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Abstract

Embryonic stem cells (ESCs) first derived from the inner cell mass of blastocyst-stage embryos

have the unique capacity of indefinite self-renewal and potential to differentiate into all somatic

cell types. Similar developmental potency can be achieved by reprogramming differentiated

somatic cells into induced pluripotent stem cells (iPSCs). Both types of pluripotent stem cells

provide great potential for fundamental studies of tissue differentiation, and hold promise for

disease modeling, drug development, and regenerative medicine. Although much has been learned

about the molecular mechanisms that underlie pluripotency in such cells, our understanding

remains incomplete. A comprehensive understanding of ESCs and iPSCs requires the

deconstruction of complex transcription regulatory networks, epigenetic mechanisms, and

biochemical interactions critical for the maintenance of self-renewal and pluripotency. In this

review, we will discuss recent advances gleaned from application of global “omics” techniques to

dissect the molecular mechanisms that define the pluripotent state.

INTRODUCTION

Embryonic stem cells (ESCs) utilize highly complex genomic networks to maintain

pluripotency. Recent work has begun to unravel these intricacies, which involve interactions

between transcriptional regulatory networks and epigenetic factors. Much of these “omics”

data (e.g., transcriptomics, epigenomics, and genome-wide DNA-protein interactions) have

been generated through a combination of experimental strategies that utilize both
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experimental studies that examine functional interactions and theoretical computational

approaches that infer interactions (69). These data are typically illustrated as a complex

interaction network and have led to the development of numerous models, such as the

attractor landscape, that describe how cells maintain or change their state (40, 114).

The ESC transcriptional network is strongly influenced by the transcription factors Oct4,

Sox2, and Nanog (9, 68). Multiple experimental studies have shown that these factors

regulate a plethora of target genes and participate in autoregulatory, feed-forward, and

feedback interactions. By examining downstream targets, an extensive genome-wide map

has been established in ESCs that outlines the interactions that preserve ESC pluripotency,

centered on these factors (52). Additional elements such as downstream effectors of

extrinsic cytokines, noncoding RNAs (ncRNAs), and transposable elements add complexity

to this transcriptional circuitry (18, 21, 57, 70).

Epigenetic modification plays an important role in ESCs, generating a unique genomic

landscape that influences regulatory networks (82). DNA methylations and histone

modifications have been intensively explored, and studies have implicated these epigenetic

processes in ESC fate and pluripotency. For example, epigenetic control of self-renewal has

been revealed in studies that link DNA methylation at promoters of pluripotency genes to

levels of transcription. Work in reprogramming has also expanded our knowledge of how

transcriptional networks and epigenetic modifications affect cell fate, such as the extent to

which pluripotent cells may tolerate epigenetic modifications characteristic of differentiated

cells (54, 94).

In this review, we focus on genomic approaches to understanding ESC pluripotency,

emphasizing recent work that has refined our understanding of established mechanisms. We

assume throughout that ESCs and induced pluripotent stem cells (iPSCs) represent

comparable states of pluripotency, but we will review where evidence suggests epigenetic

differences between these two cell types, which likely reflects the technical limitations

inherent in the reprogramming process. First, we discuss the dominant transcriptional

regulatory networks that play important roles in ESC and iPSC identity and highlight the

relationship of core transcriptional factors with other regulatory processes. Second, we

describe the epigenetic landscape of ESCs and iPSCs, stressing how epigenetic

modifications complement the pluripotent regulatory network.

TRANSCRIPTION REGULATORY NETWORKS IN EMBRYONIC STEM CELLS

Master Regulators of Pluripotency

Several transcription factors are known to be preferentially expressed and to play essential

roles in both early embryonic development and maintenance of ESCs. Oct4 is a POU

homeodomain transcription factor encoded by the Pou5f1 gene that plays an essential role in

the establishment and maintenance of pluripotency; Oct4-null mouse embryos fail to

develop an inner cell mass (ICM) and contain only trophectoderm cells (81). Suppression of

Oct4 expression in ESCs likewise leads to differentiation along the extraembryonic

trophoblast lineage (20, 46). Mechanistically, Oct4 is the master regulator of the

pluripotency network, and acts to control embryonic cell fates by regulating a broad range of

downstream target genes.

Sox2 was originally implicated in pluripotency by its capacity to heterodimerize with Oct4

to regulate the pluripotency-related gene Fgf4 (139). Sox2 has an expression pattern similar

to Oct4, and Sox2 knock-out results in defective epiblasts and differentiation into

trophectoderm lineages (1). Subsequent studies revealed the presence of an octamer–sox
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motif in the regulatory elements of downstream target genes to which the OCT4/SOX2

complex recognizes and cooperatively binds (8, 20).

Nanog was first identified through a functional screen for novel pluripotency regulators that

can maintain mouse ESCs in the absence of LIF and a feeder layer (14, 79). Overexpression

of Nanog bypasses the need for FGF and TGFβ signaling in human ESCs (137). Mouse

embryos with a Nanog deletion fail to develop an epiblast, but Nanog is dispensable in the

maintenance of pluripotency in cultured ESCs (15, 79). Thus, Nanog may be crucial as the

gateway for the acquisition and establishment of pluripotency but not for its maintenance

(107).

