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Abstract
The study of embryonic stem cells is in the spotlight in many laboratories that study the structure and function of chromatin and epigenetic processes. The key properties of embryonic stem cells are their capacity for self-renewal and their pluripotency. Pluripotent stem cells are able to differentiate into the cells of all three germ layers, and because of this property they represent a promising therapeutic tool in the treatment of diseases such as Parkinson's disease and diabetes, or in the healing of lesions after heart attack. As the basic nuclear unit, chromatin is responsible for the regulation of the functional status of cells, including pluripotency and differentiation. Therefore, in this review we discuss the functional changes in chromatin during differentiation and the correlation between epigenetics events and the differentiation potential of embryonic stem cells. In particular we focus on post-translational histone modification, DNA methylation and the heterochromatin protein HP1 and its unique function in mouse and human embryonic stem cells. 
( 2013 Baishideng. All rights reserved.
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Core tip: Here, we provided a summary on epigenetics and chromatin structure in pluripotent embryonic stem cells (ESCs) and their differentiated counterpart. We especially aim at histone signature, function of heterochromatin protein 1. Moreover, we summarized published data on nuclear architecture; we especially addressed arrangement of chromosome territories and genes in pluripotent ESCs and after induced differentiation. 
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INTRODUCTION
Biological properties of embryonic stem cells

Human embryonic stem cells (hESCs) were first isolated by the American biologist James Thomson in 1998[1]. Revolutionary breakthrough in stem cell biology represents the first isolation of induced pluripotent stem cells in 2006-2007[2-5]. Due to their unique properties, stem cells have become the subject of research for many teams that work on the treatment of several serious diseases. Human and mouse ESCs can be grown in vitro as clearly visible colonies (Figure 1 A and B) and effective methods have been developed for the generation of cardiomyocytes (Figure 1Ca), hepatocytes, melanocytes, osteoblasts, pancreatic β‑cells, or neural cells  (Figure 1Cb) from ESCs. Induction of pluripotency in terminally differentiated cells is also considered a key tool for regenerative medicine. Thus, the discovery of induced pluripotent stem cells (iPS) has great potential for the treatment of degenerative diseases without the problems associated with immunogenicity and ethical issues related to the isolation of hESCs from human embryos.

Self-renewal and pluripotency of ESCs

An important characteristic associated with the self-renewal and pluripotency of ESCs is their almost unlimited replication potential, which allows constant proliferation. This is ensured by activation of telomerase, the enzyme that prevents telomere shortening during cell division[1]. The self-renewal of ESCs is linked to their pluripotency and can be manifested as symmetric or asymmetric cell division. Symmetric division generates two identical sister cells whereas during asymmetric division one cell preserves the original phenotype of the mother cell and the second cell acquires a new phenotype. Asymmetric division is the basic mechanism for maintaining cell diversity, but both types of cell division ensure that physiological and morphological properties of the parental cells are transmitted to the next cell generation[6]. In this regard, it is important to understand the extent to which the nuclear pattern, especially that of chromatin is transmitted through mitosis. This issue has been addressed by several authors, although mostly in somatic cells[7-12].
In addition to self-renewal, a major feature of ESCs is their pluripotency. The single cell (zygote) formed after fertilization becomes totipotent and can produce all differentiated cells of an organism, including cells of extra-embryonic tissues. This extremely favorable feature is lost after division into the 8-cell embryonic stage[13]. However, ESCs in the inner cell mass of the blastocyst become pluripotent, and retain the potential to differentiate into cells of all three germ layers: endoderm (cells of the gastrointestinal tract and lungs), mesoderm (muscle cells, bone, blood), and ectoderm (epidermal tissues and nervous system cells) (summarized by Yamanaka and Ralston[14]). In vivo evidence of this differentiation potential is provided by injection of ESCs into immuno-deficient mice, which leads to the generation of tetracarcinomas formed by cells from all three germ layers. Moreover, in vitro evidence of ESC differentiation potential is provided by the formation of highly specific embryonic bodies (EBs)[15]. 
Transcription factors responsible for pluripotency

The greatest progress in understanding the pluripotency of ESCs came with the identification of three key transcription factors: Oct4, Sox2, and Nanog[16,14]. These factors have been shown to be essential for pluripotency in both in vivo and in vitro conditions[17]. 

