerge 

during the development of a new organism (Ishiuchi and Torres-Padilla, 2013). For example, over 

the course of mouse development, only the zygote and each of its two daughter cells are strictly 

totipotent since only they can produce an entire organism on their own. In this case, it is said that 

the last twinning-stage over the course of mouse development is the 2-cell stage, since only up 

to this stage can genetically-identical twin offspring be derived by physically separating each of 

the individual blastomeres. 

 

Totipotency across mammals 

Interestingly, the developmental window during which totipotency manifests is not fixed and varies 

among mammalian species (Figure 3). In bovine and sheep embryos, all four of the 4-cell stage 
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blastomeres are capable of developing into an entire calve or lamb when transferred individually 

into surrogate mothers (Johnson et al., 1995; Willadsen, 1981). Similarly, in Rhesus monkeys, 

embryos composed of only two 8-cell stage blastomeres are occasionally capable of developing 

to term, further providing evidence of the surprising fact that in some species, a quarter-embryo 

– although in this particular case, not a single cell – is sufficient to form an entire organism (Chan, 

2000). Even more remarkable, however, are the reports that individual 8-cell stage pig, sheep 

and rabbit blastomeres are potentially totipotent and can occasionally give rise to a live piglet, 

lamb or kitten on their own (Moore et al., 1968; Saito and Niemann, 1991; Willadsen, 1981). 

Although these experiments have also been attempted in mouse embryos – the best studied 

model system for early mammalian development – no live mouse pup has been reported to arise 

from a single 4-cell stage or 8-cell stage blastomere. Notably, single blastomeres of the 4-cell 

stage do produce a small pseudo blastocyst, but this blastocyst frequently lacks derivatives of 

the pluripotent ICM and is mostly composed of trophoblast cells (Rossant, 1976). Remarkably, it 

appears that compaction and cavitation seem to initiate at the same time in mouse embryos 

derived from a single blastomere and in intact embryos (Tarkowski and Wróblewska, 1967), 

suggesting the existence of a regulative, time-sensing mechanism that actively limits totipotency. 

However, considering that it is well established that mouse 4-cell stage blastomeres have the 

capacity to contribute to both the ICM and the trophoblast (Kelly, 1975; Tabansky et al., 2013), 

it follows that the apparent loss of totipotency in these 4-cell stage blastomeres might actually 

result from a premature restriction in cellular potency occurring at a later time, before the 

specification  of sufficient cells of each lineage is achieved. 

 

The molecular basis of mammalian totipotency 

Nevertheless, our understanding of the molecular mechanisms that regulate totipotency in 

mammals is still very limited. In addition to the technical difficulties inherent to working with the 

pre-implantation embryo, our limited understanding is also a consequence of the complexity of 

biological processes spanning the totipotent window. In mouse, the totipotent zygote and 2-cell 

stage embryos are characterized by an unusual metabolism (Kaneko, 2016), the absence of 

conventional heterochromatin (Eid et al., 2016; Fadloun et al., 2013a), an atypical chromatin 

organization (Burton and Torres-Padilla, 2014), and a rather unique transcriptional landscape 

characterized by the expression of usually silent genetic elements such as retrotransposons, 

tandem repeats and totipotency-specific genes that are only active during this period (Evsikov et 

al., 2006; Fadloun et al., 2013b; Göke et al., 2015; Peaston et al., 2004; Rodriguez-Terrones and 

Torres-Padilla, 2018). Below, I will summarize three of the unusual biological processes that occur 
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at the onset of mammalian development that might underlie – either jointly or individually – the 

exceptional plasticity of totipotent cells. 

 

Metabolic features of totipotent cells 

In terms of cellular metabolism, the mouse pre-implantation embryo exhibits a set of rather 

unusual properties that most likely reflect its disconnection from the mother’s blood supply, its 

exposure to the oviduct and uterine medium – which might possess an evolutionary conserved 

role dating back to the monotreme means of embryo nutrition (see above) – and the need to 

produce sufficient amounts of certain critical metabolites to aid in the chromatin remodeling 

process (Nagaraj et al., 2017). While glucose is known to be present in the oviduct (Gardner and 

Leese, 1990), mouse pre-implantation embryos are unable to use this metabolite for energy 

production prior to the morula stage (Brinster, 1965). Intriguingly, while glucose is not able to fuel 

energy metabolism between the zygote and 8-cell stage, its presence is essential for the embryo’s 

developmental progression past the 2-cell stage and a brief exposure to glucose as short as 1 

minute is sufficient to prevent these embryos from undergoing developmental arrest (Chatot et 

al., 1994). Indeed, it appears that the earliest stages of pre-implantation development rely instead 

on monocarboxylates such as pyruvate and lactate (Brinster, 1965) to satisfy their energetic 

demands through oxidative phosphorylation (Houghton et al., 1996), and to generate sufficient 

amounts of critical metabolites such as acetyl-CoA and α-ketoglutarate (Nagaraj et al., 2017). 

These metabolites might be necessary to fuel the chromatin remodeling process that occurs after 

fertilization, and in agreement with this, transposition of the Pyruvate Dehydrogenase enzyme 

complex from the mitochondria to the nucleus at the 2-cell stage has been shown to be essential 

for the embryonic genome to be successfully activated (Nagaraj et al., 2017). Because it’s 

possible – and even likely – that the unique metabolic features of the early pre-implantation 

embryo contribute to its exceptional plasticity, during my PhD I have explored whether 

reproducing these metabolic conditions aids in the reprogramming process to a 

totipotent-like state which will be described further below. Because of its ongoing nature, 

however, this work has not been included in this cumulative thesis. 

 

Totipotent cells undergo an extensive process of chromatin remodeling 

Following fertilization, parental genomes are subject to an intense process of chromatin 

remodeling that is thought to underlie the reprogramming of the highly differentiated gametes 

into totipotent cells. In particular, the paternal genome is enwrapped in protamines rather than 

histones and is thus the subject of an intense wave of histone deposition (Santenard et al., 2010). 
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Globally, the earliest cells of the mouse embryo possess a completely atypical chromatin 

organization, that is evident even in a DAPI staining of genomic DNA. In contrast to the punctual 

organization of pericentromeric heterochromatin into chromocentres that is present from 

the 4-cell stage on, oocytes and 2-cell stage embryos instead organize these same genomic 

regions into a set of ring-like structure called nucleolar-like-bodies (Burton and Torres-Padilla, 

2014; Kopečný et al., 1989). In terms of chromatin modifications, mouse pre-implantation 

embryos exhibit further unique characteristics, such as global DNA demethylation (Eckersley-

Maslin et al., 2018) and the apparent lack of conventional constitutive heterochromatin (Fadloun 

et al., 2013a). Overall, because of the reprogramming process that occurs at the onset of 

mammalian development, chromatin in totipotent cells is particularly open (Wu et al., 2016) and 

rather devoid of repressive histone modifications. It remains an open question how exactly this 

unique chromatin context underlies the totipotent capacity of these cells. In this dissertation, 

Eid et al. describe the developmental arrest of mouse pre-implantation embryos upon 

induction of the H4K20me3 constitutive heterochromatin mark. By analyzing gene 

expression data in manipulated and control embryos, I contributed to the determination of 

the molecular mechanisms underlying this developmental arrest. Overall, the 

downregulation of constitutive heterochromatin at the beginning of mammalian 

development appears to be essential for normal developmental progression and, perhaps, 

totipotency. 

 

 Totipotency window 
(range of twinning stages) 

ZGA timing 
(major wave) 

Earliest transcription detected 
(start of minor wave) 

Mouse Zygote – 2-cell stage 2-cell stage 
(Woodland and Graham, 1969) 

Zygote 
(Mintz, 1964) 

Cow Zygote – 4-cell stage 8-cell – 16-cell stages 
(Camous et al., 1986) 

Zygote 
(Memili and First, 1999) 

Rhesus Zygote – 4-cell stage 4-cell – 8-cell stages 
(Schramm and Bavister, 1999) 

2-cell stage 
(Schramm and Bavister, 1999) 

Rabbit Zygote – 8-cell stage 8-cell – 16-cell stages 
(Christians et al., 1994) 

Zygote 
(Christians et al., 1994) 

Pig Zygote – 8-cell stage 4-cell stage 
(Arrell et al., 1991) 

4-cell stage 
(Tománek et al., 1989) 

Table 1. Timing of the totipotency window and of zygotic genome activation across several eutherian 
species. In Rhesus monkeys and Pigs, it’s possible that technical factors might underlie the failure to detect 
transcription at the Zygote stage. 
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Transcriptional features of totipotent cells 

Shortly after fertilization, the mammalian genome will be transcriptionally activated for the first time 

in an event called Zygotic Genome Activation (ZGA) (Table 1). In mouse, this transcriptional 

event can be subdivided because of its timing into two parts: the minor wave of zygotic genome 

activation that occurs at the zygote stage (Mintz, 1964), and the larger major wave of zygotic 

genome activation that occurs later in the 2-cell stage (Woodland and Graham, 1969). While 

numerous developmentally-critical genes that are specific to the genome activation event are 

transcribed at this time and might underlie the totipotent capacity of the early embryo, it is most 

tempting to speculate on the contribution of the other major substrate of these transcriptional 

waves: transposable elements. Across both humans and mice, specific families of transposable 

elements are activated during genome activation (Fadloun et al., 2013b; Göke et al., 2015; 

Hendrickson et al., 2017; Peaston et al., 2004), in many cases enabling the transcription of 

chimeric genes that can only be transcribed downstream of the promoters of these repetitive 

elements. During my PhD, I have characterized the transcriptional landscapes of pre-

implantation development across five different mammalian species in an effort to assess 

the evolutionary conservation of the totipotent transcriptional program and of 

transposable element expression, among other questions. Although at the time of 

submission of this dissertation these analyses are still ongoing, the methodological 

advances that enabled the generation of these datasets as well as some preliminary 

findings are included further ahead. 

