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Abstract

Despite investigative interest, the artificial derivation of pluripotent stem cells remains inefficient 

and incomplete reprogramming hinders its potential as a reliable tool in regenerative medicine. By 

contrast, fusion of terminally differentiated gametes at fertilization activates efficient epigenetic 

reprogramming to ensure totipotency of early embryos. Understanding the epigenetic mechanisms 

required for the transition from the fertilized egg to the embryo can improve efforts to reprogram 

differentiated cells to pluripotent/totipotent cells for therapeutic use. We review recent discoveries 

that are providing insight into the molecular mechanisms required for epigenetic reprogramming 

to totipotency in vivo.
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Establishing the totipotency of early embryos

Investigations of iPSCs have provided insight into the establishment of pluripotency for 

potential clinical application. However, genetic and epigenetic abnormalities dampen 

enthusiasm for their use in regenerative medicine, and the establishment of totipotency 

presents a better opportunity for this purpose [1]. Unlike pluripotency, totipotency is defined 

as the ability of cells to differentiate into any cell type and, more stringently, to develop into 

a complete organism [2]. Although the molecular basis of this capacity remains largely 

unknown, four processes are designed to generate totipotent cells: (i) fusion of terminally 

differentiated, haploid sperm and egg into one-cell (1C) diploid zygotes (see Glossary) in 

vivo or by in vitro fertilization (IVF); (ii) somatic cell nuclear transfer (SCNT), which relies 

on the reprogramming activity of eggs; (iii) isolation of transient ESC/iPSC populations 

with a two-cell (2C)-like embryonic transcriptome [3]; and (iv) in vivo generation of iPSCs 

with totipotent features [4]. While the latter three are of investigative interest, SCNT suffers 

from inefficiency and transient ESC populations and, in vivo, produced iPSCs that lacked 

the ability to develop into an intact organism. Thus, cleavage stage embryos formed from 

fused gametes at fertilization provide the most physiological platform to investigate the 

signature of totipotency and devise strategies for reprogramming terminally differentiated 

cells.
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Despite sharing major regulatory networks, totipotent and pluripotent cells exhibit 

significant differences such as core histone motility [5] and utilization of regulatory factors 

for gene expression [6]. Central to developing mouse embryos from differentiated gametes 

are epigenetic modifications to ensure expression or silencing of genes that define 

totipotency. Upon fertilization, haploid sperm penetrate into the cytoplasm of haploid eggs 

to form diploid 1C zygotes. This triggers the paternal genome to re-establish nucleosome 

structures with stored maternal histones, followed rapidly by the formation of the male and 

female pronuclei. There is minor activation of parental genomes at the 1C stage, but little 

translation from the de novo transcripts. This event has been described both as embryonic 

genome activation (EGA) and zygotic genome activation (ZGA). The former acronym will 

be used in this review.

Initially, paternal and maternal chromatin have separate and asymmetric epigenetic profiles. 

Division of the 1C zygote forms 2C embryos with significantly increased transcription and 

each of the two blastomeres is totipotent [7]. Newly synthesized embryonic gene products 

gradually replace maternal factors as regulators of early development. Although a causal 

relationship has not been established, there is concomitant loss of totipotency of the embryo. 

For example, single four- and eight-cell (4C, 8C) blastomeres cannot form all the lineages of 

the embryo without aggregating with carrier blastomeres [8]. Ultimately, embryonic cells 

differentiate to form either the inner cell mass (ICM, origin of ESCs) or the trophectoderm 

(TE, precursor of the placenta) as the blastocyst prepares for implantation (Figure 1A).

This review focuses on investigations that define progressive changes in epigenetic 

reprogramming that affect chromatin dynamics and enable totipotency in the early mouse 

embryo. Future discoveries that guide chromatin reprogramming technologies will have 

profound influences on regenerative medicine. Personalized totipotent cells from terminally 

differentiated cells could provide pools of cells from which specific cell types could be 

established for the treatment degenerative diseases such as diabetes and Parkinsonism. 

Evolution has shaped the most efficient means of establishing totipotent cells from 

terminally differentiated gametes and understanding those molecular mechanisms should 

provide insight into how to recapitulate them for the therapeutic benefit of patients.