Several groups of scientists have used the method of immunoprecipitation (IP) to identify the target genes of these transcription factors in mouse and human ESCs. Their data showed that transcription of many genes was regulated by the combination of these three transcription factors in hESCs[16] and that expression of Oct4 and Nanog is fundamental for the pluripotency of mouse embryonic stem cells (mESCs)[18]. Furthermore, these studies also showed that Oct4 and Nanog function as mutual regulators and self-regulators. The effect of these transcription factors on target genes seems to be significantly different between mouse and human ESCs. Nonetheless, Oct4, Sox2, and Nanog are general factors required for the maintenance of pluripotency in both organisms and other proteins probably cooperate with them to control the expression of individual genes.

The central regulator of pluripotency is Oct4, which belongs to the Pit-Oct-Unc (POU) protein family[17]. Oct4 prevents spontaneous differentiation of ESCs and artificial suppression of its expression results in the differentiation of cells into trophoectoderm[19] due to increased activity of caudal-type homeobox transcription factor 2. Moreover, in some circumstances markedly increased expression of Oct4 can also lead to differentiation, which is the main reason why negative regulators of Oct4 expression are required. For example, liver receptor homolog is believed to be a positive regulator of Oct4, whereas germ cell nuclear factor is a potential negative regulator[20].


The pluripotency regulator Sox2 is expressed in the inner cell mass of blastocysts as well as in early mesoderm[21]. In mESCs, increased expression of Sox2 induces neural differentiation and subsequent cell death. Repression of Sox2 leads to differentiation into trophoectoderm in mESCs, and in hESCs induces differentiation towards an endoderm-like pathway. However, although the above role was established in several experimental models, the main function of Sox2 remains co-operation with Oct4 to activate related target genes [22].

The other gene involved in safeguarding the pluripotent state is Nanog, which belongs to the class of NK-2 transcription factors. In mESCs, increased expression of the Nanog gene helps to maintain pluripotency even in the absence of leukemia inhibitory factor (LIF). However, hESCs can be cultured on a mouse embryonic fibroblast feeder layer, even in the presence of a high level of Nanog. If Nanog is not expressed, ESC morphology is markedly similar to that of cells induced by factor Gata6, which are characterized by the morphology of primitive endoderm[23]. Although stimulation of Nanog expression inhibits cell differentiation into endoderm, there is no direct evidence that Gata6 activity is inhibited by Nanog [24]. Nanog also inhibits neural cell differentiation induced by removal of LIF and BMP factor from the culture[25] and exerts an inhibitory effect on mesodermal differentiation. In conclusion, Nanog is able to inhibit endodermal, neural, and mesodermal differentiation under different cultivation conditions (summarized by Yamanaka and Ralston[14]).  

Polycomb group proteins and their function in ESCs

Polycomb group proteins (PcGs) were first identified in Drosophila melanogaster as molecules that selectively inhibit the expression of many regulatory genes during embryonic development. Polycomb proteins form complexes with gene-suppressor activity. The mechanism of PcG function is based on gene silencing mediated by chromatin modifications, including tri-methylation of histone H3 at the position of lysine 27 (H3K27me3). These changes can help to maintain the undifferentiated state of stem cells[26,27]. Despite the high transcriptional activity and high degree of chromatin relaxation in ESCs, non-differentiated hESCs contain the repressive chromatin marker H3K27me3. However, during hESC differentiation there is pronounced accumulation of H3K27me3, mostly in the inactive X chromosome[28]. PcG proteins form two main, but distinct complexes, polycomb repressive complex (PRC) 1 and PRC2. Human cells contain an additional PRC3 complex, consisting of EED, EZH2, SUZ12, and RBBP subunits[29].

The PRC1 complex contains several subunits, including HPH, RING, CBX, MEL18 and BMI1. This complex is responsible for maintaining the stability of chromatin, repressed by PcG proteins. Specific factor from the PRC1 complex is also responsible for monoubiquitination of histone H2AK119[30]. The second complex, PRC2, is composed of SUZ12, EED, EZH2, and RbAP48 and is essential for the initiation of gene silencing. EZH2 functions as a histone methyltransferase and is responsible for the generation of H3K27me3, which acts as a binding landscape for the PRC1 protein complex. PRC2 also plays an important role in the inactivation of the X chromosome, which represents a form of facultative heterochromatin[27]. Chromatin that is modified in this way looks like dense clusters of nucleosomes and this chromatin arrangement is associated with transcriptional repression.