Core Transcriptional Circuitry in Embryonic Stem Cells

To interrogate the interactions among the Oct4, Sox2, and Nanog transcription factors and to

catalog their downstream genomic targets, two groups initially undertook genome-wide

mapping studies of these master regulators in human ESCs, using chromatin

immunoprecipitation (ChIP) coupled with a promoter array (ChIP-on-chip; 9) and, in mouse

ESCs, using ChIP with paired end tag sequencing (ChIP-PET; 68). An important principle to

emerge from these studies is the autoregulatory binding of these transcription factors to their

own promoters, and reciprocal regulation with other core members (9, 68). Both studies also

reported the synergistic co-occupancy by the core factors of large ensembles of downstream

target genes—in particular, Nanog bound to the regulatory sequences of more than 90% of

the genes bound by the Oct4-Sox2 heterodimer. The core transcription regulatory network is

highly enriched with tight feed-forward and autoregulatory loops, which are believed to

confer stability to the system while allowing for rapid response to developmental switching

depending on environmental stimuli (Figure 1a). Comparison with expression data of Oct4-

and Nanog-depleted ESCs revealed that the core factors regulate both active and inactive

genes (Figure 1a; 68). These observations support a model that implicates these core factors

in the maintenance of the pluripotent state by promoting the expression of downstream self-

renewal genes while simultaneously repressing the activity of differentiation-promoting

genes (Figure 1a; 9, 68).

To generate a broader perspective on the transcriptional network governing pluripotency

beyond the core set of transcription factors, Kim et al. (52) used in vivo biotinylation-

mediated ChIP (bioChIP) coupled to a promoter array to investigate the genomic targets of

Oct4, Sox2, Klf4, c-Myc, Nanog, Dax1, Rex1, Nac1, and Zfp281, all of which are

associated with either pluripotency or somatic cell reprogramming (52). Another

independent study used ChIP coupled to massively parallel DNA sequencing technology

(ChIP-seq) to determine the target binding profiles of 13 transcription factors (Nanog, Oct4,

STAT3, Smad1, Sox2, Zfx, c-Myc, n-Myc, Klf4, Esrrb, Tcfcp2l1, E2f1, and CTCF) and two

coregulators (p300 and Suz12) in ESCs (Figure 2; 18). Both studies discovered

combinatorial binding by multiple transcription factors on common hot-spot loci, an

indication of extensive coregulatory mechanisms in the maintenance of ESCs. Kim et al.

found colocalization of at least four transcription factors at 800 gene promoters, and found

that 50% of the 6,632 target genes were bound by more than one transcription factor. Chen

et al. (18) uncovered a total of 3,583 multiple transcription-factor-binding loci bound by four

or more transcription factors across the entire genome. Moreover, the number of bound

transcription factors was shown to correlate with the level of gene expression. Genes whose

promoters were bound by multiple factors were preferentially expressed in ESCs, while

singly bound promoters were often inactive in ESCs but activated upon differentiation (18,

52).

An important insight from these studies was the segmentation of ESC regulatory networks

into Oct4-centric and Myc-centric modules. In Chen et al. (18), the Oct4-centric clusters
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encompassed Sox2, Nanog, STAT3, Esrrb, Klf4, Tcfcp2l1, and Smad1, while the Myc-

centric clusters consisted of c-Myc, n-Myc, E2f1, Zfx, and CTCF. Similarly, Kim et al. (52),

uncovered high degrees of overlap among Oct4, Sox2, Nanog, Klf4, Dax1, Nac1, and

Zfp281, while c-Myc and Rex1 binding sites formed a separate cluster. Notably, several of

the genomic loci from the Oct4-centric cluster showed characteristic ESC-specific enhancer

activity.

Enhanceosomes are nucleoprotein complexes of multiple transcription factors binding to

enhancer DNA elements (122). ChIP-seq analysis of histone acetyl transferase p300, a

transcription coactivator commonly found at enhancer regions, showed preferential

localization to the Oct4-centric clusters. Importantly, the recruitment of p300 to the genomic

sites is dependent on Oct4, Sox2, and Nanog, as their depletion led to reduction in p300

binding. It is likely that the cobinding of these transcription factors creates an interface for

the recruitment of p300. Furthermore, several genomic fragments of loci from the Oct4-

centric clusters exhibited ESC-specific enhancer activity when tested with the luciferase

reporter assay (18). Target genes of the c-Myc cluster, on the other hand, were implicated

more frequently in protein metabolism than in developmental processes. It was hypothesized

that c-Myc and Rex1 maintain the expression of housekeeping genes that play key roles in

sustaining the high proliferative capacities of ESCs. Evidence from a recent study identifies

Myc target gene modules as the explanation for the common gene expression signatures of

ESCs and proliferative cancer cells (53).

Given the large number of transcription-factor-bound sites identified from numerous studies

using various platforms, it is imperative to cross-validate the list of binding sites to

confidently identify the bona fide target genes. Additional confirmation of functional

significances inferred from the interactions can also be achieved by integrating the binding

data with loss-of-function studies. This will help to further refine the transcriptional

regulatory network.

In summary, the core transcriptional network is characterized by extensive coregulation, as

well as specialized and segregated modules in which regulatory factors have different

responsibilities in maintenance of the pluripotent state. These features confer robustness to

the transcriptional regulation of pluripotency and differentiation genes and facilitate a stable

system that can rapidly respond to extrinsic differentiation cues.

Connecting Noncoding RNAs to the Transcriptional Circuitry

MicroRNAs (miRNAs) are a class of small ncRNAs that repress gene expression at the

posttranscriptional level by base pairing to complementary sites of target messenger RNAs

(mRNAs). Experiments that genetically ablate Dicer or DGCR8, key components in miRNA

biogenesis, indicate that miRNAs are crucial for early development, proliferation, and

differentiation of ESCs (6, 51, 131). In a study that implicated the ESC core network in

regulation of ncRNAs, Marson et al. (70) demonstrated that ESC-specific transcription

factors bind to promoters of ESC-specific miRNAs and induce their expression. The key

factors also occupy a set of miRNA genes that are transcriptionally silenced in ESCs. The

promoter regions of these differentiation-associated miRNA genes are occupied by

polycomb group (PcG) proteins, which are postulated to poise the miRNA genes for

expression during lineage specification (70). Interestingly, feedback loops in which miRNAs

are responsible for controlling the expression of pluripotency factors were established. The

differentiation-associated miRNA let-7 is known to target c-Myc, Sall4, and Lin28 (76).