Stored maternal factors

During oogenesis, the volume of the germ cell increases dramatically and provides storage 

for maternal factors needed to compensate for the absence of transcription during meiotic 

maturation, ovulation, and early development. At fertilization, each gamete contributes a 

haploid genome, but the egg is the primary source for gene products (RNA, proteins) vital 

for the establishment of totipotency and EGA (Figure 1B). These factors are encoded by 

maternal effect genes, such as genes encoding nucleoplasmin (NPM) 2 [9] and the 

subcortical maternal complex (SCMC) [10-12]. Their genetic ablation in mice documents 

the essential roles of both nuclear and cytoplasmic factors in establishing the totipotency of 

early embryonic cells [13]. The large cytoplasmic volume of the 1C zygote may complicate 

protein trafficking and recent reports emphasize the importance of actin scaffold and actin 

flow-driven streaming in supporting the integrity and stability of subcellular structures [14] 

and redistribution of cytosolic components during genome reprogramming [15].
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Although progress has been made in understanding the complexity of reprogramming to 

totipotency, the paucity of biological materials in mice has hampered efforts to compile a 

complete inventory and identification of key regulators. Notably, because matured eggs are 

transcriptionally inactive, information from translation profiling [16] and a detailed 

exploration of the egg proteome [17] is valuable. Further identification of intra- and extra-

cellular maternal factors and their functions will greatly facilitate our understanding of how 

to improve chromatin reprogramming [18-20]. Accumulating evidence also documents 

reprogramming activity in the cytoplasm [21] and potential crosstalk between the nucleus 

and cytoplasm (especially the subcortex) further extends the scope for functional 

reprogramming.

Re-establishment of paternal chromatin

The repackaging of the male genome during spermatogenesis erases most, but not all, 

chromatin marks. Upon fertilization, the sperm nucleus undergoes decondensation and 

recondensation. During this time, protamines are replaced by stored maternal histones and 

nucleosomes are formed with both inherited paternal and newly deposited maternal histones.

Sperm epigenome for intergenerational inheritance

During spermatogenesis, somatic histones are hyperacetylated for removal and are replaced 

by transition nuclear proteins (encoded by Tnp1, Tnp2). These are replaced, in turn, by 

protamines (encoded by Prm1, Prm2), which are arginine and disulfide bond enriched 

nuclear proteins that condense the haploid male genome. During this histone-to-protamine 

transition, a few regions of the male genome (approximately 1% in mouse and 10% in 

human) escape histone removal and retain nucleosome structures.

The low efficiency of SCNT [21] and the aberrant epigenome in cloned embryos [22] 

illustrate the significance of a prepatterned sperm epigenome for correct reprogramming by 

maternal factors. DNA methylome profiling as well as ChIP-seq analyses in mouse and 

human sperm revealed the retention of histone variants and epigenetic memory with related 

DNA and histone modifications [23-28] (Figure 2A). While differences were observed 

between mouse and human, the extensive, but not deterministic, interrelationships with 

developmental regulators in early embryos suggest paternal transmission of epigenetic 

information to cleavage stage embryos. More nuanced experimental designs are required to 

elucidate the extent by which epigenetic marks in gametes are inherited by early embryos to 

determine their molecular mechanisms and their importance to development.

Protamine-to-histone exchange

Following fertilization, the sperm genome is decondensed to remove protamines and 

repackaged with stored maternal histones in the absence of DNA replication. This is one of 

the most dramatic chromatin remodeling events to occur during development. Continuous 

time lapse imaging showed that after rapid decondensation, the asymmetric shape of 

homogeneously decondensed paternal chromatin recondenses into a symmetric ovoid, 

followed by rapid swelling of this spherical structure into a pronucleus and the immediate 

import of nuclear factors [29] (Figure 2B). Notably, these dramatic morphological changes 
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in paternal chromatin, from continuation of meiosis to pronucleus formation, occur over 2 h 

in mice in the absence of nuclear structures. Therefore, the maternal environment provides 

the opportunity for cytoplasmic and nuclear factors to collaborate in the initial 

reprogramming of parental genomes to form pronuclei.