PcG proteins have repressive effects on the expression of many genes, including homeobox (Hox) genes that represent regulatory elements responsible for morphological changes during embryogenesis. PcG proteins maintain repression of these genes as a result of chromatin remodeling and subsequent prevention of transcription factor binding. With regard to nuclear distribution, structures forming PcG bodies mainly co-localize with clusters of pericentric heterochromatin. Moreover, ultrastructural analysis of PcG bodies, which are believed to be located in the nuclear interchromatin regions, showed PcG bodies as distinct and locally accumulated nuclear domains that are enriched in separated heterochromatin regions[31]. 

Epigenetics of ESCs
In the first half of the twentieth century, the scientific fields of developmental biology and genetics were still considered to be strictly separate. However, the British professor of genetics Conrad Hal Waddington considered this artificial division needless. In 1942, he introduced the concept of epigenetics, representing a combination of these two disciplines that can be summed up by the CH Waddington equation: epigenesis + genetics = epigenetics[32]. In those days it was still just speculation that each gene affects a number of different processes. It is now well known that genes cooperate to form a specific network and a few decades later epigenetic mechanisms are being widely discussed in the context of DNA and histone modifications.

Nowadays, the term epigenetics represents a science that deals with reversible changes in chromatin structure that are not caused by a change in the nucleotide sequence[33]. Nowadays, an increasing incidence of serious human diseases is considered one of the biggest health problems and it is assumed that epigenetic changes in the human genome are responsible for their pathophysiological states. Thus, practical application of knowledge on the epigenetics and physiology of ESCs has potential implications for further progress in medicine.

Specific histone signatures in ESCs
Epigenetic modifications of histones can be described as biochemical marks within histones that result in changes to chromatin conformation and thus affect chromatin accessibility to transcription factors.

The N-terminal domains of core histones are susceptible to many post-translational modifications, including acetylation (Ac), methylation (Me), phosphorylation (Ph), ubiquitination (Ub), or SUMOylatation (su)[34,35]. Because histones contain more than 60 residues that can be modified, this translates into countless variations of epigenetic modification. Histones are highly evolutionary conserved, but it is possible to establish general rules for each modification that together form so-called histone code or histone signature[36,37]. In general, histone post-translational modifications fall into two categories, those that support transcription and those that inhibit transcription[38]. Typical examples of modifications, characterized for transcriptionally active chromatin, are DNA hypomethylation, histones H3 and H4 acetylation, and methylation of H3K4, H3K36, and H3K79. However, it depends which genomic regions (promoters, coding regions or enhancers) are enriched in these histone marks. Moreover, combination of specific histone marks can dictate gene transcription activity/inactivity. For repressive chromatin state is characterized hypoacetylation of H3 and H4, and methylation of H3K9, H4K20, H3K27, or H4K20[39]. However, whether a given modification is gene activating or repressing may also dictate co-interacting factors. Ribosomal genes represent such an example, which transcriptional activity is regulated by ATP-dependent nucleosome remodeling events. In this case repressive H3K9me2, mediated by G9a histone methyltransferase, in a complex with other factors, including Cockayne syndrome protein B and transcription factor TTF-I, promotes transcription elongation[40]. 

One well-characterized post-translational modification of histones is acetylation of lysine residues, which is catalyzed by histone acetyltransferases (HATs). Histone acetyltransferases always transfer an acetyl group from acetyl-CoA to histones, thereby neutralizing their positive charge[37]. The result is a reduced ability of DNA to bind to histones, which leads to chromatin relaxation and subsequent transcriptional activation[35]. The reverse event is deacetylation, in which the acetyl group is removed in the presence of histone deacetylases (HDACs). As this increases the positive charge of histones, the chromatin becomes more condensed and transcription is repressed[37]. For example, H3K9 deacetylation was observed after induced differentiation of human ESCs[41], and was accompanied by global condensation of chromatin and restriction of global transcription[42]. Interestingly, levels of other histone modifications that characterize the active chromatin state, including H3K14ac, H3K4me3, and H3K36me2/me3, are also increased in pluripotent ESCs compared with differentiated neuronal progenitor cells (summarized by Mattout and Meshorer[43]).

Histone methylation is a covalent modification mediated by highly conserved histone methyltransferases (HMTs). This modification occurs through a biochemical reaction responsible for adding one, two, or three methyl groups to the nitrogen atoms of lysine, arginine, or histidine. The fundamental histone methylation is H3K9me2/me3 which regulates the processes of general heterochromatinization and gene silencing that primarily occur during cell differentiation. Regulation of transcription is based on the formation of specific binding sites in the genome that are attractive to regulatory proteins. In this regard, the interaction of H3K9 methylation and heterochromatin protein 1 (HP1) is particularly important[44-46]. 

