
Fertilized egg, or zygote, provides all gene products,

which are necessary to start embryonic development in

multicellular animal. After a while, control over develop-

ment passes over to zygotic gene products. Zygotic

genome activation occurs in mammalian embryos in two

(mouse) to eight (cow) cell stage, and in the lower verte-

brate embryos at blastula stage, which consists of hun-

dreds of actively dividing cells. Position of each cell with-

in the embryo defines to which cell type (skin, muscles,

nerves, etc.) the progeny of a given cell will belong. For

some time after zygotic genome activation, the destiny of

the cells is not yet fixed and can be reversed, when the

cells are transplanted from one to the other part of the

embryo. This ability of a cell to develop into any cell type

of adult organism is called pluripotency. The unrestricted

developmental potential of the cell is stepwise restricted

during development: first, the cell is assigned to one of

three germ layers (ectoderm, endoderm or mesoderm),

than to tissue-specific precursors, and finally it differen-

tiates to one cell type, or gives rise to adult stem cell,

capable of differentiating to two-three cell types. Dozens

of genes defining cellular fate during development have

been discovered during the last decades. Most of these

genes encode evolutionary conserved signaling molecules

and transcription factors involved in embryo patterning.

Mutations of these genes are frequently observed in

human disease, including cancer. We have learned a lot

about genes, coordinating development in space; but in

contrast to that, we know relatively little about the genes

controlling development in time. The current review

focuses on exactly the type of factors, which activate

zygotic genome and coordinate genetic programs in time,

during the transition from pluripotency to differentiated

cells. For the reader interested in related fields, we rec-

ommend recent in-depth reviews [1-5] discussing differ-

ent types of pluripotent cells and [6-8] discussing pluripo-

tent stem cell origins within different taxons.

ISSN 0006-2979, Biochemistry (Moscow), 2015, Vol. 80, No. 13, pp. 1723-1733. © Pleiades Publishing, Ltd., 2015.

Original Russian Text © D. V. Onichtchouk, A. S. Voronina, 2015, published in Uspekhi Biologicheskoi Khimii, 2015, Vol. 55, pp. 197-222.

REVIEW

1723

Abbreviations and definitions: ESC, embryonic stem cells;

IPSC, induced pluripotent stem cells; maternal transcription –

transcription that occurs in the egg and stops in the first meiot-

ic prophase; MBT, midblastula transition (a particular case of

MZT, which occurs in several organisms. MBT is a moment of

time, when ZGA, degradation of maternal transcripts, desyn-

chronization of cell cycle, and locomotor activity of the cells

start. The definition MBT is mostly applied to amphibians, fish,

and Drosophila); MZT, maternal to zygotic transition (several

events happening after fertilization until establishment of

zygotic control over development including ZGA, degradation

of maternal transcripts, desynchronization of cell cycle, and

acquisition of cell motility. The term MZT can be applied to all

metazoans); pluripotency – capacity of cells to differentiate

along cell lineages contributing to all embryonic but not

extraembryonic tissues. Early cells of vertebrate embryos before

beginning of gastrulation, ESC, derived from mammals, birds,

and fish and IPSC are pluripotent; totipotency – unrestricted

capacity of cells to differentiate along cell lineages contributing

to all embryonic and extraembryonic tissues. Zygote is totipo-

tent by definition; early mammalian cells are also totipotent;

ZGA, zygotic genome activation (start of zygotic transcription,

which occurs in species-specific interval after fertilization).
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MATERNAL PERIOD OF DEVELOPMENT –

EARLY OBSERVATIONS

At the end of the 19th and beginning of the 20th cen-

tury, most contemporary biologists, who studied fish,

amphibians, echinoderms, and mollusks, believed that

pregastrula development is defined by information con-

tained in the zygote [9]. One of the first attempts to define

the earliest effects of sperm on development involved

experimentation on sea urchins. Theodor Bovery, one of

the authors of chromatin inheritance theory (1862-1915),

summarized the studies of sea urchin hybridization in his

last manuscript published in 1918 after his death [10].