Other differentiation-related miRNAs—miR-134, miR-296, and miR-470—were recently

found to mediate regulation of Oct4, Sox2, and Nanog by targeting their coding regions

(120). In addition, miR-200c, miR-203, and miR-183 cooperate to repress the pluripotency
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factors Sox2 and Klf4 in mouse ESCs (133). Likewise, miR-145 represses the pluripotency

machinery of human ESCs (136).

In addition to miRNAs, the mammalian genome also encodes large intergenic noncoding

RNAs (lincRNAs) with lengths greater than 200 nucleotides. The evolutionarily conserved

lincRNAs are associated with diverse biological processes. Work by Guttman et al. (38)

identified 1,000 lincRNAs in murine ESCs, out of which 118 lincRNAs are bound and

transcriptionally regulated by the core transcription factors Oct4 and Nanog. Interestingly,

one of the ESC-specific lincRNAs identified by Guttman et al. was shown to be necessary

for maintaining ESCs by RNA-interference knockdown experiment (181 kb from Enc1; 46),

thus providing functional confirmation that lincRNAs play a direct role in ESC maintenance.

Another study that combined the mouse ESC transcriptome with genomic location mapping

identified four ESC-specified lincRNAs that are bound by Oct4 and Nanog (105).

Importantly, knockdown and overexpression of these transcripts led to changes in the

pluripotency of mouse ESCs and expression level of Oct4, Nanog, and lineage-specific

genes. The authors further characterized one of the lincRNAs (AK028326) as a coactivator

of Oct4 in a regulatory feedback loop. Recent work in iPSCs has revealed that OCT4,

SOX2, and NANOG colocalize at the promoters of three lincRNAs whose expressions are

highly enriched in reprogrammed cells (Figure 1b; 66). These lincRNAs were

downregulated upon OCT4 depletion as well as during differentiation of iPSCs and ESCs,

indicating coregulation of specific lincRNAs by key pluripotency factors. The authors

further demonstrated that lincRNA–regulator of reprogramming (lincRNA-RoR) regulates

defined factor reprogramming, as knockdown of lincRNA-RoR significantly reduced the

efficiency of iPSC formation. These results suggest that key pluripotency factors induce

expression of lincRNA-RoR, which in turn modulates the establishment and maintenance of

pluripotency (Figure 1b). Collectively, these discoveries underscore the intricate and

complex network of regulatory loops through which ncRNAs (miRNAs and lincRNAs) are

part of the integrated transcriptional circuitry that regulates the expression of genes that

define ESC fate and behavior.

Rewiring the Core Transcriptional Network by Transposable Elements

Curiously, comparison of the OCT4- and NANOG-bound sites between the mouse and

human genomes has revealed only modest similarity (9, 68). There are merely 32 common

genes that are cobound by the two transcription factors in both mouse and human ESCs (68).

Part of the dissimilarities could be attributed to differences in scope and breadth of the

mapping platforms, such as the wider genome coverage offered by ChIP-PET technology

(68). On the other hand, numerous studies have identified differences between human and

mouse ESCs in terms of their morphologies, growth rates, marker expression, and growth

factor requirements. For example, human ESCs depend on bFGF for self-renewal, whereas

their mouse counterparts depend on the Lif/Stat3 pathway (97, 123). Recent studies have

shown greater resemblance between human ESCs with mouse epiblast stem cells (11, 121).

It is conceivable that the observed differences between mouse and human ESC networks

could be due to the fact that they are pluripotent cells derived from different developmental

stages.

A new study has provided key insights into the species divergences of the core circuitry.

Kunarso et al. (57) performed ChIP-seq profiling of OCT4, NANOG, and CTCF binding in

human ESCs and made direct comparison with existing ChIP-seq data sets previously

generated for mouse ESCs (18, 57). Consistent with previous studies, limited conservation

between mouse and human was found in OCT4 and NANOG binding (57). Of the most

enriched 10% OCT4 and NANOG binding sites in human ESCs, barely 5% have

homologous occupancy in mouse ESCs. This is in great contrast to the 50% conservation for

CTCF binding between the two species (57). Intriguingly, part of the differences between
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the binding sites in both species is due to the insertion of transposable elements, which

comprise up to 25% of the OCT4- and NANOG-binding sites in both humans and mice. In

humans, 20% of OCT4 and 15% of NANOG binding sites are associated with transposon

elements, whereas in mice, it accounted for 7% of the OCT4 sites and 17% of NANOG

sites. In another study, Xie and coworkers (135) used gene expression profiling of

preimplantation embryos from three mammalian species (human, mouse, and bovine),

integrating with comparative genomic data to predict the gene regulatory network that

controls preimplantation embryonic development. Notably, the authors found widespread

rewiring of the regulatory network between the species. Most of these observations can be

attributed to single-nucleotide mutations and species-specific transposon insertion in the cis-

regulatory modules of transcription factor binding sites.

The fact that species-specific transposable elements can rewire the binding landscape of

pivotal factors in mammalian ESCs suggests a striking plasticity in the core transcriptional

network. It also reveals transposable elements as a novel class of regulatory elements in the

transcriptional circuitry governing ESC pluripotency and early embryonic development.

Integrating the Embryonic Stem Cell Protein Interaction Network with the Transcriptional
Circuitry

Several groups have interrogated the protein interaction network of key pluripotency factors

using affinity purification coupled to mass spectrometry. Using in vivo biotinylated Nanog

protein as bait, Wang et al. (130) identified associated protein complexes and further applied

the same tagging strategy to several Nanog partners to elucidate the protein interactome of

ESC pluripotency. More recently, two groups using improved affinity FLAG or FTAP

tagging methodologies reported a more extensive interactome of transcription factor Oct4

(89, 125). Several interesting features of how pluripotency is regulated have emerged from

these protein-interaction network studies.