To study this chromatin remodeling process, cell free systems using egg extracts have been 

developed in multiple species. NPM2 was first identified in frogs as a chaperone necessary 

and sufficient for the removal of sperm nuclear basic proteins (intermediates between 

protamines and histones) and the addition of histones to form nucleosome cores [30,31]. In 

mice, the Npm2 ortholog was genetically ablated without affecting sperm nuclear 

decondensation during embryonic development [9]. This suggests that other nucleoplasmins 

(NPM1 and NPM3) compensate for the loss of NPM2, which is supported by in vitro studies 

showing cooperation of NPM1, NPM2, and NPM3 in chromatin disassembly and assembly 

[32] (Figure 2B). Comparative analysis with the histone-to-protamine exchange in 

spermatogenesis should provide further insight in the molecular mechanism of the protamine 

to histone exchange as these two remodeling processes may share similar mechanisms 

including protein degradation [33], transition protein incorporation, and histone variant 

replacement [34].

Chromatin reprogramming towards totipotency

The two separate pronuclei, harboring asymmetric epigenetic modifications, approximate 

each other during syngamy and form the 1C diploid zygote, which subsequently divides 

[35]. During cleavage stage embryogenesis, striking changes in epigenetic modifications 

(deposition of histone variants, re-establishment of histone marks, and DNA demethylation) 

occur throughout the genome.

Histone variant dynamics

Canonical histones (H2A, H2B, H3, H4) are expressed primarily in S phase and are 

incorporated into chromatin in a replication-coupled manner. In addition, variant histones 

share sequence homology and structural similarity with canonical histones, but harbor 

specialized functions (Figure 3A). These variants are expressed and incorporated into 

chromatin throughout the cell cycle, and preferentially replace canonical histones at specific 

genomic regions to form nucleosomes with unique biophysical characteristics. Histone 

variants play essential roles in chromatin reprogramming [20,36-38] and participate in early 

embryogenesis (Figure 3B) among other developmental processes.

In addition to two canonical isoforms (H3.1 and H3.2), histone H3 has three variants in 

mammals: H3.3, centromeric CENP-A, and testis-specific H3.4. The most investigated 

variant is H3.3, which incorporates into chromatin in both a replication-independent and a 

replication-coupled manner. H3.3 differs from canonical H3 in only four amino acids, which 

are essential for interacting with the chaperones HIRA and Daxx/ATRX. Early 

immunofluorescence and ChIP-seq assays document enrichment of H3.3 in transcriptionally 

active regions where many regulatory elements depend on its chaperone HIRA [39,40]. H3.3 

also localizes to telomeres where its presence depends on ATRX [40]. Following mouse 

fertilization, HIRA deposits maternal H3.3 onto paternal chromatin during the protamine-to-
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histone exchange [41-43] to establish new paternal nucleosomes [44] and activate 

pluripotency genes [45]. H3.3 is transiently removed from maternal chromatin during this 

stage, indicating erasure of maternal epigenetic memory [42]. H3.3 occupies both 

euchromatin (noncondensed) and heterochromatin (condensed) up to the four-cell stage, 

after which its distribution is restricted to euchromatin [42]. H3.3 is required to establish 

double-stranded RNA (dsRNA)-dependent pericentrometric heterochromatin in early 

embryos, an activity dependent on H3.3 lysine 27 [46]. In addition, H3.3 maintains a 

decondensed chromatin state in early mouse embryos by antagonizing linker H1, an activity 

dependent on H3.3 lysine 36 [47].

Histone H2A has the most diverse variants among core histones in mammals. Notable H2A 

variants include H2A.X, H2A.Z, and macroH2A. H2A.X is abundant in cleavage stage 

chromatin, and its C-terminal amino acids determine its specific association in the chromatin 

of early embryos [48]. H2A.Z is required for pluripotency [49] and macroH2A inhibits 

epigenetic reprogramming to pluripotency [50]. H2A.Z and macroH2A are highly expressed 

in matured egg chromatin, and are later silenced after fertilization [48], suggesting that 

H2A.X is the major H2A variant in totipotent early embryos.

To decipher the effect of histone variants on totipotency, additional investigation is needed 

to uncover: (i) the relationship between sperm-retained histone variants and newly deposited 

histones in paternal chromatin after fertilization; (ii) the binding profiles of individual 

histone variants in early embryos; and (iii) the presence and possible function of homotypic 

and heterotypic nucleosomes containing one or more histone variants in early embryos 

[51,52].