 

 

Transposable elements 

A supplementary introductory section on transposable elements and their regulatory roles during 
mammalian pre-implantation development has been included in Appendix I. Copyright to include this 
publication in this dissertation has been retained and can be consulted in Appendix III.  
The reference is: 
Rodriguez-Terrones D. & Torres-Padilla M.E. (2018). Nimble and ready to mingle: transposon outbursts 
of early development. Trends in Genetics 10, 806-820. 
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In vitro model systems for the study of mammalian 

pluripotency and totipotency 

 

Mouse embryonic stem cells are an in vitro model system of pluripotency 

Mouse embryonic stem cells (ESCs) are an in vitro model system for the study of the pluripotent 

cells from the mouse embryo. Although these cells are derived from the inner cell mass of the 

mouse pre-implantation blastocyst, in vitro they actually correspond to a heterogeneous mixture 

of at least two different developmental stages (Wray et al., 2010). Depending on culture 

conditions, these cells can transition back and forth between a state reminiscent of the pre-

implantation epiblast – termed naïve pluripotency and defined by high expression of the 

transcription factor Rex1 – and another one reminiscent of the post-implantation epiblast – 

termed primed pluripotency, defined by low Rex1 expression and more prone to differentiate. 

As is evident from these heterogeneities, mouse ESCs recapitulate developmental features of 

their in vivo counterparts to a great extent and are even capable of resuming their developmental 

roles when transplanted back into the embryo. 

 

In terms of their molecular identity, ESCs are characterized by the activity of a conserved gene 

regulatory network involving the transcription factors OCT4 (Nichols et al., 1998), SOX2 (Masui et 

al., 2007) and NANOG (Chambers et al., 2003), among several others (Kim et al., 2008). Indeed, 

this regulatory network not only modulates the pluripotent state of the cell but is even capable of 

inducing pluripotency in differentiated cell types (Takahashi and Yamanaka, 2006). With regards 

to epigenetic marks, naïve pluripotent stem cells are characterized by low levels of DNA 

methylation that become upregulated upon entry to the primed state, a situation that is also 

observed to occur in the mouse embryo (Leitch et al., 2013). Intriguingly, mouse ESCs also 

recapitulate several of the metabolic features observed in the early embryo, such as a mixed 

reliance on glycolysis and oxidative phosphorylation in the naïve state that shifts to an almost 

absolute use of glycolysis in the primed state (Zhou et al., 2012). Overall, in addition to 

reproducing the developmental characteristics present in the pluripotent cells of the mouse 

embryo, mouse embryonic stem cells also recapitulate many of the molecular features observed 

in their in vivo counterparts. 
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Mouse 2-cell-like cells are an in vitro model system of totipotency 

In addition to the aforementioned heterogeneities, a small subpopulation of cells resembling the 

mouse 2-cell stage embryo spontaneously arises in mouse embryonic stem cell cultures and 

constitutes approximately 0.5% of the culture at any given time. This totipotent-like 2-cell-like 

population of mouse ESCs was originally identified on the basis of its expression of the 2-cell-

stage specific MERV-L family of retrotransposons (Macfarlan et al., 2012) and later found to 

exhibit a series of chromatin features in common with the 2-cell stage embryo such as higher 

histone mobility (Bošković et al., 2014). The ERV-L family of retrotransposons stands out for 

having been co-opted as promoters and other regulatory sequences for a wide range of genes 

activated at zygotic genome activation in both mouse and human, and its activation is suggestive 

of a reversion to a regulatory state reminiscent of the 2-cell stage embryo. In addition, given that 

these cells arise in pluripotent cultures, it is very surprising to note that these cells have been 

reported to downregulate protein levels of OCT4 (Macfarlan et al., 2012), calling into question 

whether they are even pluripotent.  

 

Further adding to the list of mouse ESC heterogeneities, an altogether different subpopulation 

expressing the 2-cell stage specific gene Zscan4 has been described to occur in approximately 

5% of the cells in a mouse ESC culture (Falco et al., 2007; Zalzman et al., 2010). By periodically 

entering into this Zscan4+ state every ~10 passages, mouse ESCs elongate their telomeres 

through not completely resolved molecular mechanisms. What exactly is the relationship 

between the 2-cell-like subpopulation and Zscan4+ population is a question that I aim to 

address in the first part of this thesis. Beyond the actual cellular potency of these 

subpopulations, understanding how pluripotent cells rewind back to a molecular state 

reminiscent of the totipotent embryo could greatly aid us in understanding the molecular 

dynamics underlying totipotency in vivo. To this end, we also describe our search for 

molecular determinants of this transition and explore their mechanisms of action. 
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Results 

Part 1 – The molecular basis of totipotent-like cells in culture 
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Early embryonic-like cells are induced by downregulating 
replication-dependent chromatin assembly 
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The amazing capacity of the early embryo to generate all cells of an 
organism is transient. This feature, referred to as totipotency, implies 
that a full organism can be derived from a single cell and contrasts 
with pluripotency, which refers to the ability of a cell to contribute 
to all three germ layers of the embryo but not to the extraembryonic  
lineages1–4. Thus, totipotent cells have greater cellular plasticity. In mice, 
only the zygote and 2-cell-stage blastomeres are fully totipotent because 
they can generate an organism on their own without the need of carrier 
cells3. Totipotent-like 2C-like cells have been shown to arise spontane-
ously in ES-cell cultures, but only in the extremely low proportion of 
around 0.5% (ref. 1). Similarly to 2-cell-stage embryos, 2C-like cells 
also reactivate transcription of endogenous retroviruses (ERVs), in par-
ticular MERVL. Although most somatic cells can be readily induced to 
pluripotency2,5, it is unknown whether totipotent cells can be induced  
in vitro. Moreover, the molecular and epigenetic features of totipotent 
cells are poorly characterized. Here, we set out to identify molecular play-
ers associated with transitions between pluripotent and totipotent states. 
We show that depletion of either the p150 or the p60 subunits of chro-
matin assembly factor-1 (CAF-1) in ES cells increases the population of 
2C-like-cells. CAF-1 depletion leads to increased accessibility at MERVL 
and to upregulation of neighboring genes, thus generating a transcrip-
tional profile similar to that of 2-cell-stage embryos. Induced 2C-like 
cells after CAF-1 loss share the molecular characteristics of endogenous  
2C-like cells and exhibit molecular features of 2-cell-stage embryos.

RESULTS
To obtain insights into the molecular mechanisms underlying the 
transition toward the 2-cell-like state, we sought to identify common  

features between early embryos and 2C-like cells that differ from those 
of pluripotent cells. We generated stable ES-cell lines containing an 
EGFP reporter under control of the MERVL long terminal repeat 
(2Cø EGFP) (Fig. 1a). Examination of several clones revealed that 2C-
like cells, identified by EGFP expression and the absence of OCT4 pro-
tein1, lack chromocenters (Fig. 1b), similarly to zygotes and 2-cell-stage 
embryos6, thus suggesting that, compared to pluripotent and somatic 
cells, they display major global differences in nuclear organization. 
Instead of the well-defined 4�,̀6-diamidino-2-phenylindole (DAPI)-
stained foci indicative of pericentromeric clustering into chromocent-
ers in ES cells, the DAPI-rich regions in 2C-like cells appeared spread 
and were strongly enriched in acetylated histones, results suggesting 
accelerated histone turnover (Fig. 1b and Supplementary Fig. 1a). 
Absence of chromocenters was accompanied by a robust transcriptional 
activation of the major satellite (MajSat) repeats of the pericentromeric 
chromatin (Fig. 1c), a feature of zygotes and 2-cell-stage embryos7–9. 
Thus, both early embryos and 2C-like cells lack chromocenters and 
reactivate transcription of major satellites and MERVL (Fig. 1d).