First, Nanog and Oct4 are connected to other critical pluripotency factors through protein

interactions; these networks are enriched for transcription factors or proteins that are critical

for ESC pluripotency or early mouse development (52). Second, chromatin modifiers such

as histone deacetylase NuRD (MBD3, HDAC1/2, and CHD4), PcG proteins (YY1, RNF2,

and RYBP), SWI/SNF chromatin remodeling complexes (BAF155 and BRG1) (reviewed in

42), DNA methyltransferases (DNMT3A/DNMTI), histone demethylase (AOF2), and the

co-repressor KAP1 (TIF1) have been found to interact either directly or indirectly with Oct4

and Nanog (89, 125, 130). This suggests that Oct4 and Nanog may regulate transcription of

downstream targets through the fine-tuning of chromatin states. Notably, the interaction of

Oct4 with PcG proteins could be implicated in transcriptional repression of differentiation-

promoting genes in the pluripotent state (27). Third, the expression level of the majority of

interacting proteins is controlled by Nanog, Oct4, or other pluripotency transcription factors.

For example, 56% of the genes in the Nanog interactome (130) and 51% of genes encoding

Oct4 partners (89) are targets of at least one key ESC transcription factor (9, 18, 52, 68).

Previous genome-wide location studies reported extensive colocalization of pluripotency

factors and formation of enhanceosome sites (18, 52). Indeed, Dax1, Tcfcp2l1, and Esrrb are

targeted in an Oct4-dependent manner to several of their shared binding sites with Oct4

(125). This observation suggests that protein-protein interactions may initiate the formation

and stabilization of enhanceosomes at the multiple-factors-bound sites within the ESC

transcriptional circuitry (Figure 1c; 125). This has provided mechanistic insights into

previous findings where the consensus binding motifs of Dax1, Tcfcp2l1, Esrrb, and Nanog

were found to be almost identical to the Oct4/Sox2 binding sites (18, 52). The high degree

of interconnectivity between transcription and protein interaction networks appears to

maintain ESCs in an internally stable and self-sustaining pluripotent state.
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EPIGENETIC REGULATION OF THE PLURIPOTENT STATE

In recent years, it has become increasingly clear that pluripotency in ESCs is not only

governed by extensive transcriptional regulatory networks, but also determined by the

complement of histone modifications, DNA methylations, and chromatin remodelers that are

responsible for establishing a unique ESC chromatin signature. In the second part of this

review, we summarize the known features of the epigenetic landscape in ESCs and iPSCs,

and how these marks add to our appreciation of the complexity of the pluripotency

regulatory circuitry.

DNA Methylation in Embryonic Stem Cells

In mammalian systems, the addition of methyl groups to the 5′ position of cytosines at

selected locations in the genome, usually where cytosine is immediately adjacent to guanine

(known as a CpG site), is an integral part of early development. Indeed, the creation of the

totipotent zygote from the fusion of terminally differentiated gametes is intimately

interconnected and dependent upon dynamic changes in the methylome of the parental

pronuclei. Analysis of DNA methylation profiles in gametes has demonstrated that both

nuclei undergo extensive loss of DNA methylation marks—the male pronucleus is subjected

to active demethylation prior to nuclear fusion (50, 73, 86, 98), while the female counterpart

loses DNA methylation passively over the first few cell cleavages owing to a lack of

maintenance methyltransferases (98). The hypomethylated genomic state persists until

implantation, following which a wave of de novo methylation deposits epigenetic marks that

are believed to correlate with increasing cell lineage specification and decreasing

developmental potential (7, 50, 98). This epigenetic transition is conserved in cattle but

occurs at an earlier time point—bovine embryos undergo demethylation around embryonic

day 8 and de novo methylation between days 8 and 16. Analyses of zygotic methylomes of

rats and pigs have also provided evidence for demethylation of parental genomes in these

mammals (23).

The role of DNA methylation is of obvious importance in mammalian development:

knockout studies of key DNA methyltransferases—namely, the maintenance

methyltransferase Dnmt1 and the de novo methyltransferases Dnmt3a and Dnmt3b (17, 83,

84)—have demonstrated that any misregulation of DNA methylation results in early

embryonic lethality (60, 84). Given the nature of development as essentially the spatial and

temporal interplay of pluripotency and differentiation cell programs, the severe in vivo

repercussions of erroneous DNA methylation programs points strongly toward a role for

DNA methylation in regulating the progression from ground-state pluripotency toward more

lineage-specified cell states. This idea has been pursued through surveys and comparisons of

5′-methylcytosine distribution in the genomes of both pluripotent and differentiated cells.

Through such studies, some basic insights into the nature of methylation patterns have

emerged. First, cytosine methylations demonstrate bimodality in which regions that are

densely packed with CpG dinucleotides (also known as CpG islands) tend to be protected

from methylation, whereas regions with low-density CpG dinucleotides are not (50). This is

by no means absolute, because different cell types are known to demonstrate differential

methylation at certain CpG islands. A closer look at CpG sites in the human genome has

also revealed that many CpG sites fall within putative gene promoter regions (33). These

promoters have been divided into those that are CpG rich (high CpG promoters) or CpG

poor (low CpG promoters) (26, 100, 132). Interestingly, the integration of DNA methylation

maps with gene expression profiles and RNA polymerase II binding sites suggested a

negative correlation between methylation marks and transcription. High CpG promoters

often marked active genes and were mostly associated with ubiquitously expressed

housekeeping genes, whereas low CpG promoters usually corresponded to tissue-specific
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genes, of which only a small subset is expressed in any given cell type so as to maintain cell

identity (132).