Bovery distinguished nuclei-independent and nuclei-

dependent periods of development. The first period, last-

ing from fertilization until beginning of gastrulation,

depends on ooplasm rather than on chromatin of the egg or

sperm. Indeed, enucleated eggs of sea urchin could be

induced to develop by sperm of sea anemone, which

belongs to different class of animals [11]. Nuclear sub-

stance of sea anemone sperm in this case is not participat-

ing in development, as evidenced by lack of sperm decon-

densation and sea urchin-like type of development.

Development according to the maternal type even in cases

when the nuclei had been removed from the eggs occurs

after hybridization of close echinoderm species

(Parechinus sp. and Paracentrotus sp.). When enucleated

eggs of Sphaerechinus sea urchins were fertilized by sperm

of relatively distant species (Parechinus or Paracentrotus),

sperm chromosomes decondensed, and embryos devel-

oped by maternal type until gastrulation, and subsequently

became developmentally arrested. These and similar

experiments led Bovery to the conclusion that beginning of

development is independent on nuclear function and is

defined by egg cytoplasm. Conclusions from classical

experiments of Bovery were confirmed by cross-hybridiza-

tion experiments performed on frogs by Moore [12]. Rana

pipiens eggs fertilized by sperm of close species (Rana

palustris), first developed according to maternal type, while

the influence of paternal genome became detectable later

in development. Hybrids between more distant frog species

(e.g. Rana pipiens eggs fertilized by Rana catesbeiana

sperm) became arrested at gastrulation and died, as devel-

opmental programs encoded in maternal and paternal

genomes differed too much to be fitted together. However,

if X-rays destroyed the genome of Rana catesbeiana sperm,

the eggs fertilized by this sperm developed as haploids until

metamorphosis or even later [13]. Thus, even if non-

specifically activated, the eggs can develop until gastrula-

tion without requirement for nuclear material.

MORPHOGENETIC FUNCTION OF NUCLEI:

WORK OF NEYFAKH

The theory growing from observations of the begin-

ning of the 20th century was expanded and complement-

ed by X-ray irradiation experiments on the teleost fish

loach (Misgurnus fossilis) [14-18] performed by soviet sci-

entist A. A. Neyfakh. When the fertilized eggs of loach

were irradiated with a lethal dose of X-rays, they devel-

oped until late blastula, stopped, and died. This has

shown that nuclei have no influence on initial develop-

ment. In contrast, X-ray irradiation after midblastula led

to progressively later developmental arrest (Fig. 1). This

result implied that nuclear activity, or “morphogenetic

function of nuclei” as formulated by Neyfakh [15], starts

approximately at the midblastula stage. “Morphogenetic

function of nuclei” appearing within the period between

mid- and late blastula (2.5 h in loach) parallels desyn-

chronization of cell cycles due to interphase lengthening

and defines the whole gastrulation process, which lasts

9 h. Neyfakh determined the period from fertilization of

the egg till beginning of morphogenetic function of nuclei

in fish, echinoderms, mollusks, and amphibians [15, 16].

What switches “morphogenetic function of nuclei” on?

Rott and Sheveleva [19] suggested that “morphogenetic
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Fig. 1. Dependence of stage of stopping the development of loach

embryos from the moment of exposure (from [16] with modifica-

tions). Loach embryos were irradiated with 40 krad at different

time points, which led to developmental arrest later. The irradia-

tion time points are shown on Y (vertical) axis, and the stage when

development stopped are shown on the X (horizontal) axis. X- and

Y-axes, hours of normal development at 21.5°C. Roman numerals

on the Y-axis, periods the morphogenetic activity of the nuclei.

During periods II and IV core morphogenetic function of nuclei is

critical, during periods I and III it is dispensable for development.