The opposing process of histone methylation is demethylation which is catalyzed by histone demethylases. The first identified histone demethylase was lysine-specific demethylase 1(LSD1), described by Shi et al[47]. This enzyme demethylates histone H3 on Lys 4 (H3K4) or Lys 9 (H3K9) under specific conditions. Interestingly, when LSD1 attacks repressive histone mark H3K9 methylation by its demethylating activity, it leads to activation of androgen receptor target genes[48]. Conversely, H3K4 demethylation seems to be fundamental for inactivation of enhancer function, which leads to specific gene silencing, according to differentiation demands, especially in ESCs. Whyte et al[49] showed that LSD1 controls the enhancers of transcriptionally active loci, which is essential for maintaining of ESC pluripotency. Interestingly, ESCs that lack LSD1 activity have no potential to differentiate. Moreover, at active enhancers LSD1 associates with the Nucleosome Remodeling and histone Deacetylase (NuRD) complex and this protein interaction appears to be fundamental for ESC differentiation[49]. The importance of the NuRD complex in ESC integrity, and some other functional events in ESC nuclei, was also reported by Reynolds et al[47]. These authors observed that the NuRD complex, which is required for ESC lineage commitment, modulates both transcriptional heterogeneity and the dynamic properties of pluripotency-related genes[50]. Moreover, HDAC1, HDAC2, and HDAC3, are present in four distinct multiprotein complexes Sin3, NuRD, CoREST, NCoR/SMRT (summarized by Hayakawa and Nakayama[51]). Thus, NuRD protein complex, consisting of HDAC1/2, is characterized by both histone deacetylase and nucleosome remodeling activity. These complex plays a role in various cellular processes including cell cycle regulation[52,53], maintenance of stem cell pluripotency[54], self-renewal, and cellular differentiation (summarized by Hayakawa and Nakayawa[51]). These findings partially clarifies our recent data on Oct4 recruitment to locally induced double strand breaks in living ES cells, which occurred simultaneously with HDAC1 recruitment; under specific histone acetylation conditions[55]. Considering that Nanog and Oct4 interact with various core components in the NuRD complex[54], these data collectively suggest that especially Oct4 can associate with specific regulatory complexes to control ESC fate. 
DNA methylation

The concept of DNA methylation has been recognized since 1948 when the first modified base, 5-methylcytosine, was discovered by Hotchkiss using the method of paper chromatography[56]. DNA methylation can be divided into two categories, maintenance methylation and de novo methylation. De novo methylation takes place on previously modified DNA whereas maintenance methylation occurs on a newly established strand of DNA that is methylated according to the pattern of the old strand[33]. Covalent DNA methylation is a post-replication modification that mainly, but not exclusively, occurs on cytosine residues in CpG dinucleotides. Based on an earlier study, it is thought that 75%-85% of DNA methylation occurs at CpG islands. These CpG dinucleotides are found primarily at the promoters of genes[57]. DNA methylation is mediated by DNA methyltransferases (Dnmts) that catalyze the transfer of a methyl group within a nucleic acid. During DNA methylation the methyl groups are accumulated in the major groove of DNA, preventing the binding of transcription factors to these genomic regions. An accompanying event related to gene silencing is the binding of the methylation-specific protein MeCP2 to methylated CpG sites resulting in chromatin conformational changes[33]. The processes of DNA methylation are associated with the function of particular methyltransferases: Dnmt1 and Dnmt2 are among the enzymes responsible for maintenance methylation whereas the only de novo methyltransferases are Dnmt3a and Dnmt3b. These two enzymes operate in early embryonic development, between the stages of morula and blastocyst, when the methylation profile is determined. In later development methylation is maintained by Dnmt1[58]. 
It is now well recognized that differentiation of ESCs is accompanied by Oct4 down‑regulation as a consequence of de novo DNA methylation of the Oct4 regulatory region. As Athanasiadou et al[59] showed de novo methylation mediated by Dnmt3a and Dnmt3b occurs at two discrete sites: the proximal enhancer and distal promoter of the Oct4 gene. For efficient complexity, the functional inter-connection of Dnmts is essential for Oct4 transcriptional regulation. Interestingly, even H3K9 methyltransferase G9a can recruit Dnmts to the Oct4 locus and other loci upon ESC differentiation[60], but generally, CpG methylation throughout most of the regulatory genomic region accumulates even in the absence of G9a[59]. These data support the notion that histone modifications and DNA methylation are basic transcriptional regulators acting specifically and simultaneously in pluripotency-related genes. 