In the context of ESCs, the connection made between DNA methylation and transcriptional

regulation has garnered great interest, primarily because it hinted at a new layer of

transcriptional control for the pluripotent cell state (12). Numerous studies utilizing either

methylcytosine affinity enrichment (28, 31) or bisulfite treatment (3, 24, 74, 75) followed by

a variety of targeted approaches (e.g., user-defined arrays, library generation using custom-

designed padlock probes or reduced representation sequencing) have been performed to

define an ESC-specific DNA methylation profile that provides insight into the epigenetic

control of pluripotency.

Using methylated DNA immunoprecipitation coupled to microarray analysis, two groups

have independently mapped the methylome of mouse ESCs (Figure 2; 28, 31). Gene

ontology analysis of genes with methylated promoters (which were often transcriptionally

silent) or unmethylated promoters (mostly transcriptionally active) demonstrated that

although methylated genes generally corresponded to those implicated in differentiation,

over half of unmethylated genes were regulators of transcription. In addition, the promoter

regions of important pluripotency genes expressed in ESCs—such as Oct4, Nanog, Sox2,

Stat3, Tdgf1, Lefty1, and Rex1—are unmethylated in ESCs but methylated in somatic cells.

Interestingly, a comparison of DNA methylation profiles with Oct4 or Nanog binding sites

in the mouse genome revealed that transcription levels of genes activated by Oct4 or Nanog

binding were also weakly affected by the presence of methylation marks at promoter

regions. Thus, although the link between DNA methylation and the regulation of

pluripotency is still not fully understood, the above observations present evidence for a

model in which the CpG methylation machinery, through highly selective deposition of

DNA methylations, functions both as an upstream regulator of key pluripotency genes and

as a mediator for fine-tuning the regulatory effects mediated by transcription factors.

One issue with the use of targeted approaches for DNA methylation analysis is the inherent

bias introduced by the need to select regions of the genome for analysis. A study by Lister et

al. (63) overcame this limitation with the Methyl-seq approach, in which deep sequencing

was applied to bisulfite-treated genomic DNA from human ESCs and fibroblasts. The team

was able to map, on an unprecedented scale, the human methylome at single-base resolution.

Their data revealed that apart from CpG methylations, ESCs were also exclusively

methylated at non-CpG sites where methyl groups were appended to cytosines at CHG or

CHH trinucleotides (where H = A, C, or T). This is in agreement with earlier reports in

which non-CpG marks were found in mouse ESCs (95). Further characterization of CHG

and CHH methylations demonstrated that these marks are enriched in exons of highly

expressed genes such as OCT4 (63). Although little is currently known about the

mechanisms of depositing non-CpG methylations and their exact role in ESCs, the fact that

they are observed in iPSCs but rarely in fibroblasts argues for their importance in the

establishment of the pluripotent cell state.

Methyl-seq has also been used to compare methylomes across iPSC lines generated with

different reprogramming methods and human ESC lines (64). The study revealed that

differentially methylated regions (DMRs) iniPSCs that are shared by the different iPSC lines

(e.g., close to centromeres and telomeres) could define loci that are less amenable to changes

in the methylation (64). The molecular basis for these hot spots of differential methylation is

intriguing and provides new insights into the manner in which methyl groups are deposited

or lost from cytosine residues.
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The traditional emphasis on studying DNA methylation at CpG islands has also been

challenged in another study where DMRs between iPSCs and fibroblasts were compiled

(25). Contrary to what was expected, the majority of DMRs found from the comparison of

the two cell types were located at CpG island “shores”—regions located in the vicinity of

CpG islands that have lower CpG density, rather than within actual CpG islands—and

overlapped with DMRs that distinguished different tissue types (25). Tissue-specific DMRs

are critical for cell fate specification; the fact that resetting the terminally differentiated

epigenome back to the pluripotent state involves a very similar set of DMR loci is indicative

of the DNA methylation-mediated pathway in which developmental gene expression is

modulated for the recapitulation of pluripotency.

Besides the modification of cytosines to methylcytosines, recent studies have also found that

methylated cytosines can be further modified to 5′-hydroxymethylcytosines (5hmC) almost

exclusively by the TET (ten-eleven translocation) family of proteins (45, 55, 117). Of the

three TET enzymes, Tet1 and Tet2 are expressed in mouse ESCs, and emerging evidence

has implicated them in both ESC maintenance and differentiation. Work by Ito et al. (45)

has suggested that Tet1 knockdown affects Nanog expression, dampens ESC renewal rates,

and drives the transcription of trophectoderm-specific markers such as Cdx2 and Hand1.

TET1 depletion also correlated with an increase in methylation at Nanog promoters. Data

from Koh et al. (55) demonstrated a role for Tet1 and Tet2 in ESC differentiation. In

particular, the two enzymes were both downregulated upon differentiation but upregulated

over the course of iPSC genesis from fibroblasts. Koh et al. proposed that correlations

between 5hmC epigenetic marks and the pluripotent cell state could arise from the

regulation of the TET proteins by Oct4 and Sox2 given the presence of binding sites for

these two master regulators at Tet1 and Tet2, and their downregulation under Oct4/Sox2

knockdown conditions. Although the role of the 5hmC epigenetic mark in stabilizing ESCs

in the pluripotent state is still under debate and awaits more conclusive experimental testing,

the fresh insights provided by these studies establish an additional link between the

epigenetic state of chromatin and the core transcriptional regulatory network controlling

pluripotency. In addition, the extension of the findings from mouse to human ESCs is an

exciting possibility that remains to be studied.

Although DNA methylation has been observed to interact with and modulate the master

regulators of the ESC fate, whether DNA methylation is absolutely necessary to maintain

ESC in stable equilibrium remains controversial; ESCs in which Dnmt1, Dnmt3a, or

Dnmt3b are knocked out can be maintained in a self-perpetuating state without

differentiating, and express the characteristic suite of pluripotency markers (83, 123).