Below the X-axis is a scheme of dependence of development of the

embryo (“cytoplasm”, upper line) on morphogenetic functions of

nuclei (“nuclei”, lower line). Periods of nuclear activity (corre-

sponding to II and IV on the Y-axis) are marked in bold. Arrows

connect the points of morphogenetic function of the nuclei with

the stages it controls.
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function of nuclei” could be triggered by certain thresh-

old ratio between nucleus and cytoplasm. The early

cleavages of embryo do not change total volume: the vol-

ume of each cell is reduced two times during each cleav-

age cycle. Thus, absolute DNA content of a single cell

does not change, but the ratio of DNA to cytoplasmic

components constantly grows. One can speculate that

rapid cell divisions are possible until this ratio reaches a

certain level. If this is so, slowing the cell cycle should

start in haploid embryos one cell division later. This was

indeed confirmed experimentally [19].

Spirin and coworkers studied the molecular basis for

morphogenetic nuclear function and showed that the

majority of mRNA synthesized at the gastrula stage is

inactive and stored in the form of ribonucleoproteins

called informosomes. This finding led to creation of the

concept of “masking” of mRNA [20, 21]. Masking and

demasking of mRNA play an important role in the devel-

opment of embryos. It has been suggested that periodic

demasking of specific mRNAs is the cause of the perio-

dicity of the morphogenetic function of nuclei observed

by Neyfakh. It became clear that in addition to transcrip-

tion, there is another level of gene regulation in embryon-

ic development – the level of translational regulation.

This was confirmed by many works of the last decades

[22]. Especially, the role of translational regulation of the

genes involved in cell cycle was studied [23].

MIDBLASTULA TRANSITION (MBT)

The work of Neyfakh and Neyfakh’s laboratory laid

the scientific grounds for widely used “midblastula tran-

sition” definition. Unfortunately, these works are cited

only in papers or reviews of scientists of Russian origin.

The reason for this forgetfulness was an artificial isolation

of soviet scientist Neyfakh from the world scientific com-

munity (see [18] for details). French scientists Signoret

and Lefreschne formulated the Midblastula Transition

(MBT) concept in 1970s. The concept became popular

after John Gerhardt’s review in 1980 [24].

Usually, the term “midblastula transition” (MBT) is

applied to organisms, starting their embryonic life from

series of rapid synchronous cleavages: amphibians, fish, and

Drosophila. During MBT in the embryos of these animals

several events, like lengthening and desynchronization of

the cell cycle, beginning of cell locomotor activity, maternal

RNA degradation, and start of zygotic transcription (ZGA,

Zygotic Gene Activation) occur at the same time. In other

animals, MBT does not exist. For example, ZGA in mice

starts at the two-cell stage, while maternal RNA degrada-

tion starts after fertilization. Sea urchin embryos are tran-

scriptionally active from the moment of fertilization, and

transcription reaches its maximum at the 16-32-cell stage.

In general, the processes manifesting the transmission of

developmental control from maternal to zygotic genes

(Maternal to Zygotic transition, MZT) are similar in meta-

zoans. The definition of MBT can be applied to embryos in

which these events occur simultaneously, while a broader

MZT definition is used in other cases [25-27].

Cell cycle analysis of early synchronous phase of

axolotl development demonstrated that G1 phase is miss-

ing and in each blastomere DNA replication begins at

telophase [28]. At MBT, after 10-11 cell divisions, G1

appears, and its duration varies from cell to cell [29].

Appearance of G1 may point out that certain factors nec-

essary to enter S phase become exhausted. MBT studies

in the anuran amphibian Xenopus [30-32] and teleosts

Danio rerio [32] and Fundulus [33] have shown that in

parallel to cell cycle lengthening, embryonic cells become

motile and transcriptionally active. In 2013, Collart and

coworkers suggested a possible MBT mechanism: they

showed that during Xenopus laevis MBT, the levels of four

replication factors drop and become critical for replica-

tion start [34]. This causes lengthening of the cell cycle

and beginning of transcription in the embryo.