Depletion of CAF-1 induces 2C-like cells
To identify molecular pathways that regulate features of 2-cell-stage 
embryos and 2C-like cells, we searched for candidate proteins known 
to regulate chromocenter integrity and/or histone turnover. CAF-1 is 
a trimeric complex responsible for deposition of histones H3 and H4 
during DNA synthesis10,11, and depletion of the p150 subunit of CAF-1  
results in chromocenter loss in pluripotent ES cells and in pericentric 
heterochromatin instability in Drosophila12,13. We thus performed 
RNA interference (RNAi) for the two major CAF-1 subunits, p150 

1Institut de Génétique et de Biologie Moléculaire et Cellulaire, CNRS UMR7104 and INSERM U964, Illkirch, France. 2Max Planck Institute for Molecular 
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Early embryonic-like cells are induced by downregulating 
replication-dependent chromatin assembly
Takashi Ishiuchi1, Rocio Enriquez-Gasca2, Eiji Mizutani3, Ana Boškovi�1, Celine Ziegler-Birling1,  
Diego Rodriguez-Terrones1, Teruhiko Wakayama3, Juan M Vaquerizas2 & Maria-Elena Torres-Padilla1

Cellular plasticity  is essential for early embryonic cells. Unlike  pluripotent  cells, which form embryonic tissues, totipotent  cells 
can generate a complete organism including embryonic and extraembryonic tissues. Cells resembling 2-cell-stage embryos  
(2C-like cells) arise at very low frequency in embryonic stem (ES) cell cultures. Although induced reprogramming to pluripotency 
is well  established, totipotent  cells remain poorly  characterized, and whether reprogramming to totipotency  is possible is 
unknown. We show that mouse 2C-like cells can be induced in vitro  through downregulation  of the chromatin-assembly 
activity  of CAF-1. Endogenous retroviruses and genes specific to 2-cell embryos are the highest-upregulated genes upon CAF-1 
knockdown. Emerging 2C-like cells exhibit  molecular characteristics of 2-cell embryos and higher reprogrammability  than ES cells 
upon nuclear transfer. Our  results suggest that early embryonic-like  cells can be induced by modulating chromatin  assembly and 
that atypical histone deposition may trigger the emergence of totipotent  cells.
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and p60, in ES cells containing the 2Cø EGFP reporter. We confirmed 
depletion of CAF-1 subunits by western blotting and immunofluores-
cence (Fig. 1e,f). As previously reported12, RNAi for p150 abolished 
detectable chromocenters (Fig. 1f) and led to a dramatic upregulation 
of EGFP-positive cells (Fig. 1g,h). Reverse-transcription quantitative 
PCR (RT-qPCR) and RNA fluorescence in situ hybridization (RNA-
FISH) revealed that activation of the 2Cø EGFP reporter reflected 
transcriptional reactivation of endogenous MERVL (Fig. 1i and 
Supplementary Fig. 1b). Moreover, p150 depletion resulted in strong 
upregulation of major-satellite transcription (Fig. 1i). We obtained 
similar results upon p60 knockdown (KD) (Supplementary Fig. 2). 
Remarkably, the overall number of cells expressing the 2Cø EGFP 
reporter increased by 10- to 30-fold in the absence of p60 or p150 
(Fig. 1g,h), thus suggesting that depletion of CAF-1 can dramatically 
induce the emergence of 2C-like cells.

Members of the ERVL family of retrotransposons act as alterna-
tive promoters of mouse genes and generate chimeric transcripts in  
2-cell-stage embryos14 and in 2C-like cells1. We therefore asked 
whether CAF-1 depletion leads to upregulation of 2-cell-specific 
genes, including chimeric transcripts. p150 depletion resulted 
in strong upregulation of the 2-cell-specific transcripts Eif1a-
like and Zscan4 as well as Gm6763, which generates a chimeric  
transcript linked to the MERVL long terminal repeat (LTR) (Fig. 2a 
and Supplementary Fig. 2). Although major satellites and MERVL 
transcripts were strongly upregulated, other active retrotransposons  
such as IAP and LINE1 were largely unaffected, thus suggesting 
that p150 depletion does not affect global transcription of all repeti-
tive elements (Fig. 2a). Similarly to spontaneous 2C-like cells1,  
EGFP-positive cells induced by p150 depletion were also devoid of 
OCT4 protein (Fig. 2b). Thus, we conclude that CAF-1 controls the 

stability of stem-cell states and that the cells induced upon CAF-1 
depletion are similar to 2C-like cells that emerge spontaneously.

Chromocenter disruption does not induce 2C-like cells
We next investigated the mechanism through which depletion of 
CAF-1 induces cells with totipotent-like features. Because the lack of 
chromocenters and reactivation of major-satellite transcription are 
commonly found in 2-cell embryos, we first asked whether conferring 
these features to ES cells would be sufficient to induce 2C-like cells, by 
using a transcription activator–like effector (TALE) that specifically  
binds major satellites15, fused to the VP64 transactivator (Fig. 2c). 
Targeting VP64 to major satellites in ES cells led to decondensation of 
chromocenters, as visualized with DAPI, and to accumulation of H4 
K16 acetylation therein (Fig. 2d). Expression of TALE-MajSat-VP64 
robustly increased major-satellite transcription (Fig. 2e). However, 
TALE-MajSat-VP64 expression did not result in increased MERVL 
transcription or in loss of OCT4 protein (Fig. 2e,f), and the number 
of ES cells expressing the 2Cø EGFP reporter remained unchanged 
(Supplementary Fig. 2). Thus, although chromocenters and major-
satellite transcription appear to be characteristic features of totipotent 
cells, loss of chromocenters and reactivation of major satellites are not 
sufficient to induce 2C-like cells.

Second, we asked whether the passage through replication was nec-
essary for induction of the 2Cø EGFP reporter upon p150 depletion. 
After confirming that thymidine treatment efficiently arrested ES cells 
at G1-S phase (Supplementary Fig. 3), we performed RNAi for p150, 
blocked cells at G1-S and analyzed ES cells by immunostaining and 
RT-qPCR (Fig. 3a). Thymidine treatment suppressed the phenotype 
caused by p150 depletion, thus leading to a strong reduction in the 
number of cells expressing the 2Cø EGFP reporter as compared to the 
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Figure 1  Depletion of CAF-1 induces 2C-like cells. (a) Representation  
of the 2Cø EGFP reporter. (b) OCT4 and GFP immunostaining in the  
2Cø EGFP reporter–expressing ES-cell line. Representative images from  
>60 cells analyzed in three independent cell cultures are shown. (c) RNA-FISH for MERVL and  
major satellites in the 2Cø EGFP reporter–expressing ES-cell line. 2C-like cells are indicated by an arrow. Scale bars,  
5 �Mm (b,c). Representative images from three independent cell cultures are shown. (d) Common features between 2C-like cells and 2-cell-stage  
embryos. (e) KD with different siRNAs for p150 and p60 and analysis of whole cell extracts with the indicated antibodies. Results are representative of  
two independent experiments. GAPDH is a loading control. (f) Loss of chromocenters and reactivation of the 2Cø EGFP reporter in cells lacking p150 
protein, after p150 KD. Representative images from three independent cell cultures are shown, with >50 cells analyzed for each experiment. Scale bar,  
10 �Mm. (g) Immunostaining of the 2Cø EGFP line with antibodies to GFP and p150 after p150 KD. Scale bar, 100 �Mm. n, number of independent 
experiments with independent cell cultures. (h) Quantification of GFP-positive cells by FACS 2 d and 3 d after transfection of control, p150 or p60 siRNA. 
Bars show the mean, and raw values from two independent cell cultures are also shown. (i) RT-qPCR for MERVL and MajSat in 2Cø EGFP reporter–expressing 
ES-cell line after KD of p60 and p150. Shown are the mean �o s.d. of two technical replicates for three cell cultures in experiments performed on different 
days. **P < 0.01; *** P < 0.001 (two-tailed Student’s t test, compared to control siRNA).
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control (Fig. 3b). G1-S arrest also rescued the loss of chromocenters, 
which were instead readily detectable by DAPI staining in spite of the 
absence of p150 (Fig. 3c). Finally, induction of MERVL and major-
satellite transcription was also diminished in p150-KD ES cells after 
treatment with thymidine, whereas the abundance of LINE1 and IAP 
transcripts was unaffected (Fig. 3d). Thus, inhibition of cell-cycle 
progression through S phase suppresses induction of 2C-like cells  
after p150 depletion, a result suggesting that induction occurs  
concomitantly with or after replication.

