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ABSTRACT OF THE DISSERTATION 

 

Mechanisms of demethylation in primordial germ cells and importance of stage-specific 

demethylation in safeguarding against precocious differentiation 

 

by 

Joseph David Hargan Calvopina 

Doctor of Philosophy in Molecular, Cell, and Developmental Biology 

University of California, Los Angeles, 2016 

Professor Amander Therese Clark, Chair 

 

Primordial germ cells (PGCs) are the cellular precursors for mature gametes which are 

responsible for giving rise to embryonic development and the next generation of PGCs. During 

development, proper PGC differentiation results in high quality gametes, which are essential for 

normal development and future child health. Problems during PGC differentiation can lead to 

impaired fertility, poor quality germ cells, or developmental defects in the next generation. One 

of the essential events that occurs during PGC development is whole-genome reprogramming of 

DNA methylation. The reprogramming of DNA methylation in the context of PGC development 

is required for appropriate cell lineage differentiation. This process is essential in establishing the 

correct epigenetic landscape which will impact differentiation, and maturation of PGCs. My goal 

is to focus on two aspects of genome-wide reprogramming in Primordial Germ Cells (PGCs).  
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First, the molecular mechanisms of DNA demethylation during the gonadal stage of 

development, as well as the mechanisms involved protecting specific loci from demethylation in 

order to allow for correct temporal expression of germ cell genes 

 

Primordial germ cells (PGCs) undergo genome-wide demethylation in two distinct stages.  Stage 

1 consists of global demethylation before embryonic (e) day e9.5 of mouse development.  Stage 

2 The second phase occurs once PGCs colonize the genital ridge between e10.5-e13.5, and 

happens in a temporal and locus-specific manner.  Results indicate that the second phase is 

regulated in part by Ten eleven translocation (Tet) protein Tet 1, and conversion of 5-

methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) at specific loci.  The major working 

model for Tet-dependent DNA demethylation involves replication-coupled loss of methylated 

cytosines from the genome.  However an alternate model would predict active removal of 5hmC 

at specific loci independent of cell division.   

 

In order to address this directly, we have established a new organ culture model involving the 

growth of dissected aorta/gonad/mesonephros (AGM) tissues isolated from the mouse embryo at 

e10.5. During three days of organ culture, we show that PGCs divide on average three times.  

We also show that in the background of global hypomethylation established in phase 1, PGCs 

isolated from the organ culture undergo locus-specific DNA demethylation, and 5hmC 

reorganization, and this occurs within three days. Using this model we have targeted the PGC 

cell cycle using a P-AKT inhibitor, and have determined that imprint erasure can happen in 

proliferation dependent and independent ways depending on the genomic locus 
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Alternatively, during the removal of DNA methylation in stage 1, some loci are protected from 

demethylation and the mechanism for this process remains unknown.  In the current study we 

tested the hypothesis that Dnmt1 is responsible for maintaining methylation by being recruited at 

specific genomic sites during whole genome demethylation. To address this, we created a 

conditional germline knockout of Dnmt1. Analysis of Dnmt1 conditional knockout (DCKO) 

PGCs revealed that Dnmt1 is the major methyltransferase that functions during whole genome 

demethylation to maintain DNA methylation at discreet genomic regions including intracisternal 

A particle (IAP) transposons, as well as maternal and paternal imprinting control centers.  