However, these cells also tend to be trapped in their pluripotent states and undergo rapid

apoptosis when induced to differentiate (88). On the other hand, DNA methyltransferase

inhibitors such as 5-azacytidine (106) and RG108 (77) have been known to enhance direct

reprogramming of mouse fibroblasts by as much as 10–30-fold, arguing for a strong

influence of DNA methylation status on the establishment of the pluripotent cell state. Given

that both processes in which the methylome landscape is critical for pluripotency involve

cell state transitions, one could speculate that the accurate establishment of DNA

methylation across the genome is the gateway to a fully functional developmental program.

As such, although it is true that DNA methylation is not essential for maintaining self-

renewal in ESCs, it is crucial for fulfilling the other defining characteristic of ESC—the

ability to give rise to all tissues in the adult organism.

Histone Modifications in Embryonic Stem Cells

Besides DNA methylations, the vertebrate genome is also populated by a variety of histone

modifications (methylations, acetylations, phosphorylations, etc.). These epigenetic marks

tend to occur at conserved amino acid residues of histone tail domains and have the ability
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to fine-tune gene expression (115). Histone modifications for which correlations between

the modifications and gene activity are well established have been mapped in ESCs (4, 42).

Although the information generated from these studies has been helpful in sketching out key

features of the ESC-specific epigenome, a true appreciation of the mechanisms by which

histone modifications influence pluripotent cell identity is currently lacking. However, such

studies have been instrumental in driving home the idea of the combinatorial nature of

histone modifications. The proposal of a histone code (48, 113), in which histone

modifications gather in different permutations and combinations to regulate gene activity,

allows for a more sensitive and versatile epigenetic regulatory mechanism.

H3K4 and H3K27 methylation. The mapping of histone 3 lysine-4 and lysine-27

trimethylation (H3K4me3 and H3K27me3, respectively) at highly conserved noncoding

elements and later on a genome-wide scale in mouse and human ESCs has revealed that the

majority of protein-coding genes surveyed are associated with H3K4me3 (2, 4, 5, 35, 36, 42,

78, 87, 140). This observation has been confirmed in vivo in early embryos of zebra fish

(126). H3K4 modifications usually concentrate at transcription start sites, and, in agreement

with previously established notions of H3K4 being an activating mark (99, 101), are

observed in association with key pluripotency factors such as Nanog, Oct4, and Sox2.

Interestingly, H3K4me3 often falls within larger swaths of genome populated by repressive

H3K27me3 marks, resulting in the formation of bivalent domains (5), which are found with

high incidence at transcription start sites of transcription factors crucial for cell fate

specification, such as the Sox, Hox, and Pax gene families. Interestingly, the comparison of

histone modification domains in ESCs and somatic cells revealed that bivalent domains are

rare in differentiated cells. Indeed, bivalent loci present in ESCs usually resolved into

patches of H3K4 and H3K27 methylation that exist independently as monovalent domains.

Notably, methylation of H3K27 is epistatic to that of H3K4, such that genes marked with

bivalent promoters tend to be minimally expressed. As such, bivalency in histone

modifications has been regarded as a reflection of an ESC-specific chromatin state in which

factors critical to differentiation and cell fate specification are repressed, yet kept in a

dynamic state poised for rapid activation upon induction of differentiation.

Bivalent domains are critical for development—knocking out genes encoding the trithorax

group proteins [which deposit H3K4 methylation marks (10)] and the PcG proteins (which

deposit H3K27 methylation marks) is lethal for gastrulation and embryonic survival (90,

102, 128). Given their importance, genome-wide location analysis has been undertaken to

characterize bivalent domains in finer detail. Binding analysis for the two polycomb

repressive complexes (PRC1 and PRC2) has revealed that although they colocalize to a large

extent with each other and with H3K27 methylation marks, there exists a significant

population of bivalent domains in ESCs that associate with PRC2 alone (56). Unlike

bivalent domains occupied by both complexes, the correspondence between this new class

of bivalent domains and transcription factor promoters was weak and tended to lose H3K27

methylations upon differentiation. Further analysis of the activity of PRC1 and PRC2 is

required before we can better appreciate the implications of having two varying classes of

bivalent domains in ESCs.

Given the role of H3K27me3 as a repressor of cell lineage specification, there has been great

interest in understanding the molecular mechanisms regulating the recruitment of PcG

proteins to gene promoters. PcG localization in Drosophila occurs via the recognition of

specific DNA sequences in the genome called polycomb response elements (16, 108, 116),

but no comparable recognition systems have been found in mammals. Although PcG

localization sites corresponded to genomic regions of high CG content (56), this property

alone was not sufficiently stringent for the prediction of PcG distribution. A comparison of

OCT4, SOX2, and NANOG binding sites with PcG target genes in human ESCs has also
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revealed a significant colocalization of PcG proteins with the core transcriptional regulatory

network. Although direct interactions between the two groups of proteins have not been

found, it is possible to conceive a PcG recruitment mechanism in which binding of the

transcription factors provides some sort of signal that flags genes for PcG targeting.

Recently, Jarid2—a member of the Jumonji family of lysine demethylases—has also been

recognized as a modulator of PRC2 activity in mouse ESCs (61, 91, 92). This model is

attractive because JARID2 is a DNA binding protein (61) known to colocalize to genomic

loci occupied by PRC2. The promoter of Jarid2 is occupied by OCT4, SOX2, and NANOG,

suggesting that Jarid2 could be the mediator through which PcG proteins are wired into an

extended transcriptional network in ESCs. Apart from JARID2, the polycomb-like 2 (PCL2)

protein was also found to associate with PRC2 in mouse ESCs (129) and could play a role in

PcG recruitment and stable propagation of the ESC state. The various threads of evidence

presented above suggest the existence of several mechanisms through which bivalent

domains are established in ESCs.