Loss of chromatin-assembly activity  induces 2C-like cells
We performed a complementation assay to determine how p150 is 
involved in suppressing the emergence of 2C-like cells. To discern 
whether the phenotype induced by p150 depletion reflects a deficiency 
in DNA synthesis and/or in chromatin assembly, we focused on four 
domains within p150: two noncanonical PIP domains that interact 
with PCNA, the HP1-interaction motif and the ED domain (Fig. 3e).  
The N-terminal PIP1 is dispensable for chromatin assembly and does 
not contribute significantly to p150 targeting to replication sites, 
whereas ablation of PIP2 impairs chromatin assembly without inhibit-
ing DNA synthesis16. Likewise, the p150 HP1-interaction domain is 
required for CAF-1 localization to heterochromatin outside of S phase 

but is dispensable for de novo chromatin assembly and for CAF-1  
targeting to replication foci17. In contrast, the ED domain, composed 
of clusters of glutamate and aspartate residues, is essential for assembly 
activity18. We generated ES cells expressing either full-length p150 or 
each of four Flag-tagged p150 mutants lacking these domains, and we 
confirmed that all five constructs were homogeneously and efficiently 
expressed, although the p150 �$PIP1 and �$ED deletions displayed 
slightly lower protein levels (Fig. 3f and Supplementary Fig. 3).  
We then depleted endogenous p150 with a short interfering RNA 
(siRNA) (p150 siRNA #1) that does not target the transgenes used for 
complementation (Fig. 3e). Expression of exogenous full-length p150 
and of the �$PIP1 and �$HP1 mutants suppressed the increase of 2C-like 
cells induced by depletion of endogenous p150 (Supplementary Fig. 3).  
RT-qPCR revealed that expression of the �$PIP1 and �$HP1 mutants, 
compared to the full-length p150, led to similar transcript levels for 
MERVL, Zscan4, Gm6763 and major satellites (Fig. 3g). Likewise, 
chromocenters were readily visible after expression of exogenous  
full-length p150 or the �$PIP1 and �$HP1 mutants (Fig. 3h). Strikingly, 
however, the �$ED and the �$PIP2 constructs, which each lack domains 
required for the chromatin-assembly activity of CAF1, were unable 
to rescue p150 deficiency, and cells instead exhibited significant 
expression of 2-cell-specific genes and repetitive elements analyzed 
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and failed to maintain chromocenter integrity (Fig. 3g,h). Moreover, 
whereas expression of the full length, �$PIP1 or �$HP1 constructs  
suppressed the emergence of 2C-like cells, the �$PIP2 or the �$ED 
mutants failed to do so (Supplementary Fig. 3). Because RNAi for 
p60 in human cells leads to loss of chromatin assembly during DNA 
synthesis19, these data are in agreement with the observation that 
depletion of p60 alone also increases the number of cells express-
ing the 2Cø EGFP reporter. Importantly, a second siRNA (p150 
siRNA #2) targeting both endogenous p150 and the exogenously 
expressed p150 mutants recapitulated the emergence of 2C-like cells 

(Supplementary Fig. 3). Thus, CAF-1 can regulate the stem-cell state 
through its chromatin-assembly activity, but p150’s functional inter-
action with HP1 and with PCNA through the PIP1 is dispensable. 
Moreover, the data point to a role for the chromatin-assembly activity 
of CAF-1 in orchestrating the emergence of 2C-like cells. Importantly, 
ablation of another histone-deposition pathway through downregula-
tion of the HIRA chaperone did not affect chromocenter integrity or 
2Cø EGFP expression (Supplementary Fig. 4), thus suggesting that 
the induction of totipotent-like features upon CAF-1 KD is not a 
result of altered histone-deposition pathways in general.
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reporter ES cells transfected with p150 siRNA and treated with either vehicle  
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Representative images from three independent cell cultures are shown. (d) RT-qPCR  
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(Tukey’s honest significant difference (HSD) test). (e) Schematic representation of  
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are shown. *** P < 0.001 (Tukey’s HSD test). In h, at least 50 cells were analyzed per replicate for each condition.
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Transcriptome upon CAF-1 depletion resembles 2-cell stage
Next, we asked whether CAF-1 depletion results in a global transcrip-
tional profile similar to that of 2-cell-stage embryos, paying particular 
attention to retrotransposon activation. We performed RNA sequenc-
ing (RNA-seq) in ES cells after KD of either of the two CAF-1 subunits, 
p150 and p60. Analysis of differentially expressed transcripts with appli-
cation of a false discovery rate (FDR)-adjusted P-value cutoff revealed 
2,517 and 1,676 upregulated genes with more than two-fold change in 
gene expression after treatment with p150 or p60 siRNA, respectively, 
and only 96 and 31 downregulated genes (Fig. 4a and Supplementary 
Tables 1 and 2). The greater number of upregulated than downregu-
lated genes suggests a general openness of the chromatin upon CAF-1 
depletion, in agreement with a hypothesis of general repressor func-
tion for CAF-1 (ref. 13). Comparison of differentially expressed genes 
in p150- and p60-depleted ES cells revealed a high similarity between 
the two data sets (Supplementary Fig. 5), results in agreement with 
the observations that p150 and p60 are interdependent in mediating 
chromatin assembly. Among the upregulated genes upon CAF-1 KD, we 
identified Eif1a-like genes (which include Gm5662, Gm2022, Gm4027, 
BB287469, Gm2016, Gm21319, Gm8300 and Gm10264), Zscan4 
genes (Zscan4b–Zscan4f  ), Zfp352 and Tdpoz genes (Tdpoz1–Tdpoz5) 
expressed in 2-cell embryos20. Pluripotency-associated genes such as 
Nanog and Pou5f1 (Oct4) were unaffected (Fig. 4a and Supplementary 
Tables 1 and 2), in line with the observation that endogenous 2C-like 
cells maintain pluripotency-associated gene transcription but have 
downregulated protein levels1. We also performed a comprehensive 
analysis of the expression of repetitive elements by aligning reads to 
the genome, applying as annotation the coordinates of repeat elements 
obtained with RepeatMasker (v4.0.3; http://www.repeatmasker.org/). 
Remarkably, only a subset of retrotransposons were highly upregulated 
upon treatment with p150 or p60 siRNA compared to control siRNA 
(Fig. 4b and Supplementary Tables 3 and 4). In particular, gsat_mm 
(major satellite repeat) and the MERVL families of retrotransposons 
mt2_mm, mervl-int and mt2b1—which are specifically activated in  
2-cell embryos—were the highest-upregulated elements after either p60 
or p150 KD (Fig. 4b and Supplementary Tables 3 and 4). Consistently 
with the RT-qPCR results, the upregulation of repetitive elements  
upon CAF-1 depletion was not global but displayed specificity: LTR 
retrotransposons of the MERVL family were very highly upregulated 
after KD of either p150 or p60, but IAPEz, LINE1 and other types of 
active retrotransposons were unaffected (Fig. 4b).

To establish the extent of similarity between induced 2C-like 
cells and 2-cell-stage embryos, we compared the list of differentially 
expressed genes with those extracted from a comparison between 
oocyte and 2-cell embryos and therefore deemed to be specifically 
activated in 2-cell-stage embryos1. A statistically significant subset  
of genes were commonly upregulated (Supplementary Fig. 5;  
P = 5.93 × 10�14  and 1.56 × 10�14  for p150 and p60 RNAi, respectively, 
by two-sided Fisher’s exact test), thus suggesting that 2-cell embryos 
and CAF-1–KD cells share overlapping gene-expression patterns.  
To further assess the identity of 2C-like cells induced upon CAF-1 
KD, we performed a systematic comparison of the expression pro-
files of endogenous 2C-like cells, p60 KD–induced 2C-like cells and 
p150 KD–induced 2C-like cells against all stages of preimplantation 
development. We first generated RNA-seq data derived from the GFP-
positive sorted population of cells for each condition (Supplementary 
Tables 5 and 6), which further revealed that induced 2C-like cells upon 
CAF-1 KD have highly similar transcriptional profiles to endogenous 
2C-like cells (P < 2.2 × 10�16  and P < 2.2 10�16 , by FDR-adjusted 
two-sided Fisher’s exact test, for KD of p150 and p60, respectively) 
(Online Methods). We then extracted the genes specifically expressed 

