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Abstract

In mammals, global DNA demethylation in vivo occurs in the pre-implantation embryo and in 

primordial germ cells (PGCs) where it is hypothesized to create a blank slate or “tabula rasa” 

upon which new DNA methylation patterns are written. However, global DNA demethylation in 

vivo is far from complete with a small number of loci protected from demethylation. Failure to 

demethylate, or overt demethylation results in compromised differentiation. Recent work has 

shown that reversion of primed human pluripotent stem cells to the naïve state leads to unbridled 

DNA demethylation which has unknown consequences on the quality differentiated cells created 

in vitro. Taken together understanding DNA methylation remodeling is critical for understanding 

the epigenetic foundations of life, and the quality of stem cells for regenerative medicine.

The kinetics of DNA demethylation in vivo

Global DNA demethylation in vivo occurs in the pre-implantation embryo and in primordial 

germ cells (PGCs) of mammals (Figure 1). Modifying the molecular pathways that regulate 

global DNA demethylation is incompatible with development and differentiation, 

illustrating the crucial role for global DNA demethylation in health and fertility [1,2]. 

Historically it was thought global DNA demethylation in vivo results in the removal of 

cytosine methylation from the entire genome [3]. However, using unbiased genome-wide 

sequencing approaches at single-base resolution it is now appreciated that DNA 

demethylation in vivo does not create a blank slate. Instead, persistently methylated 

cytosines are found at certain classes of transposons, as well as some rare intragenic regions 

such as exons, promoters, splice sites and CG islands [4–12]. The result is a unique 

hypomethylated landscape in the pre-implantation embryo and PGCs which is required to 

launch the next stages of development and differentiation.

The epigenome of the pre-implantation embryo is created after fertilization of a haploid 

oocyte and sperm [13] (Figure 2). Removal of cytosine methylation from the maternal 

mouse genome after fertilization follows a slow kinetics, closely coupled to DNA replication 
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[14–18]. In contrast the hyper-methylated paternal genome is rapidly demethylated at 

fertilization prior to the first cleavage to create the 2-cell embryo [14–18]. Recent work 

indicates that both the maternal and paternal genomes are demethylated prior to forming the 

2-cell embryo, and that DNA demethylation involves oxidation of 5-methylcytosine (5mC) 

to 5-hydroxymethylcytosine (5hmC) by Tet methylcytosine dioxygenase 3 (Tet3) [1,15–

17,19]. Specifically, DNA demethylation of the maternal genome prior to the 2-cell stage 

involves a minor role for oxidation by Tet3 with a major role for passive replication-coupled 

DNA demethylation, in contrast, demethylation of the paternal genome involves a major 

role for Tet3 and replication-coupled DNA demethylation (Figure 2). After the 2-cell stage, 

the methylation landscape continues to change in the pre-implantation embryo through loss 

of DNA methylation during cleavage divisions ultimately generating a blastocyst composed 

of trophoblast and inner cell mass cells. The inner cell mass of the pre-implantation 

blastocyst at embryonic (E) day 3.5 exhibits the lowest average CpG methylation of all pre-

implantation embryonic stages [4]. This hypomethylated state is relatively transient, with 

global re-methylation occurring rapidly by E5.5 in the epiblast during implantation. This 

restores DNA methylation to the levels observed in somatic cells of the embryo [4] (Figure 

2). At this point, the methylated epiblast is poised to generate all cell types in the body, 

including PGCs.

In the post-implantation embryo PGCs are specified from the epiblast at ~E6.25, resulting in 

an average of forty definitive PGCs by E7.25 that exhibit global DNA methylation levels 

similar to the surrounding somatic cells [10,12,20,21]. Then, around 24–36 hours after 

specification, the PGC genome globally demethylates to around 50% of the levels quantified 

in the epiblast. In PGCs, this DNA demethylation event is referred to as stage I DNA 

methylation reprogramming (Figure 1). Next, the PGC genome demethylates further by 

locus-specific DNA demethylation from E9.5 to E13.5. This is referred to as stage II DNA 

methylation reprogramming [12,14,21]. The combined effects of stage I (global DNA 

demethylation) plus stage II (local DNA demethylation) creates an epigenetic landscape at 

E13.5 that has been termed the germline epigenetic ground state (Figure 2).