Mapping of 5-hydroxymethylcytosine in embryonic stem cells

DNA methylation is considered as well explored epigenetic phenomenon in ESCs. However, function of 5-hydroxymethylcytosine (5-hmC) in maintaining ESC pluripotency and differentiation is right now a hot topic of ESC biology. 5-hmC is generated by the TET family of Fe(II) and 2‑oxoglutarate-dependent enzymes through oxidation of 5‑methylcytosine (5-mC). Recent studies of Tahiliani et al[61] or Kriaucionis and Heintz[62] revealed a high level of 5-hmC in Purkinje neurons (described by Czech physiologist Jan Evangelista Purkyně) and ESCs. Interestingly, the level of 5-hmC can decrease during differentiation of ESCs, thus functional Tet1 enzyme is required for maintenance of ESC pluripotency[63]. Genome-wide analyses showed enrichment of 5-hmC at enhancers abundant on H3K4me1 and H3K27ac. Moreover, binding sites of OCT4 and NANOG were also characterized by cytosine hydroxymethylation[64]. High-throughput sequencing of 5-hmC containing DNA revealed 5-hmC within exons and near transcription start sites enriched in both H3K27me3 and H3K4me3[65]. Interestingly, these authors suggested a model of how 5-hmC contributes to “poised” chromatin signature. They claimed that similarly as 5-mC, 5-hmC at promoters caused gene down-regulation. However, in ESC differentiation-specific genes, “poised” for transcription, 5-hmC could be fundamental for subsequent gene up-regulation responsible for induction of given differentiation pathway[65]. Other report showed a novel phenomenon of how 5-hmC can further modulates epigenetic events responsible for ESC pluripotency[66]. For example, selected enhancers with a high level of 5-hmC were in parallel enriched in H3K4me1, H3K18ac, H4K5ac, H3K27ac in human ESCs. Mentioned experimental approach, and especially genome-wide analyses seems to be a promising tool how to distinguish between epigenetic landscape in pluripotent ESCs and their differentiated counterpart. 
Heterochromatin protein HP1

HP1 (or chromobox homolog) was first identified in Drosophila melanogaster in 1986 by the American scientists Elgin and James[67]. HP1 is a highly conserved non-histone protein that plays an important role in epigenetic regulation[37, 68]. The main function of HP1 is the regulation of gene expression through the binding of protein complexes to heterochromatin, thus maintaining the integrity of heterochromatin. Complex studies have confirmed this role by demonstrating specific interaction of HP1 with other histone and non-histone proteins[44-46].

Structure and function of HP1

HP1 homologues (HP1α, HP1β, HP1γ) have been identified in almost all eukaryotic organisms from yeast to human. HP1 proteins are the basic units of heterochromatin, including centromeres and telomeres[37,68,69]. HP1 protein subtypes are characterized by an N-terminal chromodomain (CD) and C‑terminal chromoshadow domain (CSD), which are separated by the so-called "hinge region"[70]. Three-dimensional structures of the CD and CSD were determined by nuclear magnetic resonance spectroscopy[71] and X-ray crystallography[72]. Both of these domains represent globules with a diameter of approximately 30 AA. Each domain is composed of anti-parallel three-fiber β-sheets wrapped around one (α2) or two (α1, α2) α-helices. Conserved non-polar residues represent the backbone of this characteristic fold and form a hydrophobic groove on the β-sheet. This groove is not very accessible in the CSD but is relatively open in the CD, where it provides potential sites for protein-protein interactions[73].