in zygote, 2-cell, 4-cell, 8-cell and 16-cell stages, and early blastocyst 
from ref. 21 (Online Methods) and compared them with the sets of 
genes upregulated in endogenous 2C-like, p60 KD–induced 2C-like 
and p150 KD–induced 2C-like cells. This analysis revealed that the 
gene subset specific to 2-cell-stage embryos is overrepresented in the 
set of upregulated genes in 2C-like cells induced after KD of p60 or 
p150, in comparison with any of the other stages analyzed and simi-
larly to endogenous 2C-like cells (P = 4.44 × 10�15  and 2.09 × 10�13   
for KD of p150 and p60, respectively, and P = 2.90 × 10�16  for endog-
enous 2C-like, by Bonferroni-adjusted two-sided Fisher’s exact test) 
(Supplementary Fig. 6). This implies that a substantial proportion 
of the transcriptional network specific to 2-cell-stage embryos is 
activated after CAF-1 depletion in ES cells. Chimeric transcripts 
such as Esp24, Gm8994, Gm7102 and Gm12114, which derive from 
MERVLs, are overrepresented within the commonly upregulated 
genes in 2-cell-stage embryos1 and in p150- or p60-depleted cells 
(Supplementary Tables 7 and 8). Moreover, we observed readthrough 
transcription from endogenous retrovirus into genes located in prox-
imity to MERVL-related elements after KD of p150 and p60 (data 
not shown). These observations prompted us to ask whether CAF-1  
regulates expression of genes associated with or located close to  
retrotransposons, thereby generating a transcriptional profile similar 
to that of early embryos14. We determined the percentage of upregu-
lated genes out of the total number of genes located within a fixed 
distance of a repeat (Supplementary Fig. 5). Strikingly, this analysis 
revealed that a large proportion of genes proximal to the MERVL LTR  
(mt2_mm, mt2b and mt2c) were upregulated upon CAF-1 KD  
(Fig. 4c and Supplementary Fig. 7). Interestingly, we did not find  
significant proximal distance association between upregulated genes 
and repeat elements unrelated to the MERVL family, such as LINE1 
(Fig. 4c). These results suggest that the overlap of upregulated genes 
in both 2-cell embryo and CAF-1–depleted ES cells can be largely 
ascribed to the activation of genes proximal to retrotransposon  
elements normally activated in 2-cell-stage embryos, in particular the 
MERVL family of retrotransposons. Indeed, a global distance analysis  
indicated that genes that were commonly upregulated in CAF-1 
depleted cells and expressed in 2-cell-stage embryos are significantly 
closer to MERVL family of retrotransposons (mt2_mm, mt2b1 or 
mt2c_mm) compared to nonoverlapping genes and are also signifi-
cantly closer when compared to the rest of the genes in the genome 
(Fig. 4d; P < 2 × 10�16  for both p150 and p60, by two-sided Wilcoxon 
rank-sum test). Altogether, these results imply that CAF-1 might  
regulate a subset of 2-cell stage–specific genes that are dependent on 
the presence of retrotransposon elements.

To address how CAF-1 depletion mediates changes in retrotrans-
poson expression in these induced 2C-like cells, we asked whether 
CAF-1 modulates chromatin accessibility as it does in HeLa cells19 
by using micrococcal nuclease (MNase) digestion. We isolated 
nuclei from control siRNA-treated ES cells and from fluorescence- 
activated cell sorting (FACS)-sorted GFP-positive 2C-like cells after p60 
siRNA transfection and performed a time course of MNase digestion.  
Analysis of the digested DNA revealed a higher global accessibility 
to MNase in EGFP-positive 2C-like cells induced after p60 depletion 
(Supplementary Fig. 7). To specifically address whether MERVL  
elements are in a more open chromatin configuration in these cells, 
we performed Southern blot hybridization after MNase digestion, 
using a MERVL LTR probe, which revealed that MERVL LTRs are 
indeed more accessible in EGFP-positive 2C-like cells induced after 
p60 depletion compared to control ES cells (Fig. 4e). These results 
suggest that CAF-1 knockdown promotes expression of MERVL 
through changes in chromatin accessibility.
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Chromatin features similar to those of 2-cell embryos upon 
CAF-1 loss
We recently reported that high chromatin mobility is a hallmark of 
totipotent cells and that 2-cell-stage nuclei display unusually high 
core-histone mobility22. To address whether CAF-1 KD–induced  
2C-like cells share similar chromatin features with 2-cell-stage 
embryos, we asked whether CAF-1 depletion results in changes in 
histone mobility comparable to those observed in both 2-cell-stage 

embryos and endogenous 2C-like cells. We performed fluores-
cence recovery after photobleaching (FRAP) analyses of H3.1-GFP 
in ES cells containing a MERVL LTR-driven tdTomato reporter 
(2Cø tdTomato)22 after p60 and p150 KD. Remarkably, tdTomato-
positive cells induced upon p60 and p150 KD displayed a very high 
H3.1-GFP mobility (Fig. 5a), and the H3.1-GFP mobile fractions were 
highly similar to those in 2-cell-stage embryos and in spontaneously 
emerging 2C-like cells22 (Fig. 5b). We conclude that global core-histone  
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Figure 4  CAF-1 depletion induces expression of genes located in proximity to repetitive elements. (a) MA plots displaying differentially expressed genes 
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Supplementary Note). Arrows represent data points outside of the plotting area. DE, differentially expressed. (b) MA plots showing differentially expressed 
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RE, repetitive element. (e) MNase analysis with a MERVL probe after p60 KD. Images are representative of two Southern blots from two independent 
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indicated is shown on the right and was performed with ImageJ/PlotProfiler. A.U., arbitrary units.
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Figure 5  CAF-1 depletion generates cells  
with similar chromatin features to 2-cell-stage 
embryos and higher reprogrammability upon 
SCNT. (a) FRAP recovery curves of H3.1-GFP 
in tdTomato-positive and tdTomato-negative 
cells after KD of p60 or p150. Recovery was 
quantified in the bleached area over a 60-s 
period, and the curves were normalized to zero 
to account for differences in bleach depth 
between experiments. Individual points are 
mean �o s.e.m., and mean values were fit into 
an exponential curve. The number of nuclei 
analyzed for each condition is indicated.  
(b) Estimated mobile fractions (�o s.e.m.) of 
H3.1-GFP in induced 2C-like cells upon CAF-1 
KD (p150 KD and p60 KD) compared to H3.1-
GFP mobile fraction in spontaneously arising 
2C-like cells (Endo.tdTomato+), 2-cell-stage 
embryos and ES cells (ES tdTomato� ). NS, not 
significant; * P < 0.05 by two-sided unpaired 
t test. n, number of nuclei analyzed for each 
condition, derived from experiments performed 
on least three different days: n = 20 for 2C and 
Endo.tdTomato+; n = 16 for ES tdTomato�  and 
p60 tdTomato+; n = 22 for p150tdTomato +.  
(c) Schematic representation of the nuclear 
transfer (NT) experiments performed in this study. (d) Development of NT embryos to 2-cell stage and to morula or blastocyst. The percentage of NT 
embryos developed to 2-cell (left) and morula or blastocyst (right) is shown. *P < 0.05, *** P < 0.001, compared to GFP�  cells (two-sided Student’s t test)  
(raw data in Supplementary Fig. 7). Data are mean �o s.e.m. from independent nuclear transfer experiments performed four times on different days.  
(e) Differential transcription from RRRs in CAF-1 KD–induced and endogenous 2C-like cells. RNA-seq data from sip150 (sorted GFP+), sip60  
(sorted GFP+) and endogenous 2C-like cells (sorted GFP+) were compared to that from GFP�  ES cells. The percentage of RRRs with upregulated (up), 
downregulated (down) and unchanged transcription is shown. P = 1 ×10 �4  by one-sided permutation test; n = 10,000 permutations.

mobility in CAF-1 depletion–induced 2C-like cells is similar to that in 
2-cell-stage embryos and that induced 2C-like cells share molecular 
features of totipotent cells.

Induced 2C-like cells have higher reprogrammability  on SCNT
The above data indicate that induced 2C-like cells after CAF-1 deple-
tion display a transcriptional program and the chromatin features of 
2-cell-stage embryos. Cells can be tested for their bipotential capacity 
to give rise to inner cell mass and trophectoderm derivatives through 
physical aggregation with morula-stage embryos or through injec-
tion into blastocysts. However, we reasoned that because 2C-like 
cells correspond to a different, much earlier, developmental timing 
than that of the recipient embryos used to test bipotentiality, a more 
appropriate approach should be used to test functional relevance. 
Therefore, to address the impact on embryonic development of the 
chromatin and transcriptional features of 2C-like cells induced upon 
CAF-1 KD, we performed somatic-cell nuclear transfer (SCNT) into 
enucleated mouse oocytes. We reasoned that if nuclei of 2C-like cells 
regain totipotent features of 2-cell-stage embryos, their success rate 
upon SCNT should be greatly improved compared to ES cells because 
early, totipotent embryos are substantially better donors for SCNT23. 
Indeed, the capacity to reprogram the donor nucleus also depends on 
the potency state of the donor nucleus itself23. For donors, we used 
FACS-sorted GFP-negative cells, GFP-positive endogenous 2C-like 
cells and GFP-positive 2C-like cells induced after p60 KD (Fig. 5c).  
We also controlled for the effects of FACS on SCNT success rate 
(Supplementary Fig. 7). The number of embryos that cleaved 
to the 2-cell stage was greatly increased when 2C-like (GFP-posi-
tive) cells were used as donors compared to ES cells (GFP�  cells) 
(68% compared to 28%, n = 210 and 200, respectively). Importantly,  
p60-KD GFP-positive cells showed a similar 2-cell-stage cleavage rate to  
endogenous 2C-like cells (61%, n = 197) (Fig. 5d and Supplementary 