Although the E3.5 blastocyst and E13.5 PGCs are hypomethylated, the absolute levels of 

cytosine methylation in PGCs is lower because fewer cytosines are protected from DNA 

demethylation during PGC differentiation (Figure 2). For example, in the pre-implantation 

embryo cytosine methylation is protected at imprinting control centers (ICCs), some 

transposable elements [4,5,11] and transient maternally methylated CG islands (CGI) 

[4,5,13]. In PGCs, cytosine methylation is lost from ICCs and almost all transposons, with 

only the youngest transposable elements and pericentromeric heterochromatin retaining 

DNA methylation [9,10,12,14,21]. These persistently methylated sites in PGCs lead to 

interesting health-related questions regarding DNA methylation inheritance in the germline 

and susceptibility to disease in the next generation. For example the creation of abnormal 

epialleles, or the demethylation of an active transposon could cause permanent epigenetic or 

genetic changes to germline DNA respectively.

Clark Page 2

Curr Opin Genet Dev. Author manuscript; available in PMC 2016 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DNA demethylation in vitro

Uncovering mechanisms of DNA demethylation in vivo is difficult to achieve because of 

low cell numbers and technical challenges in working with pre-implantation embryos. An 

alternate model to study DNA demethylation involves the use of in vitro pluripotent cell 

types. Specifically, the reversion of PGCs to embryonic germ cells (EGCs), reversion of 

serum cultured mouse embryonic stem cells (ESCs), to the naïve ground state, and more 

recently, reversion of primed human ESCs (hESCs) to the naïve state (Figure 1). The 

advantage of studying DNA demethylation in vitro is the large number of cells that are 

amenable to biochemical studies. The caveat is the heterogeneity in which cells enter and 

exit from the process of DNA demethylation, and the different methylation landscapes that 

emerge at the conclusion of reversion, which may have important implications to the use of 

hypomethylated pluripotent stem cells in regenerative medicine.

The majority of mechanistic insights on pathways that regulate global DNA demethylation 

in vitro have been uncovered by reverting mouse ESCs from serum containing medium plus 

leukemia inhibitory factor (LIF) (herein referred to as “serum”), to a defined medium with 

LIF and inhibitors of mitogen activated protein kinase and glycogen synthase kinase-3 (2i). 

[22–24]. Global DNA demethylation following reversion from serum to 2i takes around 72 

hours. This dramatic and widespread loss of DNA methylation also occurs when switching 

primed human ESCs to the naïve state in medium containing titrated 2i, LIF and Gö6983 

[25]. However, the timing of global DNA demethylation during human reversion remains to 

be determined. Furthermore, in the mouse, the degree of DNA demethylation with reversion 

in vitro is sex-dependent, meaning that reverted female ESC lines are more hypomethylated 

than reverted male ESC lines [24,26]. The mechanism(s) that contribute to this sex-specific 

difference, and whether this also applies to human cells are unknown but warrant more 

investigation.

Mechanisms that remove DNA methylation globally from the genome

One of the major mechanisms for promoting DNA demethylation when reverting mouse 

ESCs to 2i involves up-regulation of the DNA binding protein Prdm14 (positive regulatory 

domain 1 binding factor 1 (PRD1-BF1) and retinoblastoma interacting zinc finger (RIZ) 

homology domain containing 14) [22,23,27,28]. Deleting Prdm14 in 2i-cultured ESCs 

causes up-regulation of the de novo DNA methyltransferases Dnmt3b, Dnmt3a and an 

increase in the level of DNA methylation in the genome [22,26,27]. Deleting Dnmt3a, 

Dnmt3b or both in serum cultured ESCs is not sufficient to cause the same degree of DNA 

demethylation that occurs when switching ESCs from serum to 2i [23], suggesting that 

additional mechanisms must be at-play. Expressing specific splice variants of Dnmt3a and 

Dnmt3b together with Dnmt3l in 2i-cultured wild type ESCs is sufficient to increase the 

levels of DNA methylation at specific loci, however the affect on the whole genome is 

unknown [27].