Asymmetric histone modifications

Real-time imaging has provided a dynamic view of histone modifications during early 

development [53,54]. After protamine removal, the maturing paternal genome is repack-

aged by newly synthesized and acetylated maternal histones. By contrast, maternal 

chromatin maintains its histone methylation pattern throughout early cleavage stages, 

leading to epigenetic asymmetry between paternal and maternal genomes (Figure 4A). This 

asymmetry correlates with asymmetric transcriptional activity and may account for the 

different reprogramming capacities of the two pronuclei [55].

In cleavage stage mouse embryogenesis, epigenetic rather than transcriptome asymmetry is 

associated with cell fate decision and can be detected as early as the 4C stage [56]. Using 

histone arginine methyltransferase activity, global asymmetric H3 arginine methylation 

patterns were detected in 4C mouse embryos [57] (Figure 4B). The blastomeres with high 

and low methylation patterns preferentially formed the ICM and TE, respectively. Similar 

molecular asymmetry is observed for POU5F1 (Oct4) binding sites as embryos progress 

from 4C to 8C stage and reflects different accessibility of POU5F1 to the genome [58] 

(Figure 4B). Nevertheless, it remains unclear how embryonic polarity is initially established 

and there is no evidence of asymmetric distribution of maternal RNA or protein in the 

fertilized egg. Therefore, other mechanisms including cell–cell contact [59] and cell position 

sensing [60] may play regulatory roles in this process. Understanding the mechanisms 
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underlying early establishment of cell polarity should provide insight into developing 

strategies to inhibit differentiation and maintain totipotency during cell division.

Despite progress in establishing essential roles of histone modifications during cleavage 

stage embryogenesis, experimental approaches are complicated by the redundancy of 

histone genes, nonhistone targets of histone modifying enzymes, and unclear mechanisms of 

dominant negative histone mutants.

Active DNA demethylation activity

Recent investigations of active demethylation have documented the importance of 

nucleotide(s) excision and repair. One important pathway is dependent on prior modification 

of methylated cytosine. Ten eleven translocation (TET) proteins convert 5-methylcytosine 

(5mC) to 5-hydroxy-methylcytosine (5hmC) [61], and further to 5-formylcytosine (5fC) and 

5-carboxymethylcytosine (5caC) for excision [62,63]. 5hmC can be recognized by 

epigenetic regulators for gene regulation, indicating its role beyond just a demethylation 

intermediate [64].

The paternal genome, highly methylated during spermatogenesis, is actively demethylated 

beginning in the early 1C embryo [65,66]. The histone modification, H3 lysine 9 di-

methylation, is specifically enriched in maternal chromatin and recruits maternal factor 

Dppa3/PGC7/Stella [67] (Figure 4C). Long considered to protect maternal DNA and 

imprinted loci from demethylation, recent sequence data documents active demethylation in 

maternal, as well as paternal, DNA [68,69]. High levels of 5hmC on the paternal genome are 

detected in the 1C zygote [70,71] which also undergoes replication-dependent loss [72] and, 

among the TET family of proteins, only TET3 is expressed at this point. In the absence of 

TET3, the paternal genome remains highly methylated in early embryos and severely 

reduces fecundity [73], which indicates a pivotal role of paternal DNA demethylation in 

chromatin reprogramming. Cullin-ring finger ligase-4 (CRL4) ubiquitin ligase has recently 

been reported to induce TET3 activity and play an essential role in female fecundity [74], 

further strengthening the importance of active DNA demethylation. The above observations 

have been recently expanded by genome-scale DNA methylation maps of mouse [68,69,75] 

and human [76,77] preimplantation, which revealed specific methylation patterns of 

repetitive elements and differentially methylated regions (DMRs) [75]. Real-time imaging of 

DNA methylation dynamics in live embryos will facilitate the identification of additional 

epigenetic regulators in early mouse embryos [78].

Higher-order chromatin structure

Adding further complexity to the investigation of genomic reprogramming is the role of 

higher-order chromatin architecture and localization within the nucleus as determinants of 

epigenetic modification and transcriptional regulation. For example, when early mouse 

embryos express a nuclear envelope protein fused to a zinc finger protein recognizing major 

satellite sequences, pericentric chromatin is tethered to the nuclear periphery, and 

heterochromatin establishment, as well as development, is disrupted [79]. A similar strategy 

was used to bridge enhancer–promoter interactions to manipulate endogenous gene 

expression in erythroid cells [80]. Therefore, it will be valuable to further characterize 
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dynamic changes of higher-order chromatin architecture in early mouse embryos and define 

their relationship with transcriptional activity and nuclear localization.