Fig. 7). The rate of development to the morula or blastocyst stage 
for SCNT embryos derived from endogenous 2C-like and p60 KD–
induced 2C-like cells was 4- and 2.5-fold higher, respectively, than 
those derived from ES cells, thus indicating that endogenous 2C-like 
cells as well as 2C-like cells induced upon p60 KD have a greater 
reprogrammability than ES cells (Fig. 5d). These results prompted 
us to investigate whether reprogramming-resistant regions (RRRs) 
normally transcribed in 2-cell-embryos24 are differentially expressed 
in 2C-like cells compared to ES cells. RRRs are transcribed in normal  
2-cell and successful SCNT embryos but not in SCNT embryos that 
fail to undergo complete reprogramming24. Analysis of RRRs in 
endogenous 2C-like, p60-KD and p150-KD induced 2C-like cells 
revealed that a large proportion of RRRs are significantly upregu-
lated in endogenous and induced 2C-like cells compared to ES cells  
(Fig. 5e; P = 1 × 10�4  by one-sided permutation test, n = 10,000 per-
mutations), thus indicating that high transcriptional activity at RRRs 
is common between 2C-like cells and 2-cell embryos. These data  
indicate that, similarly to 2-cell-stage embryos, endogenous and 
induced 2C-like cells have higher reprogrammability than ES cells, 
suggesting a broader developmental capacity.

p60 levels anticorrelate with  MERVL expression
Finally, we asked whether changes in CAF-1 levels correlate with 
spontaneously arising endogenous 2C-like cells. For this, we used 
a 2C reporter that drives the expression of a destabilized turboGFP 
(2Cø 3XturboGFP-PEST) that reflects the dynamics of MERVL acti-
vation and repression, and therefore the emergence of 2C-like cells. 
Immunostaining with antibody to p60 revealed that spontaneously 
arising 2C-like cells tend to display virtually undetectable levels of 
p60 (Fig. 6a,b), thus suggesting that endogenous levels of p60 might 
fluctuate in a small proportion of ES cells largely corresponding to 
the 2C-like cells. To address whether this is also the case in vivo, we 
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analyzed p60 in 2-cell-stage embryos at replication sites throughout  
S phase, using 5-ethynyl-2�-̀deoxyuridine (EdU) and subsequent 
immunostaining for PCNA and p60. Remarkably, we found that p60 
was undetectable on embryonic chromatin during a short time window  
in early S phase, in spite of robust EdU and PCNA staining (Fig. 6c), 
thus suggesting a transient uncoupling between DNA synthesis and 
chromatin assembly in the early embryo. Importantly, RNA-FISH 
with the MERVL probe revealed that this time window in the early 
2-cell-stage embryo corresponds to the time when MERVL elements 
are transcriptionally activated (Fig. 6d).

DISCUSSION
The molecular features of totipotent cells include absence of  
OCT4, robust reactivation of retrotransposons and major satellite  
repeats, lack of chromocenters and higher chromatin mobility.  
The chromatin of totipotent cells thus has very distinctive features 
from that of pluripotent cells. Molecularly and developmentally, 
totipotent cells must be regarded as being in a unique cellular state 
that supports a high level of cellular plasticity. Our results indicate 
that the modulation of histone deposition, and not a DNA-synthesis  
defect, is the basis for the emergence of 2C-like cells induced after 
CAF-1 depletion. Importantly, our results showing that a large  
proportion of 2C-like cells have undetectable levels of p60 suggest 
that changes in chromatin assembly are indeed a key mechanism 

underlying the emergence of 2C-like cells. CAF-1 performs the  
first step of the chromatin-assembly process, which consists in  
bringing H3 and H4 to the daughter DNA strands25. Rapid nucleo-
some assembly is retarded in the absence of functional CAF-1 (ref. 26).  
We propose that less efficient and/or delayed chromatin assembly 
generates a chromatin state that promotes totipotency (Fig. 7). This is 
in agreement with our observations documenting a lack of detectable 
p60 on embryonic chromatin during early S phase in early 2-cell-
stage embryos, coincident with the time of transcriptional activation 
of MERVL elements.

It remains to be addressed whether the bipotentiality to contribute 
to inner cell mass and trophectoderm documented for endogenous 
2C-like cells1 is a genuine indicator as an assay for totipotency and 
whether chimera experiments would show a higher bipotentiality for 
induced 2C-like cells than for ES cells. Indeed, it should be noted 
that ES cells also show a degree of contribution to the trophectoderm 
when aggregated in morulas or injected into blastocysts27–29. In the 
two cases in which bipotentiality has been addressed conclusively 
with markers of trophoblast derivatives in the post-implantation  
placenta28,30, bipotential cells, unlike 2C-like cells, expressed pluri
potency markers and a number of genes expressed at the morula stage. 
Thus, in these cases, bipotential cells share transcriptional features 
with morulas and therefore represent a different developmental time 
frame than 2-cell-stage embryos.
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embryos anticorrelate with the expression of  
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fixed and processed for immunostaining with  
antibodies to turboGFP, p60 or p150. 2C-like  
cells are indicated by arrowheads. The images are  
representative examples of the quantification shown  
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We argue that SCNT provides an alternative and complementary 
approach to test for the plasticity status of the donor nucleus. Indeed, 
early embryos are much better donors than ES cells23,31 and can there-
fore be used to test for differences in the plasticity status of donor 
nuclei. Most importantly, enucleated zygotes efficiently develop to the 
blastocyst stage only when an early 2-cell donor nucleus is transferred 
but very rarely if the donor nucleus is derived from a late 2-cell, early 
4-cell or mid 8-cell embryo32. Interestingly, there is a drastic differ-
ence in reprogramming ability upon SCNT when early 2-cell embryos 
are used as donors, as compared to late 2-cell embryos. Importantly, 
whereas early 2-cell embryos activate MERVL, have no detectable p60 
at replication sites and have no chromocenters, late 2-cell embryos 
possess none of these three characteristics. Thus, although the recip-
ient oocyte or zygote used for SCNT is potentially totipotent, the 
capacity to reprogram a donor nucleus also depends on the potency 
state of the donor nucleus itself. Therefore using SCNT to address 
the state of the donor nucleus would be one valid approach. However, 
interpretation of these results should be complemented with a careful 
and comprehensive molecular analysis. Our SCNT data demonstrate 
that the rate of development for embryos derived upon transfer from 
endogenous 2C-like and CAF-1-induced 2C-like cells is 4- and 2.5-fold  
higher, respectively, than for ES cells, thus indicating that endogenous 
and induced 2C-like cells have higher reprogrammability than ES cells 
and pointing toward a broader developmental capacity.

Until now, resetting to totipotency has been possible only through 
SCNT. Although transcriptional reprogramming effectively reverts 
differentiated cells to the pluripotent state, it appears that chromatin 
reprogramming may be a key process in acquisition of totipotency. 
Indeed, ES cells acquire higher reprogrammability upon CAF-1 deple-
tion. Understanding the molecular mechanisms that drive and can 
induce totipotent features in vitro is essential to understanding of 
how a maximum degree of cellular plasticity can be achieved and 
maintained, thereby providing more options for efficient reprogram-
ming and potential therapeutic avenues. Our results suggest that an 
atypical chromatin-assembly pathway that results in global changes 
in chromatin accessibility and histone mobility lies at the nuclear and 
molecular foundations of totipotency.

MetHods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. RNA-seq data have been deposited in the 
ArrayExpress database under accession code E-MTAB-2684.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Cell culture and transfection. E14 mouse ES cells were cultured in DMEM 
containing GlutaMAX, 15% FCS, LIF, 0.1 mM 2-mercaptoethanol, nonessential 
amino acid and penicillin/streptomycin in gelatin-coated plates. All the experi-
ments were performed with this medium unless otherwise indicated. Medium 
containing 2i (3 �MM CHIR99021 and 1 �MM PD0325901) was used during the drug 
selection to generate stable cell lines and during subsequent maintenance of the 
cells. Lipofectamine 2000 and Lipofectamine RNAi MAX (Life Technologies) 
were used to transfect plasmids and siRNA, respectively. The effect of RNAi was 
examined 2 d after transfection unless otherwise indicated. To examine the effect 
of RNAi 3 d after transfection, a second transfection was carried out 1 d after 
the first transfection to maintain the RNAi activity over 3d. We used Silencer 
Negative Control No. 1 siRNA (Life Technologies) as a negative control for siRNA 
treatment. We used Silencer select siRNA (Life Technologies) consisting of the 
following sequences for targeted gene knockdown:

Mouse p150 #1: CAGACUGUAUGAUCAUAGAtt (sense)
Mouse p150 #2: CGAGUGUGGUCAUUAUCGAtt (sense)
Mouse p60 #1: CAACGAGCAUAAAAGUUAUtt (sense)
Mouse p60 #3: CACCAAAGCUGUCAAUGUUtt (sense)
Mouse HIRA #1: GCAUACUGCUUUAAUCCAUtt (sense)
Mouse HIRA #2: GAUCGAAGUUUGAAGGUAUtt (sense)

Plasmid construction and generation of stable cell lines. To construct the plas-
mid that contains 2Cø EGFP, a fragment of the MERVL element containing the 
5� ̀LTR and a partial gag-coding fragment of 729 bp in length (designated the 2C 
promoter) was amplified from genomic DNA from mouse embryonic fibroblasts 
according to ref. 1. This fragment was used then to replace the CMV promoter 
sequence in the pEGFP N2 vector (Clontech) so that EGFP is expressed by the 
promoter activity of MERVL LTR. Several stable cell lines carrying this reporter 
element were generated by G418 selection and subsequent clonal selection in ES 
medium containing 2i. The 2-cell-like cells were identified in ES-cell cultures by 
the presence of EGFP-positive cells that lack OCT4 protein as described before1. 
We verified the karyotype in two different clones, and these clones were used for 
the experiments in this manuscript. To generate a reporter with a destabilized 
fluorescent protein, we further modified this 2Cø EGFP vector to construct 
2Cø 3XturboGFP-PEST. The 3XturboGFP-PEST sequence was cloned by PCR 
from a previously described vector34, and the GFP sequence in 2Cø EGFP was 
replaced with the sequence of 3XturboGFP-PEST. We also used 2Cø tdTomato 
plasmid obtained from Addgene (plasmid 40281) to generate stable cell  
lines with hygromycin selection so that 2-cell-like cells could be identified by 
tdTomato expression. For the TAL effector (TALE) plasmids, the expression 
plasmid containing a TALE that recognizes major satellite sequences generated 
in our laboratory (pTALYM11-B15)15 was modified so that the TALE had a  
Flag tag and the VP64 activator domain at the C terminus.