Drosophila embryos start their development with a

series of fast mitoses, similarly to fish and amphibians,

but the cellular membrane between replicating nuclei is

not formed. During the first nine cycles, which last

10 min each, dividing nuclei are located in the center of

the egg. During the 10th cycle, nuclei migrate to the

periphery (cortex) of the egg and form syncytial blasto-

derm persisting until the 13th cell cycle. Mitotic cycles

10-13-lengthen from 10 to 25 min. At the 14th cycle,

which lasts 60 min, cellular membrane appears and sepa-

rates the nuclei (this process is called cellularization),

mitoses become asynchronous, and the cells start to

move. The cell cycle duration in Drosophila is controlled

by nuclear-cytoplasmic (N/C) ratio: haploid embryos

compensate the lack of nuclear material with additional

cleavage at the syncytial blastoderm stage. In contrast,

artificial increase in the N/C ratio leads to skipping of

one cell cycle at the blastoderm stage. As in fish and

amphibians, cell cycle lengthening at Drosophila MBT

coincides with regulated degradation of maternal RNAs

and ZGA. However, in contrast to cell cycle, early gene

activity in Drosophila is controlled not by one, but by at

least three different mechanisms [35, 36]. Transcription

of 127 out of 300 early genes is not controlled by N/C

ratio but depends on time after fertilization. Transcription

of other 88 genes depends on N/C ratio, and many of the

other 85 early genes are switching on before MBT at

cycles 11/12 using additional mechanisms [36].

Transcriptional events at MBT can be subdivided to

two parts: maternal RNA degradation and ZGA [25].

MATERNAL RNA DEGRADATION

Transcript destabilization is accomplished by at least

two pathways: the “maternal pathway” encoded exclu-
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sively in maternal genome, and the “zygotic pathway”.

The difference between maternal and zygotic degradation

pathways was demonstrated in mice [37-39], Danio rerio

[40, 41], and C. elegans [42]. Traditionally, shortening of

polyA tail is considered as the first step of mRNA degra-

dation. However, in contrast to other animals, fertiliza-

tion-induced deadenylation of maternal transcripts in

Xenopus does not lead to their degradation prior to ZGA

[43-45]. Maternal mRNA degradation in Drosophila is

achieved by combination of maternal and zygotic mecha-

nisms. The maternal mechanism is responsible for desta-

bilization of 20%, and zygotic mechanism of 15% of tran-

scripts [46, 47]. Egg activation triggers maternal mecha-

nism by switching on the synthesis of RNA-binding pro-

tein Smaug from the maternally stored mRNA templates

[46]. Smaug specifically binds to SMG-recognition ele-

ments on target mRNAs, leading to their deadenylation

and subsequent degradation. Mechanisms of the zygotic

mRNA degradation pathway in Drosophila remain

unclear. Zygotic gene activator Zelda (Zld) may play a

role in this process as degradation rates of many maternal

mRNAs are changed in Zelda mutants [48]. Zygotically

expressed miRNA mir430 in Danio is switched on by

zygotic gene activator Nanog and is responsible for the

degradation of hundreds of maternal mRNAs [49, 50].

Degradation of a separate set of mRNA, different from

mir430 targets, is impaired in Danio rerio MZspg mutants

lacking transcription factor Pou5f3 [51].

ZYGOTIC GENOME ACTIVATION

During zygotic genome activation (ZGA), 12-15%

of Danio rerio, Drosophila, and mouse genes start to be

rapidly transcribed [25]. Apart of general mechanisms

like N/C ratio, ZGA is controlled by sequence-specific

transcription factors: proteins that can recognize and

bind to specific DNA sequences. In Drosophila, the earli-

est genes are activated by single maternally provided tran-

scription factor Zelda (Zld). Zelda binds to specific

TAGteam sequences on the regulatory regions of early

genes to activate their transcription [48, 52, 53]. During

the cell cycles following MBT, Zelda coordinates gene

expression in time and space [54-56]. It is believed that

Zelda keeps open chromatin structure, facilitating the

local binding of other transcription factors [57, 58]. Thus,

Zelda coordinates ZGA and post-ZGA events in

Drosophila.