In summary, although dynamic changes of epigenetic status during reprogramming to 

totipotency have been extensively investigated, the only genome-wide study reported is the 

DNA methylome [68,69,75-77]. The small amount of biological material available from 

embryos not only impedes genome-wide scans of histone variant occupancy and histone 

modifications, but also imposes limits on biochemical analyses of histone chaperones and 

histone modifying enzymes. For example, H3.3 is by far the pre-dominant H3 isoform 

packaging the male genome at early zygote stage, but whether H3.3 binding is concentrated 

at particular loci by specific chaperones is unknown. In addition, it is not clear whether 

individual histone variants are marked by modifications with variant-specific functions, 

which appears to be true for H3.3 lysine36 tri-methylation [81]. Therefore, novel strategies 

are required for detailed investigations on epigenome changes during transition from 

terminally differentiated haploid germ cells to early embryos to better understand the 

epigenetic reprogramming necessary for totipotency.

Embryonic genome activation and totipotency

Following fertilization, maternal factors reprogram parental genomes to restore totipotency 

to the early embryo and ensure embryonic gene activation. EGA is first detected in mice at 

the late 1C stage, with higher activity in the male than the female pronucleus, and becomes 

robust at the 2C stage. For example, pericentric satellites, which are essential for 

chromocenter formation in early embryos, are activated with parental asymmetry in 1C 

zygotes and dramatically up-regulated at the 2C stage [82]. Blocking EGA with α-amanitin, 

an inhibitor of RNA polymerase II elongation, results in embryonic arrest at the 2C stage, 

which correlates EGA with the establishment of totipotency (Figure 5A). A recent study 

described transient ESCs/iPSCs populations with a transcriptome that closely resembles that 

observed in the blastomeres of totipotent, 2C embryos [3] (Figure 5B). Thus, totipotency 

occasionally can be regained in pluripotent cells and may result from fluctuating expression 

of pluripotent regulators that overcome genome-wide epigenetic barriers to totipotency. 

Notably, EGA is characterized by more efficient utilization of TATA-less promoters [83], 

activation of repetitive elements (especially retrotransposons silenced in most cell types) 

[84], uncoupling of transcription and translation in 1C zygotes [85], and activation of 

enhancers for transcription in 2C embryos [86].

Ultra-large scale and single-cell transcriptome profiling, coupled with nano-CAGE analysis, 

have documented waves of de novo transcription in mouse and human pre-implantation 

embryos that are triggered by activating functional gene expression modules in stage-

specific patterns [87-89] (Figure 5C). Specifically, single-cell analyses used to capture 

expression of transcription factors and epigenetic modifiers during preimplantation 

development describe a complex transcriptional network and asymmetric expression pattern 

among individual cells [90,91]. Despite progress, it has been difficult to identify the earliest 

de novo transcripts because of a large, residual maternal RNA pool in early mouse embryos. 

One approach is to inhibit transcription with α-amanitin and compare the transcriptome of 
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treated and untreated embryos [92,93], although conclusions drawn from these studies may 

be complicated by possible drug induced effects on subsequent development.

Retrotransposons and the Zscan4 family of transcription factors are well-known EGA genes. 

Expression of retrotransposons makes a significant contribution to the transcriptome of early 

mouse embryos. At least one function is to act as alternative promoters for the activation of 

protein-coding genes by generating chimeric transcripts with retrotransposon–gene junctions 

[84] (Figure 5D). The most active LINE-1 retrotransposon provides a stimulatory auto-

enhancing loop, indicating that maternal retrotransposon transcripts robustly activate 

retrotransposons in the genome after fertilization [89]. These retrotransposon-activated EGA 

genes can be reactivated in pluripotent ESCs in the absence of lysine-specific demethylase 

LSD1, implying that histone-modifying enzymes silences EGA genes during totipotency-to-

pluripotency transition [94]. Expression of the Zscan4 gene family is temporally and 

spatially restricted, and is essential for early mouse development, with one member, 

Zscan4d, identified as a 2C specific gene. This gene family plays important roles in genome 

stability and maintenance of telomeres [95]. Zscan4 also reactivates early embryonic genes 

during iPSCs generation, documenting a hierarchy of activated embryonic genes [96].