An additional mechanism that removes DNA methylation from the genome together with 

Prdm14 involves the pluripotency-specific dioxygenases Tet1 and Tet2 [23,26]. Seventy-

two hours after switching ESCs from serum to 2i, a significant enrichment in 5hmC is 
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observed in the genome [23]. However, deleting both Tet1 and Tet2 prior to reversion only 

delays DNA demethylation [23]. Instead, Tets have localized effects on demethylating the 

genomic landscape [26]. Therefore, it appears that additional mechanisms are yet to be 

uncovered that function independently or synergistically with Prdm14, Tet1 and Tet2 to 

demethylate mammalian genomic DNA.

Locus specific protection from DNA demethylation

During in vitro DNA demethylation in 2i, ICCs are protected from demethylation through 

what is speculated to be the activity of Dnmt1/Uhrf1 maintenance methylation [22,23,26]. 

However, our recent work suggests that reversion of primed hESCs to the naïve state causes 

locus-specific erosion of methylation beyond what is observed in both the pre-implantation 

embryo and in human PGCs [6]. Thus understanding the mechanisms that protect loci 

during global DNA demethylation is critical to develop strategies that prevent abnormal loss 

of DNA methylation in vitro.

Clues for mechanisms that protect loci from global DNA demethylation came from studying 

the pre-implantation the embryo, beginning with a maternally supplied protein called 

Developmental pluripotency associated 3 (Dppa3). This protein functions to protect some 

(but not all) ICCs from DNA demethylation prior to E3.5 [29]. At Dppa3 target sites, it is 

now appreciated that histone H3 lysine 9 dimethylation (H3K9me2) functions as a substrate 

for Dppa3, with loss of H3K9me2 leading to failed recruitment of Dppa3 and loss of DNA 

methylation [30]. Protecting sites from overt DNA demethylation in vivo is critical as an 

oocyte-specific deletion of Dppa3 leads to failed pre-implantation embryo development. A 

second maternal protein called Trim28 (Kap1) was recently shown to recruit SET domain 

bifurcated 1 (Setdb1) to chromatin, causing local deposition of H3K9me3 [31]. Trim28 is 

tethered to DNA by Krüppel-associated box domain zinc finger proteins (ZFPs), with ZFP57 

being expressed by both the oocyte and embryo and enriched at the same ICCs as Trim28 

[31]. Deletion of maternal and zygotic supplies of ZFP57 also results in a loss in 

methylation at multiple ICCs, and similar to Dppa3 leads to failed preimplantation embryo 

development [32]. Therefore, protection from locus-specific demethylation in the pre-

implantation embryo (and possibly during reversion in 2i) involves complex cross-talk 

between DNA binding proteins and chromatin.

Mechanisms that promote DNA demethylation in PGCs

Similar to reversion in 2i, one of the major mechanisms responsible for promoting global 

DNA demethylation in mouse PGCs is Prdm14 [2]. Deleting Prdm14 in the embryo causes 

transcriptional derepression of the de novo methyltransferases Dnmt3a and Dnmt3b and a 

failure of the PGCs to undergo global DNA demethylation and the germline cells die [2]. 

However, unlike DNA demethylation in 2i, the maintenance methylation machinery is also 

handicapped in PGCs, with loss of Uhrf1 beginning soon after PGC specification [33]. 