As mentioned above, binding of HP1 protein to methylated H3K9 is important for the formation of heterochromatin[69]. The CSD binds proteins that are responsible for chromatin remodeling. The CD interacts with the N-terminal end of H3, therefore HP1 therefore gradually binds to methylated histone H3 leading to an effective increase in the local concentration of HP1. Direction of HP1 to pericentric heterochromatin requires not only H3 methylation, but also histone deacetylation[73]. Moreover, HP1 protein is not accumulated in facultative heterochromatin, such as the inactivated X chromosome, despite the fact that these chromosome territories contain methylated H3K9, and preferentially H3K27me3 appears in female inactive chromosome X. In addition, mutations in the HP1-associated genomic regions lead to re-location of HP1 from this heterochromatin[74] despite the fact that this area is rich in H3K9 methylation[75]. These observations indicate that, in addition to H3 methylation, the interaction of HP1 with other proteins is also important for directing HP1 to specific chromatin domains.
HP1 as a repressor and activator

HP1 was originally characterized as a fundamental component of heterochromatin[76]. This view has been changed by the observation that HP1γ exhibits features highly characteristic of euchromatin[77]. Recent data suggest that the presence of HP1 outside of the constitutive heterochromatin has physiological relevance because euchromatin also contains genes whose transcription is repressed by the presence of HP1 sub-types[78]. This is in accordance with the fact that HP1 interacts with Krüppel Associated Box (KRAB) and KRAB domain-Associated Protein (KAP-1), co-repressors of the KRAB domain and a zinc finger protein[79]. Considering that KRAB domain proteins represent the largest family of transcription repressors, it is not surprising that HP1 proteins are attracted to areas where gene silencing is expected regardless of whether this region is in heterochromatin or euchromatin[68].

One explanation for the activating and repressive effects of HP1 is that homo- and hetero-oligomers of each of the three HP1 variants play different roles. Although this depends on the chromatin context, HP1γ homodimers seem to have an activating function. HP1α-HP1γ, and HP1β-HP1γ heterodimers act variously and HP1α and HP1β homodimers act exclusively as repressors. This hypothesis is supported by the fact that HP1α and HP1β suppress the activity of several human genes while HP1γ supports their transcription[80]. An example of HP1 acting as a positive regulator of transcription can be seen in the ribosomal genes (rDNA), in which HP1β and HP1γ proteins, in a complex with RNA polymerase I and additional above mentioned proteins, cause activation of transcription rather than silencing[40,81]. Drosophila melanogaster provides another example of the HP1 protein acting as a positive regulator. Analysis of larval stages showed that gene activity of heat shock protein 70 (Hsp70) was increased in the presence of HP1 protein[82]. 

Chromatin structure and plasticity in ESCs
Basic features of nuclear organization 

The nucleus of every eukaryotic cell is characterized by its well-organized structure (summarized by Cremer and Cremer[83]). Structural integrity of the nucleus ensures proper functioning of the whole cell. As a result of co-operation among a number of regulatory factors, the nucleus consists of DNA and histone proteins that are packed into higher order chromatin structures with specific functions. Chromatin is arranged into large compartments called chromosome territories (CTs) that are partially separated by interchromatin space. Intermingling of CTs is a matter of discussion and seems to depend on the method of CT visualization, but certain interactions of CTs must exist because of the presence of chromosome translocations in tumor cells[83-85]. Taken together, current data indicate that the nucleus contains macromolecular complexes that function in basic nuclear processes, including replication, transcription, splicing, and/or DNA repair. Moreover, these processes are influenced by physiological condition of additional structures, such as the nuclear lamina, nucleolus, promyelocytic leukemia (PML) bodies or Cajal bodies that are characterized by well-defined functions[86,87].

A very important compartment of the cell nucleus is the nuclear lamina (NL), which predominantly consists of lamin proteins that form part of the nuclear membrane. The NL is not obvious at all stages of the cell cycle; it is disrupted at the beginning of mitosis by the activity of cyclin-dependent kinases and joins together again in late anaphase[86]. Other clearly distinguished structures are Cajal bodies, described in the early twentieth century by the Spanish neurobiologist Santiago Ramón y Cajal. Cajal bodies are spherical structures with a typical size of 0.1 to 2 µm. They contain high concentrations of the protein p80 coilin, small nuclear ribonucleoprotein particles, and small nucleolar ribonucleoproteins. The majority of these proteins are involved in the proper progression of RNA processing[88]. Moreover, it is generally accepted that formation of Cajal bodies is limited in hESCs, and only low level of coilin is homogeneously dispersed through hESC nucleoplasm (summarized by Morris et al[89]). Other structures with a regulatory function are PML bodies, the number of which varies from 5-30 per cell depending on the cell type and the current phase of the cell cycle[91,92]. PML bodies reach a maximum size of 1 µm and are formed by the accumulation of PML protein isoforms, which are freely distributed in the cell nucleus. PML bodies are discussed in the literature under different names, for example PML oncogenic domains, Kramer (Kr) bodies, or nuclear domains 10. PML bodies are considered protein reservoirs, and their main function is indirect regulation of gene expression, DNA repair, proteolysis, apoptosis, antiviral response, tumor suppressor function, and anti-proliferative processes[92,93]. In ES cells, PML bodies not only differ in their morphology, but also in protein composition. 
 Morphological differences in chromatin between ESCs and differentiated cells

Chromatin plasticity affects many nuclear processes including transcription, replication, cell cycle kinetics, and dynamics of nuclear proteins. Therefore, chromatin is a basic regulatory unit that controls the developmental and functional status of the cell and in this regard in vitro cultivated ESCs are no exception[94].