In Danio rerio, three transcription factors activate

the zygotic genome: Pou5f3 (previously called Pou5f1),

genes of the SoxB1 group, and Nanog [50, 59]. After

ZGA, these factors activate tissue-specific genes [51, 60]

(Fig. 2). Transcription in Danio rerio starts after the first

10 cell cycles. In MZspg mutants, devoid of maternal and

zygotic functions of Pou5f3, expression of 595 zygotic

genes is reduced twofold or more [51]. Pou5f3- and

SoxB1-binding genomic regions are located in close

proximity to developmental regulatory genes including

Wnt, Nodal, BMP, and FGF signaling components and

transcription factors controlling lineage specification in

the embryo. Like Zelda in Drosophila, Pou5f3 and SoxB1

activate the earliest Danio rerio genes [59]. Pou5f3 and

Nanog binding regions at and after MBT are enriched in

active chromatin marks such as H3K4me3 and RNApolII

[59, 61] (Fig. 3). RNApolII and chromatin-modifying

factors do not have their own DNA-binding specificity,

and it is possible that Pou5f3 recruits these factors to

DNA. Binding regions of zygotic genome activators con-

tain specific binding motifs TAGteam in Drosophila and

SOX-POU in Danio and are usually bound by many other

transcription factors, including tissue specific [48, 53, 56,

58, 59, 62] (see also Fig. 4). It is believed that Pou5f1/3,

a

b

Fig. 2. Model of gene-regulatory network at early gastrula stage of

the Danio rerio embryo (modified from [60], printed with kind

permission from John Wiley and Sons). a) Schematic representa-

tion of Danio rerio embryo in the early gastrula stage. Pou5f1

(Pou5f3) is present in all cells of the embryo; SoxB1 is present

throughout ectoderm (violet outline). Tissue-specific transcrip-

tion repressors, cdx4, foxD3, and tbx16, are activated by Pou5f3

and expressed in mesendoderm (green). Pou5f3 together with

SoxB1 activates tissue-specific transcriptional repressors gata2a,

klf2b, her3, and hesx1: gata2a and klf2b are expressed in the

epithelial domain of the ectoderm (violet); her3 and hesx1 are

expressed in the neural domain of the ectoderm (dark and light

blue). b) Expression of Pou5f3 and SoxB1 target genes in time;

hpf – hours post-fertilization; the vertical axis represents the

amount of mRNA in the embryo [51]. Pou5f3 is present at the

same concentration, SoxB1 concentration grows with time

(orange outline). Foxd3 is switched on in the earliest time point,

as it requires only Pou5f3 for its expression. To activate her3 and

hesx1, different threshold concentrations of SoxB1 (indicated by

dark and light blue arrows, respectively) in addition to Pou5f3 are

necessary.
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SoxB1, and Nanog, like Zelda, change local chromatin

structure and facilitate binding of other factors to their

binding sites. The mechanism of these changes is only

starting to be revealed and can be different between

Drosophila and vertebrates [63, 64].

PLURIPOTENCY PERIOD IN DEVELOPMENT

Totipotency and pluripotency are temporal cell

states during development of the multicellular organisms,

which pass necessary one-cell stage during their life cycle.

Totipotency is unrestricted capacity of cell to develop all

embryonic and extraembryonic cells of the organism.

Zygote and early mammalian blastomeres are totipotent

[65]. Pluripotency is the ability of cell to differentiate into

all embryonic tissues. Cells of early vertebrate embryos at

least until the beginning of gastrulation are pluripotent, as

shown by transplantation experiments in mice, chick,

fish, and frogs [66-70]. Notably, the duration of the

pluripotency period greatly varies between different verte-

brates: from 6 h after fertilization in Danio to five or more

days in mammals.