Furthermore, the absence of Dnmt1 results in precocious differentiation that leads to germ cell 

loss in both male and female embryos. Taken together, we propose a model in which 

maintenance of cytosine methylation by Dnmt1 is essential to maintain cytosine methylation at 

discreet regions of the genome during whole genome DNA methylation reprogramming. 
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DNA Methylation 

Epigenetic reprogramming and the role of DNA methylation have been implicated as important 

regulators of gene expression during developmental processes in both mouse and human 

embryos (Lande-Diner & Cedar, 2005).  DNA methylation consists of the placement of a methyl 

group on the 5th carbon of a cytosine base resulting in 5-methylcytosine (5mC). DNA 

methylation is primarily found in CpG dinucleotides, with a general exception in terms of CG 

Islands (CGIs) which have a greater CpG density, and is generally associated with a repressed 

chromatin state, and silenced promoter activity(Siegfried & Simon, 2010). The importance of 

DNA methylation during development is highlighted by the fact that mice who are deficient in 

DNA methyltransferase activity die prenatally(Hirasawa et al., 2008; Li, Bestor, & Jaenisch, 

1992; Okano, Bell, Haber, & Li, 1999). The tissue specific patterns of methylated cytosines are 

maintained by an enzyme called DNA methyltransferase 1 (Dnmt1) which has affinity for 

hemimethylated DNA(Bestor, 2000) and it’s cofactor ubiquitin-like with PHD and ring finger 

domain 1 (Uhrf1) which is responsible for recruiting Dnmt1 to replication foci (Bostick et al., 

2007; Sharif et al., 2007).  While DNA methylation has been known to act as a regulatory layer 

in terms of gene expression, it works in concert with other epigenetic marks placed on chromatin 

in order to regulate the expression of genes during development. Histone marks can allow for an 

open state of chromatin such as trimethylation of lysine 4 on histone H3 (H3K4me3)(Mikkelsen 

et al., 2007), acetylation of lysine 9 on histone H3 (H3K9ac), and acetylation of lysine 14 on 

histone H3 (H3K14ac)  (Roh, Cuddapah, & Zhao, 2005) and are usually associated with low 

levels of DNA methylation, while high levels of DNA methylation have been correlated with 

closed chromatin epigenetic marks such as trimethylation of lysine 9 on histone H3 (H3K9me3) 

and trimethylation of lysine 20 on histone H4 (H4K20me3) (Fuks, 2005).  However, the order in 
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which these marks are established and how the epigenetic landscape is initially set up remains 

under active investigation. The interplay between these two types of regulatory mechanisms can 

lead to very fine tuned regulation of gene expression. It has been suggested that marks such as 

H3k9me3 and H4K20me3 are established only after DNA methylation has been laid down 

(Delaval et al., 2007), while H3K4me3 has been shown to protect genomic regions from de novo 

methylation (Ooi et al., 2007). Furthermore, DNA methylation has been shown to be essential for 

directing embryonic differentiation and the establishment of different tissue lineages. Shortly 

after genome-wide demethylation in the zygote (Wossidlo et al., 2011) and after implantation, 

cells from the epiblast undergo de novo methylation which is largely complete by e6.5 by the de 

novo methyltransferases Dnmt3a/3b (Smith et al., 2012). A subset of these cells then proceed to 

differentiate into primordial germ cells that throughout development undergo massive and very 

dynamic changes in their epigenetic state, making them an excellent model for studying the 

relationship between DNA methylation and the associated histone marks that make up the 

epigenetic landscape and the role these mechanisms play in regulating gene expression in a 

temporal and tissue-specific manner during embryonic development. 

 

PGC Overview 

Primordial Germ cells are the founding population of cells that give rise to mature gametes and 

have the unique responsibility of passing genomic material from generation to generation. While 

it is important that the genome in these cells is protected in order to prevent developmental 

defects in the next generation, it is also important that the epigenome that is passed on is 

correctly established.  For this reason, whole-genome reprogramming of DNA methylation is an 

essential process that occurs in the germ line.  The reprogramming of DNA methylation is 
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required to establish the correct epigenetic landscape which will be passed on to the next 

generation, and to prevent the inheritance of epialleles that could impact future child health. 

Inheritance of incorrectly imprinted alleles such as H19 and Snrpn have been known to cause 

developmental disorders such as Beckwith Wiedemann (El-Maarri et al., 2001) and Prader-Willi 

Syndrome(Netchine, Rossignol, Azzi, Brioude, & Le Bouc, 2012).  In order to prevent this from 

happening, the germ line undergoes methylation reprogramming in two distinct stages.  Stage 1 

occurs during the migratory period of PGC development which occurs between e8.0 and e10.5. 