In ESCs an open, more relaxed, chromatin configuration is observed. This chromatin is highly dynamic and is significantly different from the chromatin in terminally differentiated cells[95]. In pluripotent ESCs, highly condensed state of chromatin appears rarely in comparison with differentiated counterparts, characterized by pronounced chromatin compaction. In terminally differentiated cells, especially the periphery of interphase nuclei occupies condensed heterochromatin, while more relaxed euchromatin appears in more central parts of the nucleus[83]. As a consequence, transcriptionally inactive chromatin predominates in differentiated cells whereas in pluripotent ESCs there is a large amount of transcriptionally active chromosomal regions[96]. Concerning morphological differences, chromatin in particular ESCs is spread out in relaxed regions, diffused, and amorphous, compared with smaller condensed chromatin domains in differentiated cells. In addition, nuclear lamina, which is characterized by a reduced level of A-type lamins in ESCs, becomes densely stained by the appropriate lamin antibodies after induced differentiation[97-99]. Specific distribution of euchromatin- and heterochromatin-related factors can be also observed within colonies of ESCs. Recently, we have found that Nanog-positive cells are present in the very interior regions of pluripotent ESC colonies. However, H3K27me3 shows high positivity in the ESC nuclei positioned on the periphery of the mESC colony[100]. Here, we show that nuclei with a high positivity for the splicing factor SC-35 are located in the colony interior (Figure 2A), but HP1β-positive cells are mainly at the periphery of the mESC colony, moreover, similar HP1β pattern was found after induced differentiation (Figure 2B). PcG-related BMI1 protein showed no preferential positioning within the colonies (Figure 2C). These data unambiguously showed that in majority of cases, nuclear pattern of ESC cells must be analyzed in view of the whole colony, because analysis on single cell level could be unsatisfactory in some cases[100].
Chromatin and chromatin-related proteins in pluripotent ESCs are additionally highly dynamic, as proved by living cell studies[98]. For example, hyperdynamic binding of structural chromatin proteins is a functionally important feature of pluripotent ESCs and is probably responsible for the undifferentiated state of ESCs[98]. In ESCs, HP1 protein and histone H1 are only loosely bound to chromatin unlike neural progenitor cells and primary mouse embryonic fibroblasts, in which HP1 and H1 binding is much stronger and results in a more “closed” chromatin configuration[87]. This raises the idea that the dynamics of chromatin proteins are regulated during cellular processes and not just a consequence of the overall biophysical state of chromatin, such as simple diffusion that can be studied by the fluorescence recovery after photobleaching technique (FRAP). Moreover, the formation of an open chromatin structure and the hyperdynamic plasticity of chromatin correlate with biological properties of ESCs[98]. This is again linked to specific transcriptional profiles, associated with fast localized movement of epigenetically important proteins[41,43,94,96]. 

Arrangement of chromosome territories in ESCs

As outlined above, it is well known that chromatin is present in the nucleus in two forms: heterochromatin, which is compact, highly conserved, and transcriptionally inactive or euchromatin, which is relaxed and transcriptionally active. This is also the case in ESCs. In addition, heterochromatin may be facultative, with the ability to change from a transcriptionally active to a silent state during ontogenesis[101]. The inactive chromosome X represents one of the best-known examples of facultative heterochromatin[102]. Moreover, X chromosome inactivation occurs during differentiation of female ESCs and is accompanied by repositioning of the X chromosome closer to the nuclear periphery and increased level of H3K27me3 appears[28].