GENETIC CONTROL OF PLURIPOTENCY

IN EMBRYONIC STEM CELLS

Pluripotent Embryonic Stem Cells (ESC) and

Induced Pluripotent Stem Cells (IPSC) confer great

potential for use in regenerative medicine. For derivation

of the first (ESC) in vitro cultures, morula stage embryos

were used [71, 72]. Another pluripotent cell type, Epiblast

Stem Cells (EpiSCs), was derived from later developmen-

tal stage [73]. ES and EpiS cells maintain pluripotency

and can indefinitely proliferate in culture. Changing of

culture conditions leads to in vitro differentiation towards

various cell lineages. When transplanted into blastocyst

stage mouse embryos, donor cells mixed with host cells

and contributed to development of chimeric mice. High

transcription level and “open” chromatin is a character-

istic feature of ES cells [74]. Notably, the transcriptomes

Fig. 3. Regulatory regions of genes associated early Pou5f1 and Sox2 contain marks of active chromatin ([59], published with permission from

AAAS). Pre- and post-MBT Pou5f1, post-MBT Sox2, Pol II binding, and H3K4me3 modifications at four loci. ChIP-seq data for Pou5f1

and Sox2 are shown in reads per base. For H3K4me3 and Pol II, log2 Ma2C signal is shown for stages indicated; E, enhancer; P, promoter;

X-axis indicates distance (kb) from Transcription Start Site.

early blastomeres

pluripotent cells

Tissue I Tissue II

gradients
of signal molecules

Transcription factor I

Transcription factor II

Fig. 4. A hypothetical model for activation of the embryo genome

(ZGA) and subsequent event (modified from [59], reproduced

with the permission of AAAS). Before ZGA, Pou5f1 binds to the

SOX-POU “priming sites” and attracts Pol II to ensure robust

activation at ZGA. After ZGA, SoxB1 proteins co-occupy SOX-

POU sites; both factors cooperate with developmental regulators

to ensure precise transcriptional timing and proper level of expres-

sion.
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of mouse and human ES cells are quite divergent [75, 76]:

biological characteristics of human ESC are closer to

mouse EpiSC, than to mouse ESC [77-80]. ESC and

EpiSCs need different culture conditions and activity of

different signaling pathways for their propagation in a

Petri dish [3]. All pluripotent cell types, including ESC

and EpiSC, express homologs of ZGA activators, which

play a central role in pluripotency maintenance:

“pluripotency transcription factors” Pou5f1/Oct4, Sox2,

and Nanog. These key transcription factors control the

expression of several thousand genes in ESC [62, 75, 81].

Oct4, Sox2, and Nanog usually bind to enhancers,

marked by presence of transcriptional co-activator p300

[62, 81]. Transcription of the nearby genes usually

depends on the presence of one or two of the pluripoten-

cy transcription factors [5]. In mammalian ESC,

Oct4–Sox2 complex binds to specific SOX-POU

sequences [62, 76, 81]. SOX-POU sequences bind

Nanog, Oct4, Sox2, Klf2/4, and downstream compo-

nents of the LIF, BMP [81], and Wnt [82] pathways.

Thus, SOX-POU modules integrate many signaling path-

ways and transcription factors to coordinate the signals of

pluripotency and differentiation and balance them.

Recent data are pointing out that the genetic regulatory

network (GRN) regulated by “pluripotency transcription

factors” in mammalian embryos is not necessarily the

same as in in vitro cell cultures [83-85]. ESC were suc-

cessfully derived not only from mammals, but also from

chicken [86] and teleost fish medaka (Oryzias latipes) [87-

89].

INDUCED PLURIPOTENT STEM CELLS (IPSC)

The central role in of “pluripotency transcription

factors” in establishment and maintenance of pluripoten-

cy was confirmed by the discovery that forced expression

of Oct4(Pou5f1), Sox2, Klf4, and c-Myc (OSKM) can

reprogram somatic mammalian cells, fibroblasts, to

Induced Pluripotent Stem Cells (IPSC) [90]. During the

reprogramming process, epigenetic differences between

differentiated and pluripotent cells are wiped out and

some percentage of fibroblasts turns to ES-like cells [91,

92]. Reprogramming can be achieved not only by using

Oct4, Sox2, Klf4, and c-Myc mixture, but also by alter-

native combinations of factors employing Nanog, Lin28,

ESRRB, NR5A2, and other genes [3, 93, 94], which are

not exclusively limited to genes expressed in ES cells or

early embryonic stages [95, 96]. Currently, it is impossible

to predict which new combination of transcription factors

will induce reprogramming, although this question is of

great theoretical and practical importance.