These two events, repression of Dnmt3a/Dnmt3b and repression of Uhrf1 are speculated to 

be the major mechanisms for stage I global DNA demethylation in PGCs (Figure 1). The 

second stage of PGC demethylation occurs as cells enter the genital ridge and involves an 

orderly increase in Tet1 and Tet2 in single PGCs from E9.5-E13.5, oxidation of 5mC to 

5hmC and rapid cell division [9,10,34–36].
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Our recent work suggests that the initial global loss of cytosine methylation from the PGC 

genome in stage I occurs independently from Tet1 and Tet2, and that loss of methylation 

from ICCs is an intrinsic feature of demethylating germline cells that requires cell division 

in stage II [10,36,37]. These stage-specific events in PGC methylation remodeling combined 

with the critical role of Prdm14 in regulating DNA demethylation lead to an intriguing 

hypothesis that global DNA demethylation in vitro in pluripotent stem cells resembles the 

first stage of methylation remodeling in PGCs. If this is the case, what is acting to prevent 2i 

cultured ESCs and the germline cells from precocious demethylation of ICCs and certain 

transposons?

One candidate for protecting DNA methylation during stage I of PGC methylation 

remodeling is Dppa3, although its role appears very mild [38]. An alternate mechanism 

similar to the strategies used by pre-implantation embryos is H3K9me3, which is deposited 

primarily by Setdb1 in PGCs [39]. In ESCs cultured in serum, Setdb1 protects the long 

terminal repeats of retrotransposons and imprinted genes from demethylation in the absence 

of Dnmt3a and Dnmt3b [40]. Similarly in PGCs, loss of Setdb1 results in the derepression of 

some endogenous retroviruses and a heterogeneous reduction in DNA methylation 

particularly at sites that are normally highly enriched in H3K9me3 [39].

Concluding remarks

Global DNA methylation remodeling is an exquisite process where failure to demethylate 

leads to problems in embryo development and differentiation, and failure to protect loci 

from DNA demethylation results in the same fate. Therefore maintaining the correct balance 

of DNA demethylation and protection has tremendous implications when considering the 

use of globally hypomethylated pluripotent stem cells in regenerative medicine. Evaluating 

mechanisms of DNA demethylation in vitro indicate that the combined action of repressed 

Dnmt3b and Dnmt3a and oxidation of 5mC to 5hmC are localized in their effects, leaving 

open a major question of how a pluripotent stem cell genome is globally depleted of DNA 

methylation, and what barriers are in place to prevent unbridled DNA demethylation in 

vitro. Solving these questions is critical to developing strategies that prevent DNA 

methylation remodeling from going awry in vitro, and for understanding the epigenetic 

foundations of life in vivo.
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Figure 1. 
Global DNA methylation remodeling occurs in vivo during pre-implantation embryo 

development and in primordial germ cells (PGCs). In PGCs demethylation occurs in two 

stages as represented by two arrows. Global DNA methylation remodeling in vitro occurs 

during culture-induced reversion of PGCs to embryonic germ cells (EGCs) in medium 

containing 2i+LIF (called “2i” in the text), reversion of mouse ESCs cultured in a medium 

containing serum + LIF (called “serum” in the text) to 2i, and reversion of primed hESCs 

cultured in FGF2/Knockout Serum replacer (KSR) to the naïve state in a medium called 

titrated 2i + LIF + Gö6983.
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Figure 2. 
Kinetics of DNA demethylation in vitro and in vivo and the molecules involved in regulating 

this process. Orange box represents the stages in which the genome still contains methylated 

cytosines that are protected from global DNA demethylation. These include imprinting 

control centers (ICCs) and some transposons. In the box are the molecules identified to 

protect ICCs and transposons from precocious demethylation (see text for more details). 

Inner cell mass in blastocyst and epiblast in the embryo are shown in red. (*) Indicates that 

the protection mechanism functions both in pre-implantation embryos and PGCs.
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