For the p150 expression vectors, full-length p150 cDNA was amplified 
and cloned by PCR from a cDNA library from E14 mES cells. Subsequently, 
point mutations (silent mutations) were introduced on four nucleotides at the 
sequences targeted by siRNA p150 #1, and a Flag tag was added at the C-terminus 
to generate an RNAi-resistant form of p150 mRNA. This mutant template was 
subsequently used to generate the PIP1, HP1-binding, PIP2 or ED deletions by 
conventional PCR-based mutagenesis. All these mutants were cloned into the 
pCAG-IRES-Hygro vector (a kind gift from M. Takeichi), and the plasmids were 
transfected into the 2Cø EGFP-reporter ES cells. ES-cell clones homogenously 
expressing full-length or mutant p150 were selected by immunofluorescence with 
an antibody to Flag after the hygromycin selection.

Immunofluorescence. Cells were cultured on coverslips coated with gelatin and 
fixed with 2% or 4% paraformaldehyde in PBS for 10 min at room temperature. 
After the fixation, cells were permeabilized with 0.2% Triton X-100 in PBS for 
10 min at room temperature and incubated in blocking buffer (3% BSA in PBS) 
for 30 min at room temperature. Cells were incubated with primary antibodies 
diluted in the blocking buffer for 1–1.5 h at room temperature and washed with 
PBS-T (PBS containing 0.02% Triton-X100) three times. Cells were then incu-
bated with Alexa-conjugated secondary antibodies (Life Technologies) diluted 
in the blocking buffer for 1–1.5 h at room temperature, washed with PBS-T 
three times and mounted in Vectashield solution (Vector Labs). Images were 

collected on an inverted TCS SP5 confocal microscope (Leica). Antibodies to the 
following proteins were used: Oct4 (BD Laboratories 611203), Zscan4 (Millipore 
AB4340), Gapdh (Millipore MAB374-clone 6C5), turboGFP (Origene TA150042-
clone 2H8), turboGFP (Thermo PA5-22688), Hira (Millipore 04-1488-clone 
WC119), RFP (MBL M155-3 and MBL PM005), PCNA (Santa Cruz sc-56), GFP 
(Abcam ab13970), Flag (Wako 018-22381 and Sigma F7425), and p60 and p150  
(refs. 35,36). Secondary antibodies were Alexa 488 goat anti-mouse, A-11001; 
Alexa 488 goat anti-rabbit A-11008; Alexa 555 goat anti-rabbit A-21428; and 
Alexa 555 goat anti-mouse A-21422 (Life Technologies). For all commercial anti-
bodies, validation and characterization can be found in the technical data sheets 
provided by the manufacturer. 

Antibodies. Antibodies to the following proteins were used in this work:  
Rabbit p150 and p60 (refs. 35,36) (kind gifts from G. Almouzni and J.-P. Quivy), 
mouse Oct4 (611203, BD Pharmingen), rabbit and mouse RFP (PM005 and 
M155-3, MBL), rabbit GFP (598, MBL), chicken GFP (ab13970, Abcam), mouse 
turboGFP (2H8, Origene), rabbit turboGFP (PA5-22688, Thermo Scientific), 
mouse Flag (1E6, Wako), rabbit Flag (F7425, Sigma), mouse HIRA (WC119, 
Millipore), rabbit Zscan4 (AB4340, Millipore) and mouse GAPDH (MAB374, 
Millipore).  Original images of gels and blots used in this study can be found in 
Supplementary Data Set 1.

RNA-FISH. RNA-FISH was carried out as described elsewhere34. Cells were 
cultured on coverslips coated with laminin-511 (BioLamina). Cot1 DNA was 
omitted in the hybridization buffer. Probes for MERVL corresponding to the 
250-bp fragment in the gag-coding region and probes for major satellite repeats 
were prepared by PCR with Alexa488- or TAMRA-labeled dATP, respectively. 
RNase A (1 mg/mL in PBS) treatment was performed at 37 °C for 30 min after the 
permeabilization step, as a negative control. To confirm the correlation between 
endogenous MERVL activation and EGFP-reporter expression, RNA-FISH for 
MERVL was carried out in wild-type E14 mES cells after transfection with control 
or p150 siRNA.

MNase Southern blotting. 2 × 105 to 5 × 105 FACS-sorted GFP-positive cells 
after p60 knockdown or unsorted control knockdown cells (which were also 
passed through the cell sorter) were pelleted at 1,000 r.p.m. at 4 °C. The cell pellet 
was resuspended in ice-cold NP-40 lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM 
NaCl, 0.5% NP-40, 0.15 mM spermine and 0.5 mM spermidine) and incubated 
on ice for 5 min. The samples were centrifuged at 1,000 r.p.m. for 3 min at 4 °C,  
and then washed in a wash buffer (10 mM Tris-HCl, pH 7.4,15 mM NaCl,  
60 mM KCl, 0.15 mM spermine and 0.5 mM spermidine) and centrifuged 
again at 1,000 r.p.m. for 3 min at 4 °C. Pellets were then resuspended in 800 
�ML of ice-cold MNase digestion buffer (10 mM Tris-HCl, pH 7.4, 15 mM NaCl, 
60 mM KCl, 0.15 mM spermine, 0.5 mM spermidine and 1 mM CaCl2). A 
200-�ML aliquot of each nuclei sample was digested with 1 U (5 U/mL) MNase 
(Roche) at 25 °C for 1 min, 5 min, 10 min and 20 min. The reaction was stopped 
by the addition of an equal volume of stop buffer (0.1 M Tris-HCl, pH 8.5,  
20 mM EDTA and 2% SDS). The samples were treated with 0.5 mg/ml  
proteinase K at 37 °C overnight. DNA was extracted with phenol/chloroform 
and treated with RNase A (0.1 mg/mL) for 2 h at 37 °C. DNA was purified again 
with phenol/chloroform and concentrated by ethanol precipitation. The amount 
of DNA was quantified with Qubit 2.0 (Life Technologies), and an equal amount 
of DNA was used for subsequent Southern blotting assay. DNA fragment size 
was analyzed with a Bioanalyzer (Agilent Technologies) with a high-sensitivity 
DNA analysis kit. DNA templates to prepare the probes for Southern blotting 
for the MERVL LTR were generated by amplification of 200-bp MERVL LTR 
fragment from the 2Cø EGFP reporter plasmid by PCR and subsequent DNA 
fragment purification. The probes were prepared by PCR with [32P]dCTP, by a 
random-primer protocol.

Fluorescence-activated cell sorting. FACS Calibur (BD Biosciences) was  
used to quantify the population of GFP-positive cells. We used FACSAria II  
(BD Biosciences) to collect GFP-positive cells for MNase Southern blotting assays.

Fluorescence recovery after photobleaching (FRAP). Control, p150 or p60 
siRNA was transfected into the 2Cø tdTomato E14 stable ES-cell line in glass-
bottomed dishes coated with gelatin. 1 d after the siRNA transfection, H3.1-GFP  
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expression vector was transfected into the cells. FRAP experiments were  
performed 1 d after the plasmid transfection, as described before22.