Territories of autosomes also follow general principles with respect to nuclear architecture[83,103]. The general principle of nuclear organization is based on the polarized distribution of gene-rich and gene-poor chromosomes[104]. Gene-rich chromosome domains, or even whole chromosome 19, are mostly localized inwards the cell nucleus. Gene-poor chromosomes are more frequently oriented towards the nuclear periphery, for example chromosome 18[105]. The radial arrangement of territories of chromosomes 6, 8, 10, 12, 15, 17, and 19 is similar in differentiated and pluripotent hESCs (Bártová et al[28]; radial distribution is the average distance from the nuclear fluorescence center and is normalized to the average nuclear radius). For example, in hESCs the short arm of chromosome 12, which carries the Nanog gene, is oriented more towards the center of the nucleus as in lymphoblastoid cells[106]. Although the distribution of autosomes is not significantly changed during ESC differentiation, as mentioned above, one exception is the transcriptionally inactive X chromosome in the female genome[28]. Moreover, the majority of centromeric heterochromatin is re-located closer to the nuclear periphery during differentiation of hESCs[107]. This suggests that chromosomal domains are relatively dynamic structures and individual chromosomal sub-regions can be moved during cellular processes, but always with respect to other chromosomal regions and related to general nuclear structures. Thus, the dynamics of chromosomal regions seems to be important for the regulation of expression of certain genes[106,108,109].

Positioning of gene loci in ESCs

The spatial arrangement of specific genes in the nucleus also represents a very interesting phenomenon specific to ESCs. As mentioned above, in hESCs the short arm of chromosome 12 carrying the Nanog gene is oriented more towards the center of the nucleus compared with lymphoblastoid cells[106]. Similarly, human chromosome 6, which carries the major pluripotency gene Oct4, did not change its nuclear radial position during differentiation of hESCs[107]. Another aspect related to chromosome architecture is mapping of genes within a related chromosome territory. For example, the position of the Nanog and c-myc loci within their territories remained constant after differentiation. However, in pluripotent hESCs, the Oct4 locus was located outside of its chromosome territory on large de-condensed chromatin loops, but differentiation caused Oct4 repositioning in close proximity to the related chromosome territory [106]. This robust structural change did not affect the nuclear radial distribution of the Oct4 gene[107]. Interestingly to this fact, the transcriptionally active Oct4 locus is located more internally in mESCs than in hESCs. A possible explanation for this incongruity is the level of expression of neighboring genes or even whole chromosomes, which is significantly different in human and mouse cell nuclei and might influence the general nuclear architecture of mouse and human genomes[110].
CONCLUSION
Embryonic stem cells represent a promising tool for future regenerative medicine. Recently it becomes more evident that epigenetic process and chromatin plasticity are responsible for self-renewal and pluripotency of ESCs. Thus, genome-wide studies on histone signature, DNA methylation and cytosin hydroxymethylation enable us to better understand principles of stem cells pluripotency. It is important especially from the view of complete reprogramming of iPS cells that represent and advanced methodological tool how to get pluripotent cells with high potential as therapeutic tool. Also we must not forget the study performed on individual cellular level, including living cell studies. For example, in such experimental systems it possible to analyzed distribution and function of pluripotency factors within colonies of ESCs[100] or nuclear events, such as transcription regulation during specific ESC differentiation[111] or during DNA repair[55,112].
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Figure 1 Morphology of a mouse embryonic stem cells colonies. A: Confocal microscopy of mouse embryonic stem cells (mESC) colonies (line GOWT1) stably expressing GFP-OCT4 was performed using a Leica SPX-5 microscope. GFP fluorescence is shown as green and the cell colonies were additionally visualized in transmission light (gray); B: Morphology of human embryonic stem cells (hESC) colonies studied by transmission light; C: mESCs (line D3) were differentiated into cardiomyocytes (gray) (a) according to[113] and α-actinin morphology (green) was studied using the appropriate antibody. Nuclei were visualized by DAPI staining (blue). Cardiomyocytes were characterized by their specific strip-like morphology of α-actinin. Morphology of mouse ESCs differentiated into neuronal pathway[114] is also showed (b). 
Figure 2 Morphology of colonies of mouse embryonic stem cells (line D3). A: The splicing factor stem cells (SC)-35 (red) was visualized in the cell nuclei (blue) within mouse embryonic stem cells (mESC) colonies in pluripotent cells and after retinoic acid (RA)-induced cell differentiation; B: Cell nuclei (blue) that were positive for heterochromatin protein 1 (HP1)β (red) were mapped within a pluripotent mESC colony and after RA-induced differentiation; C: Pattern of Polycomb group proteins-related BMI1 protein (red) in pluripotent and RA-differentiated ESCs (blue). Individual nuclei in frames were magnified.
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