Concluding remarks

Recent investigations document that the totipotency of early embryos is specified by unique 

epigenetic status including histone variants, histone modifications, and patterns of DNA 

methylation. These structural features of chromatin may facilitate access of reprogramming 

factors/cofactors to specific genomic regions and promote formation of higher-order 

chromatin structure necessary to activate or repress the genes needed for totipotency. 

Detailed understanding of this reprogramming process should provide insight into 

fundamental mechanisms that may translate into improved reprogramming of differentiated 

adult cells for therapeutic use in regenerative medicine. The field is still in its infancy and 

there is much to be learned about interacting genetic and epigenetic hierarchies, 

transcriptome dynamics and the role of maternal and embryonic regulators (Box 1). Further 

detailed molecular analyses and screening will necessitate technological advances to 

improve micromanipulation of early mouse embryos and overcome the lack of available 

biological materials. The use of nanofluidics [97] and rapid progress in micro-technologies 

hold promise for genome-sequencing [98], methylome analyses [99], allele specific histone 

modification assays [100], chromosome conformation mapping [101], and nucleosome 

mapping [102] of individual embryonic cells. By focusing these technologies on the 

physiological reprogramming that occurs in the transition from terminally differentiated 

gametes to the totipotency of the early embryo, greater insight is anticipated in establishing 

protocols for converting somatic cells to totipotency for use in regenerative medicine and 

control of degenerative diseases that afflict patients worldwide.
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Glossary

Active DNA 
demethylation

an enzymatic process to remove DNA methylation, in contrast to 

passive DNA demethylation carried out by serial dilutions during 

cell divisions without DNA methylation activity

Blastocyst the 128-cell blastocyst has two distinct cell lineages and a fluid-

filled cavity called blastocoel. The outer trophectoderm layer (TE) 

is the precursor of the placenta and the inner cell mass (ICM) 

forms the fetus and is the source of embryonic stem cells

ChIP-seq ChIP with high-throughput sequencing. It is a widely used 

genome-wide approach to determine DNA-binding sites of 

proteins of interest. Cleavage stage embryogenesis: after 

fertilization, the 1C embryo undergoes three cell divisions to form 

eight blastomeres prior to compacting into a morula

Embryonic genome 
activation (EGA)/
zygotic genome 
activation (ZGA)

after fertilization, embryonic genes are transcriptionally activated 

by maternal regulators to initiate developmental programs in the 

early embryo

Gametes Mammalian male gametes are small, motile sperm while female 

gametes are relatively large, nonmotile eggs surrounded by a 

proteinaceous zona pellucida

Higher-order 
chromatin 
structure

following the formation of nucleosomes, nuclear DNA is further 

organized topologically into higher-order structures by forming 

genome-wide physical networks in a nonrandom manner

Histone variant noncanonical histones with amino acid sequences distinct from 

canonical histones. They usually have specific functions. Unlike 

canonical histones, they can be incorporated into chromatin 

outside of S-phase and their genes contain introns

Nano-CAGE identification of promoter location and gene expression by 

capturing and quantifying 5′ ends of transcripts using small 

amounts of total RNA. Combined nano-CAGE and RNA-seq 

facilitates genome-wide transcriptome studies

Oogenesis/
spermatogenesis

during gametogenesis, oocytes are established by oogenesis in the 

ovary and sperm by spermatogenesis in the testis. Each gamete 

undergoes reductive divisions during meiosis to form haploid 

genomes

Preimplantation 
development

embryonic development from 1C zygotes to blastocysts. After this 

early development, blastocysts hatch from the surrounding zona 

pellucida and implant on the uterine wall
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Reprogramming a process that occurs in vivo during primordial germ cell 

development and again during cleavage stage embryogenesis to 

erase or rewrite epigenetic chromatin marks

Subcortex an actin-enriched cytoplasmic layer at the inner aspect of the 

plasma membrane. The maternal subcortical maternal complex 

(SCMC) is enriched in the subcortex of eggs and is required for 

progression beyond two-cell (2C) development

Syngamy fusion of gametes at the start embryogenesis. During syngamy, 

parental pronuclei migrate towards each other and interdigitate 

their nuclear membranes which breakdown so that chromosomes 

can congress on the mitotic spindle before the first cleavage 

division

Zygote diploid one-cell (1C) embryo produced at fertilization and is the 

earliest stage of embryo that develops into a complete organism
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Box 1

Outstanding questions and important future investigations

• Determine triggering events for the activation of the totipotent embryonic 

genome.