Capacity to be reprogrammed is not an exclusive

propensity of mammalian cells. Rossello and coauthors

[97] demonstrated that forced expression of mammalian

OKSM mix could reprogram somatic cells of birds, fish,

and even Drosophila. Thus, one can assume that some

features of pluripotency GRNs were present in the com-

mon ancestor living about 550 million years ago.

EVOLUTION OF EARLY GENE REGULATORY

NETWORKS IN VERTEBRATES

Recent molecular data support the “hourglass

model”, which postulates maximum variability between

different organisms of certain taxa at the beginning of

development and in the adult, and maximum similarity

between them in the middle of embryogenesis, at the so-

called “phylotypic stage” [98-103]. Indeed, comparative

studies between different mammalian species point to the

high plasticity of early GRNs, defining pluripotency and

zygotic genome activation [104, 105]. Gene expression

analysis comparing mice and chick embryos even led to

the conclusion that the early pluripotency network

evolved de novo in mammals [106]. However, in spite of

high variability of early GRNs, several observations, such

as similarity of chromatin state in ESC and early Danio

rerio embryos [107, 108], or presence of Pou5f1/3,

Nanog (except Xenopus), and SoxB1 homologs in early

development of vertebrates point to the conserved mech-

anisms controlling pluripotency. A critical role of

Pou5f1/3, SoxB1, and Nanog homologs for early devel-

opment is confirmed by pleiotropic lethal phenotypes of

null-mutants for these genes in mice, Danio rerio, and

Xenopus (except Nanog) [60, 109-113]. Although the

phenotypic manifestations of Pou5f1/3 or Nanog muta-

tions differ from species to species, in most cases it is

possible to rescue these deficiencies with homologs of

Pou5f1/3 and Nanog from evolutionarily distant species,

which points to functional conservation of these factors

[51, 114-119]. Analysis of early GRNs led Erwin and

Davidson to the concept of “kernels”, central compo-

nents of GRNs, which have an important developmental

role, control the large number of downstream target

genes, and are therefore less prone to evolutionary

change than the other network components [120]. The

“pluripotency transcription factors” Pou5f1/3, SoxB1,

and Nanog match well to this theory, as kernels of the

earliest zygotic GRN.

We have briefly outlined the current state of knowl-

edge in one of the most rapidly developing parts of mod-

ern biology, concerning pluripotency in development.

This field appeared from the merge of classical model

organism developmental biology and stem cell biology.

Molecular biological methods allowed identification of

the genes important for stem cell survival and mainte-

nance. In parallel, epigenetic studies led to discovery of

specific histone modifications characteristic to both early

embryos and embryonic stem cells, and to characteriza-

tion of main transcription factor binding. However, in
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spite of a large body of data, molecular mechanisms con-

trolling the balance between pluripotency and differenti-

ation in stem cells are not yet understood completely.

This understanding would require integrating the gene

expression and epigenetic data with functional activity of

encoded proteins, metabolites produced by cells, and cel-

lular phenotypes changing in time during differentiation.

Modern biochemical methods will allow making further

steps in this direction. Thus, use of quantitative mass-

spectroscopy methods enabled the characterization of

various protein complexes being formed by Pou5f1/Oct4

in ES cells [121, 122]. Studies of ES cell metabolic prod-

ucts demonstrated that oxidative state of cells changes

during differentiation, and direction and speed of cellular

differentiation can be changed by experimentally per-

turbing some metabolic pathways [123]. Quantitative bio-

chemical methods such as SILAC, which allows tracing

time-resolved dynamics of total protein synthesis in cells,

have great potential, as they can be applied both to cul-

tured cells and to whole developing organisms.

Development of an organism from a single cell fol-

lows a strict schedule and is tightly controlled in time and

space. Understanding the principles of this control plays

a key role for ongoing attempts to grow tissues and organs

from Embryonic Stem Cells. Therefore, the answer to the

central question of biology – what are the rules that make

an embryo from a single cell – has not only theoretical,

but a great practical significance for the future develop-

ment of new fields of medicine, such as regenerative ther-

apies.
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