H3K9 methylation. In addition to the distinctive H3K4me3 and H3K27me3 co-occupancy

domains, ESCs also contain the repressive H3K9 di- or trimethylation histone modifications.

Both types of H3K9 methylations have been mapped in ESCs using either ChIP-on-chip

(134) or single-molecule sequencing (77). Notably, the dynamics of H3K9me2 and

H3K9me3 deposition are distinctly different. H3K9me2-populated genomic domains seem

to undergo spreading as ESCs differentiate, such that they eventually occupy large blocks of

chromatin, but this phenomenon was not observed for H3K9me3. Beyond the idea that

H3K9me2 mediates gene silencing, it is not clear how methylation spreading is carried out

and how it is kept in check in undifferentiated cells. The two lysine methylations also

colonize different regions of the genome, suggesting nonredundancy in the epigenetic

effects mediated by each mark. Interestingly, H3K9me3 is mostly detected in partnership

with H4K20me3, providing further evidence in support of the histone code hypothesis (77).

Crosstalk Between Histone Modification and DNA Methylation

DNA methylation and histone modification have long been known to engage in extensive

crosstalk (Figure 3). Compelling evidence for their intimate relationship has arisen from

studies in Neurospora and Arabidopsis (47, 119). Similar observations have been made in

mammalian systems; large-scale mapping of DNA methylation and H3K4me2 showed a

strong negative correlation between these two marks in both ESCs and more differentiated

cells (75), an observation that is in agreement with earlier studies (41, 58). Notably, the

exchange of information between epigenetic regulators is bidirectional: deposition of histone

modifications may be both a result of DNA methylation and an inducer of the epigenetic

mark, and the same applies for DNA methylation. Indeed, cases in which CpG methylations

appear to induce histone deacetylation or H3K9 methylations have been reported.

The presence of DNA methylation on genomic segments is detected by methylcytosine

binding proteins—in particular, MECP2 and MBD2. MECP2 has been found to associate

with histone deacetylases (49, 80) and histone H3 methyltransferases (32). Likewise,

mediators of H3K9 and H3K27 methylation also demonstrate a propensity for interaction

with DNA methyltransferases (DNMTs) (Figure 3a). G9A and ESET, both

methyltransferases for H3K9, are able to interact with DNMT3A/3B to direct the deposition

of DNA methylations in their vicinity (Figure 3b; 29, 62). G9A along with SUV39H1/2 also

associate with the heterochromatin protein HP1 to bring about the recruitment of DNMT1

and DNMT3B to pericentric repeat regions of the genome (Figure 3b; 59, 110). There is also

evidence that the PRC2 component EZH2 engages in direct interaction with DNMTs to

establish stable repression of target genes (Figure 3c; 127).

Loh et al. Page 11

Annu Rev Genomics Hum Genet. Author manuscript; available in PMC 2013 May 13.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



The idea of a bidirectional pipeline through which epigenetic information can be propagated

might explain how the wave of de novo methylation that occurs early in mammalian

development is precisely imposed on specific genomic loci. It has been proposed that the

presence of H3K4 methylations, which is deposited prior to de novo methylation during

maternal-to-zygotic transition, might occlude sites of histone modification and thus protect

specific regions of the genome from acquiring methylation (13). Because methylations at

H3K4 are activating and normally found at CpG islands in ESCs, the model also explains

how most CpG islands are accorded an unmethylated status.

DEFINING STEM CELL PLURIPOTENCY: INSIGHTS FROM

REPROGRAMMING

In mammalian systems, the pluripotent cell state exists transiently as the embryo proceeds

through the phases of development to give rise to an organism with a diverse array of

specialized cell types. This progressive and inexorable loss of developmental plasticity that

occurs with embryonic maturation is notoriously difficult to reverse. Indeed, the few

methods available for artificial reprogramming—namely, somatic cell nuclear transfer (22,

37, 44), cell fusion (111), and defined cell culture conditions (72, 103)—require very

specific cell types and specialized manipulation conditions, often relying heavily on a

complement of unknown factors present in oocytes or pluripotent cells before the rare

reprogrammed cell can be derived. Groundbreaking work by Takahashi & Yamanaka (118)

in 2006 revolutionized the field with the demonstration that the ectopic introduction of

merely four transcription factors known to be implicated in the regulation of pluripotency

could result in a dramatic switching of cell potency and revert differentiated cells back to an

ESC-like state. The implications this has for regenerative medicine, disease modeling, and

drug discovery are immense, and the development of such a controlled in vitro system—one

in which key molecular events along the path toward the pluripotency can be dissected—has

expanded our understanding of ESC biology.

Immediate insights into pluripotency arose from efforts to refine and enhance the efficiency

with which iPSCs could be generated. The discovery that small chemicals that demethylate

DNA or alter histone acetylation can enhance iPSC derivation indicates that pluripotent cell

states can be attained only with an open and permissive genomic architecture (30). This

notion is reinforced by evidence that introducing factors engaged in remodeling chromatin

complexes, such as BAF (109) and CHD1 (34, 93), can help differentiated cells scale the

epigenetic barrier to attain an ESC-like state.

More importantly, analysis of “omics” data generated from cells at different stages along the

path toward pluripotency has identified critical prerequisites for the establishment of

pluripotency—features that might otherwise have been lost in the sea of information

generated from genome-wide surveys of ESC transcriptomes and epigenomes. For example,

comparisons of global gene and small RNA expression profiles between fully and partially

reprogrammed iPSCs have implicated expression of protein-coding genes and miRNAs at

the Dlk1-Dio3 locus as essential to the most faithful acquisition of pluripotency (65, 112).