• Identify genome wide profiles of the epigenome in cleavage stage embryos.

• Elucidate epigenetic asymmetry between parental genomes and among 

blastomeres.

• Analyze regulatory network of maternal effect genes affecting cleavage stage 

development.

• Define key reprogramming factors in the nucleus and cytoplasm required for 

totipotency.

• Establish efficient protocols to generate gametes in vitro or create totipotent cell 

lines to provide sufficient material for biochemical identification of required 

reprogramming factors.
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Figure 1. 
Mouse preimplantation development and maternal-to-embryonic transition. (A) After 

ovulation from the ovary into the oviduct, terminally differentiated mature eggs (surrounded 

by the extracellular zona pellucida) are fertilized by sperm to establish totipotent zygotes 

that divide during preimplantation development to become blastocysts prior to implantation 

in the uterus at embryonic day 4.5. (B) Upon fertilization, stored maternal factors activate 

the embryonic genome to trigger maternal-to-embryonic transition that results in formation 

of a totipotent zygote. Specifically, parental genomes are reorganized by chromatin 

remodeling factors with the aid of cytoplasmic streaming, and form pronuclei that import 

nuclear reprogramming factors and crosstalk with other cellular compartments. 

Abbreviations: BRG1, a chromatin remodeling protein; CTCF, CCCTC-binding factor; GV, 

germinal vesicle; NPM2, nucleoplasmin protein 2; SCMC, subcortical maternal complex; 

TET3, ten-eleven translocation protein 3; TIF-α, transcription intermediary factor 1 α.
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Figure 2. 
Male genome reorganization during protamine-to-histone exchange. (A) Structural changes 

of male chromatin before and after fertilization. The male genome in sperm is densely 

packaged by protamines with a few regions retaining histones (including canonical histones 

and histone variants). After the protamine-to-histone exchange, protamines are replaced by 

maternal histones. The retained paternal histones may help determine gene expression in the 

early embryo. (B) During reorganization, the male genome experiences decondensation, 

recondensation, and re-decondensation, with protamine-to-histone exchange possibly 

collectively mediated by nucleoplasmin (NPM) family proteins, including NPM1, NPM2, 

and NPM3. Abbreviation: PTM, post-translational modification.
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Figure 3. 
Histone variants during preimplantation development. (A) Schematic representation of 

nucleosome structure and histone variants. (B) Changes in histone variant deposition during 

preimplantation development. Notably, there are significant contributions of H2A.X and 

H3.3 to totipotent 1C and 2C chromatin, which links the presence of these histones to 

totipotency. Abbreviation: CENP-A, centromeric histone 3.
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Figure 4. 
Epigenetic changes during the maternal-to-embryonic transition. (A) Summary of histone 

and DNA modification dynamics. Acetylated histones are deposited on the male genome 

after fertilization and re-establish histone methylation patterns that correlate with reduced 

DNA methylation. Density of color reflects extent of modification. (B) Epigenetic 

asymmetry among blastomeres is detected as early as four-cell (4C) embryos and this 

polarity predicts the contributions of the individual blastomere to the inner cell mass (ICM) 

or trophectoderm layer (TE). (C) TET enzymes, specifically TET3, mediates active DNA 

demethylation during maternal-to-embryonic transition by converting 5mC to 5hmC, but can 

be protected from demethylation by H3 lysine 9 di-methylation (H3K9me2)-recruited 

Dppa3.

Zhou and Dean Page 19

Trends Cell Biol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. 
Embryonic genome activation as a hallmark of totipotency. (A) Preimplantation 

development is blocked at the two-cell (2C) stage by treatment with α-amanitin that inhibits 

transcription elongation. (B) A transient subpopulation of mouse embryonic stem cells has 

been identified as totipotent with 2C-like transcriptome, which correlates embryonic genome 

activation with totipotency. (C) Transcriptome profiling documents distinct patterns of 

maternal transcript degradation and waves of transcription activations during 

preimplantation development. (D) Retrotransposons are activated during the preimplantation 

stage and provide alternative first exons to activate downstream embryonic genes, producing 

chimeric transcripts that are absent in other cell types. Abbreviation: FACS, fluorescence-

activated cell sorting.
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