Real-time PCR. Total RNA was extracted from ES cells with a GenElute total 
RNA miniprep kit (Sigma) and treated with turbo DNase (Life Technologies) to 
remove genomic DNA. Reverse transcription was performed with SuperScript III  
(Life Technologies) with random hexamers. Real-time PCR was performed 
with Lightcycler 480 SYBR Green I Master Mix (Roche) on a LightCycler 480  
Real-time PCR System (Roche). The relative expression level of each gene was 
normalized to Gapdh expression level. The primers used in this study30,37–40 are as 
follows (forward and reverse): MERVL (5-CTCTACCACTTGGACCATATGAC 
and 5�`-GAGGCTCCAAACAGCATCTCTA); IAP (IAPEZI) (5�`-AAGCAGCA 
ATCACCCACTTTGG and 5�-̀CAATCATTAGATGCGGCTGCCAAG); LINE1 
(orf1) (5�-̀GGACCAGAAAAGAAATTCCTCCCG and 5�-̀CTCTTCTGGCTT 
TCATAGTCTCTGG); Zscan4 (5�-̀GAGATTCATGGAGAGTCTGACTGAT 
GAGTG and 5�-̀GCTGTTGTTTCAAAAGCTTGATGACTTC); Eif1a(-like)  
(5�-̀AACAGGCGCAGAGGTAAAAA and 5-CTTATATGGCACAGCCTCCT);  
Cdx2 (5�-̀AGGCTGAGCCATGAGGAGTA and 5�-̀TGAGGTCCATAATTC 
CACTCA); Gm6763 (5�-̀CTGGTGGGAAGCTCTTCTTG and 5�-̀TCAACG 
TTCCAAATTCAGCA); TALE (5�-̀CATGGATGCAGTGAAAAAGG and  
5�-̀ACGTGCGTTCGCCAATAC); major satellite (5�-̀GCACACTGAAGGAC 
CTGGAATATG and 5�-̀GATTTCGTCATTTTTCAAGTCGTC);  GAPDH (5�-̀CA 
TGGCCTTCCGTGTTCCTA and 5�-̀GCCTGCTTCACCACCTTCTT). 

RNA sequencing. 2 d after transfection of siRNA control, p150 #2 and p60 #1, 
total RNA was extracted from wild-type E14 mES cells with a GenElute total 
RNA miniprep kit (Sigma) and treated with turbo DNase (Life Technologies). 
DNase-treated total RNA was purified with an RNeasy MinElute Cleanup kit 
(Qiagen). Two biological replicates were prepared for each sample. Libraries for 
strand-specific sequencing were created with a TruSeq Stranded Total RNA with 
Ribo-Zero Gold Prep Kit (Illumina). Briefly, starting with 0.3 �Mg of total RNA, 
the first step involved the removal of cytoplasmic and mitochondrial ribosomal 
RNA (rRNA) with biotinylated, target-specific oligonucleotides combined with 
Ribo-Zero rRNA-removal beads. The purified RNA was fragmented into small 
pieces with divalent cations under elevated temperature. The cleaved RNA frag-
ments were used to generate first-strand cDNA with reverse transcriptase and 
random primers, and this was followed by second-strand cDNA synthesis with 
DNA polymerase I and RNase H. The double-stranded cDNA fragments were 
blunted with T4 DNA polymerase, Klenow DNA polymerase and T4 PNK.  
A single A nucleotide was added to the 3� ̀ends of the blunt DNA fragments with 
a Klenow fragment (3� ̀ to 5� ̀exo minus) enzyme. The cDNA fragments were 
ligated to double-stranded adaptors with T4 DNA ligase. The ligated products 
were enriched by PCR amplification (30 s at 98 °C; 12 cycles of 10 s at 98 °C, 30 s 
at 60 °C and 30 s at 72 °C; 5 min at 72 °C). Excess primers were then removed by 
purification with AMPure XP beads (Agencourt Biosciences Corporation). Final 
cDNA libraries were checked for quality and quantified with a 2100 Bioanalyzer 
(Agilent). The libraries were loaded in the flow cell at 8-pM concentration, and 
clusters were generated in the Cbot. Sequencing was carried out on an Illumina 
HiSeq 2500 (Illumina) with a 50-bp paired-end protocol, according to Illumina’s 
instructions. Image analysis and base calling were performed with RTA 1.17.21.3 
and CASAVA 75.

RNA-sequencing analysis. Two biological replicates for p150, p60 and scrambled 
RNAi controls were sequenced on the Illumina HiSeq 2500 platform as paired-
end 50-base reads, according to the manufacturer’s standard protocols. Image 
analysis and base calling were performed with RTA 1.17.21.3 and CASAVA 75.

Read prepreprocessing. Reads were trimmed with Sickle (https://github.com/
najoshi/sickle/). Stretches of bases with Phred scores below 20 were trimmed from 
both ends to a minimum length of 30 bp. Read pairs in which at least one read 
failed to pass the quality filters were discarded from further analysis.

Alignment to reference sequence. Reference sequence and annotation for  
the mouse genome (v GRCm38) were downloaded from the Illumina iGenome 
portal (http://support.illumina.com/sequencing/sequencing_software/igenome.
ilmn). Reads were aligned to the reference genome with TopHat2 (ref. 41),  
taking into consideration the minimum and maximum intron size of the  
mouse genome. The total number of sequenced reads can be found in 
Supplementary Table 9.

Differential gene-expression analysis. Differential gene-expression analysis was 
performed with DeSeq2 (ref. 42). Both knockdown samples were compared to 
scrambled RNAi controls. Data from Macfarlan et al.1 were analyzed in the same 
way. The HTSeq framework43 was used for read counting against gene annotation 
with the reverse strand. This resulted in a within-replicate correlation �q0.97 for 
all pairs (Spearman’s rho) (Supplementary Note). Genes with an FDR-adjusted 
P value �a0.05 and a log2 fold change of at least 1 were considered to be differ-
entially expressed. This resulted in a total of 2,517 and 1,676 upregulated genes 
and 96 and 31 downregulated genes in samples treated with p150 siRNA and 
p60 siRNA, respectively.

Differential repeat-expression analysis. The annotation for repeat elements in 
the mouse genome was obtained with RepeatMasker (http://www.repeatmasker.
org/) with RMBlast as the search engine. For differential repeat expression, reads 
were separated into uniquely mapping and nonuniquely mapping. Nonuniquely 
mapping reads were used for mapping against all occurrences of a given repeat 
element, with an added padding of 25 bp to both repeat-sequence ends in order 
to increase the likelihood of mapping reads uniquely; this was done for all repeat 
elements found in the mouse genome. Nonuniquely mapping reads that mapped 
to more than one type of repeat were excluded from further analysis. The total 
number of reads used for this analysis can be found in Supplementary Table 9.  
Read counts for each element, including uniquely mapping reads and reads  
mapping to a single element, were used as input for DeSeq2. Individual repeat 
elements with an FDR-adjusted P value �a0.05 and a log2 fold change in read 
counts �q1 were considered to be differentially expressed.

Distance analysis. In order to calculate the distance between genes and repeat 
elements, the repeat annotation from RepeatMasker was used for comparison 
against gene annotation. Custom-made scripts were used to count the total 
number of genes found in 500-bp bins located at increasing distances from each 
repeat occurrence or directly overlapping them. Whole-gene annotation was 
retrieved from Biomart (GRCm38.p2). Overall, 513 genes from Biomart did not 
match the iGenomes annotation used to map reads and were therefore discarded 
from further analysis. Custom-made scripts were used to obtain the distance 
from each gene to the closest repeat occurrence for either of the MERVL LTR 
repeats mt2, mt2b1 or mt2c. The distance was calculated as the number of base 
pairs between the annotated transcription start site of a gene to the closest end 
of a repeat without taking into account the orientation of the repeat element. 
The distance distributions to repeats for genes that had previously been identi-
fied as being upregulated in either p150 or p60 siRNA samples or 2-cell embryo 
samples from data from Macfarlan et al. or both (subsets described in Fig. 4c 
and Supplementary Fig. 5d) were compared in a pairwise fashion with two-
sided Wilcoxon rank-sum tests with Bonferroni correction for multiple testing. 
Individual gene subsets were further compared to the distance distribution of 
their respective gene-group complement with two-sided Wilcoxon rank-sum 
tests with Bonferroni correction.

EdU labeling for 2-cell embryos. 2-cell-stage embryos were collected at  
33–34 hphCG, and embryos were cultured in KSOM medium for at least 1 h before 
being transferred to KSOM medium containing 50 �MM EdU (Life Technologies). 
After embryos were incubated for 45 min with EdU (which are at 34.5–36 
hphCG), embryos were washed in PBS, pre-extracted with 0.1% Triton X-100 in 
PBS for 4 min and fixed with 4% PFA in PBS for 15 min. After that, embryos were  
permeabilized with 0.5% TritonX-100 in PBS for 15 min and blocked with 3% 
BSA in PBS. After the blocking, click-it reaction was performed for 1 h, and 
this was followed by washing with blocking buffer and immunostaining with 
antibodies to PCNA and p60 . Because the cell cycle was not synchronized by 
hCG injection, different stages of replication was classified according to the EdU 
staining patterns. All experiments with mouse embryos were approved by the 
Ethics Committee of the Université de Strasbourg (Cometh’) and performed 
under the authorization of French legislation. Size, age and strain information 
are included in ref. 34. For these experiments, no statistical method was used to 
predetermine sample size. The experiments were not randomized and were not 
performed with blinding to the conditions of the experiments.
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