Recent genome-scale studies of distinct pluripotent stem cell types indicate enough

heterogeneity to suggest that we need to refine our definition of pluripotency. Comparisons

of the DNA methylation profiles of pluripotent murine cells derived by somatic cell nuclear

transfer or factor-based reprogramming from different somatic cell types indicate that

reprogramming fails to fully erase past epigenetic marks, even in iPSCs that pass high

stringency tests for pluripotency, such as the ability for germline transmission (54). Whole-

genome bisulfite sequence analysis of human ESCs and iPSCs has revealed that specific

regions of the genome, particularly peri-centromeric and telomeric regions, can retain
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aberrant methylation (64). The concept of persistent epigenetic memory in iPSCs is

intriguing, because it suggests that the pluripotent state of the genome is governed by a

restricted network of loci and remains tolerant of a wide array of epigenetic marks outside

that network. These observations also beg the question of how stringent the genomic

definition for pluripotency needs to be; the answer is essential to defining how we use

genomic data as a benchmark to assess cellular pluripotency, either for basic research

purposes or as a quality control measure in the selection of clinical-grade human iPSCs (for

which rigorous functional tests are limiting). Further complicating the notion of pluripotency

is the existence of metastable, interchangeable states that exist in different pluripotent stem

cell isolates (19). For example, it is well known that important distinctions in cell

morphology, signaling pathways, and X inactivation status exist between ESCs derived from

mouse and human blastocysts (71, 123; reviewed in 96). Notably, human ESCs have been

observed to bear significant biological resemblance to mouse epiblast stem cells (121) and

were thus thought to be representative of a “primed” pluripotent state, in contrast to “naive”

mouse ESCs, which reside in a more primitive ground state of pluripotency and show

greater propensities for chimera tissue contribution (138). The notion of alternative and

interchangeable states of pluripotency has been verified recently by Hanna et al. (39), who

demonstrated that human ESCs could undergo transitions to a more murine ESC-like state.

It is possible that subtle differences in the transcriptome and epigenome exist even within

the naive or primed states, given that several degrees of variability in the differentiation

potential of human ESCs have been observed in a manner independent of passage number

(85).

From these studies, it appears that the definition of the genome-wide transcriptional and

epigenetic profiles that define the pluripotency of ESCs are complex and subject to revision

and refinement. Although ESCs possess characteristic transcriptional network, DNA

methylation, and histone modification signatures, it would be wise to remain mindful that

the presence of metastable pluripotency states challenges the notion of a singular, uniform

genomic state of pluripotency.

CONCLUDING REMARKS

Using various “omics” studies, stem cell scientists have generated vast quantities of data that

have begun to illustrate the epigenetic landscape of pluripotent stem cells and the transitions

that occur during commitment to differentiation. This information has undoubtedly been

crucial for describing genomic networks, but our understanding of the functional role and

significance of particular epigenomic differences remains limited, and more mechanistic

studies, together with ongoing efforts to map genomic features of ESCs, iPSCs, and the

growing number of alternative cell states, are needed.

As discussed by Loh & Lim (67), lack of standardization in microarray data analysis may

lead to different conclusions in comparing pluripotent states of iPSCs and native ESCs.

Ultimately, as “omics” technologies become increasingly accessible, the stem cell

community must agree on and adopt common statistical standards of data analysis, as well

as precise molecular definitions of pluripotency in all its varieties.
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Figure 1.
Transcriptional circuitry that maintains pluripotency. (a) The key transcription factors of

pluripotency form positive reciprocal and autoregulatory loops that maintain the expression

of Oct4, Sox2, and Nanog. The key factors also synergistically co-occupy numerous

downstream target genes that promote self-renewal and maintain pluripotency, while

repressing developmentally regulated genes that drive differentiation. Transcription factors

are represented by ovals, and the genes are represented by rectangles. (b) OCT4, SOX2, and

NANOG co-occupy the multiple transcription-factor-binding loci (MTL) enhancer and

positively regulate numerous noncoding RNAs in human induced pluripotent stem cells

(iPSCs). Large intergenic noncoding RNA–regulator of reprogramming (LincRNA-RoR), a
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downstream effector of the core network, is important for establishing pluripotency during

iPSC reprogramming. (c) An Oct4-centered network in ESCs. A schematic network,

constructed based on Reference 125, consists of Oct4-interacting proteins and interacting

partners of Oct4-associated proteins. Complexes consisting of several protein subunits are

indicated by large yellow circles. The Oct4 interactome was further wired to the

transcription regulatory network through integration of data sets from microarray profiling

and transcription factor binding. Rectangular nodes represent genes that are bound by Oct4

as reported by previous ChIP-on-chip or ChIP-seq studies (18, 52). Red indicates functional

regulation, as the expressions of respective genes were repressed with reduced levels of

Oct4 in ZHBTc4 ESCs (104). Thick blue lines connect Oct4 with transcription factors that

synergistically co-occupy downstream target genes with Oct4.
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Figure 2.
Genomic-wide mapping of protein-DNA interactions, histone modifications, and DNA

methylation. Transcriptional networks and characteristics of the epigenome such as histone

modifications and DNA methylation can be uncovered by highly condensed microarray

chips or by next-generation sequencing technologies, respectively.
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Figure 3.
Crosstalk between histone and DNA modifications. (a) DNA methylation can direct either

acetylation or H3K9 methylation. DNA methyltransferases (DNMTs) have been found to

associate with both histone deacetylases (HDACs, left) as well as H3K9 methyltransferases

(right—e.g., G9a). DNA methyl binding proteins (e.g., MECP2) associate with both HDACs

and H3K9 methyltransferases (e.g., ESET). (b) H3K9 methyltransferases can direct DNA

methylation. The SUV39H1/2 and G9a histone methyltransferases (HMTs), when

complexed with HP1 (adapter), can recruit DNMTs (left). ESET can complex with DNMTs

directly (right). (c) H3K27 methyltransferase EZH2 can direct DNA methylation. DNMTs

have been found to bind directly to EZH2.
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