During this period, PGCs lose up to 30% of the levels of DNA methylation that they inherited 

from the epiblast (Seisenberger et al., 2012).  However, after this global loss of methylated 

cytosines, a small subset of genes are protected from DNA demethylation.  The DNA 

methylation that remains on specific loci after stage 1 is then removed during stage 2.  Stage 2 

occurs once the PGCs have begun colonizing the gonad between e10.5 and e13.5.  During this 

stage of development, PGCs undergo imprint erasure, and methylation from promoters that are 

important for germ line maturation is removed, resulting in PGCs reaching an epigenetic ground 

state at e13.5 (Hajkova et al., 2002; Kagiwada, Kurimoto, Hirota, Yamaji, & Saitou, 2013; 

Seisenberger et al., 2012).  These hypomethylated PGCs then go on to acquire de novo 

methylation in a sex specific manner, with male PGCs reacquiring this methylation prior to birth 

beginning at around e14.5 (Ueda et al., 2000), while female PGCs regain this methylation in the 

post-natal stages of development during oocyte differentiation (Lucifero, Mann, Bartolomei, & 

Trasler, 2004).  
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PGC Specification 

PGCs begin the process of specification in the proximal epiblast at around e6.0 in response to 

inductive signals from the extraembryonic ectoderm that are mainly mediated by the bone 

morphogenic proteins Bmp4, and Bmp8 (Lawson et al., 1999; Son et al., 2013; Ying, Liu, 

Marble, Lawson, & Zhao, 2000; Ying, Qi, & Zhao, 2001). Bmp4 plays a crucial role in the 

establishment of these founder PGCs since in its absence, the developing embryo is devoid of 

PGCs (Lawson et al., 1999). Lack of Bmp8b has also been shown to result in no PGCs, or a 

reduced number of PGCs (Ying et al., 2000). At about e6.25 these signals from the 

extraembryonic ectoderm lead to the expression of Prdm1/Blimp1 in a small population of cells 

in the proximal epiblast. Blimp-1 serves as a repressor of the somatic program, and restricts the 

lineage commitment of these cells from the proximal epiblast to PGC formation by upregulating 

many highly specific PGC genes (Kurimoto, Yabuta, Ohinata, Shigeta, & Yamanaka, 2008). In 

the absence of Blimp 1 the PGC founder population is formed, but is reduced in numbers, and is 

unable to repress the somatic transcriptional program that is regulated by the hox gene cluster. 

Furthermore this population lacks the ability to migrate to the hindgut endoderm (Kurimoto et 

al., 2008; Ohinata et al., 2005; S. D. Vincent et al., 2005). In parallel to Blimp 1 expression at 

around e6.5, Prdm14 begins to be expressed exclusively in PGCs and continues to be expressed 

in male and female PGCs until about e13.5-e14.5. PGCs that lack Prdm14 have the ability to 

form, and repress the somatic program through downregulation of the hox genes, but are unable 

to upregulate the pluripotency marker Sox2 and are never able to fully mature into PGCs (Yamaji 

et al., 2008). At about e7.25 these early PGC’s begin to form a cluster of about 40 Alkaline-

phosphatase positive cells at the base of the allantois (Ginsburg, Snow, & Mclaren, 1990) and 
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begin the activation of key germline transcriptional regulators such as Stella/Dppa3 which is 

recognized as the earliest known marker of founder PCGs. 

 

Maintenance of DNA methylation 

During this period of PGC development, all the DNA methylation that was established in the 

epiblast by Dnmt3a/3b has been maintained by Dnmt1.  Dnmt1 is a methyltransferase whose 

function is to add methyl groups to cytosines present in newly synthesized strands of 

hemimethylated DNA during cellular replication (Bestor & Ingram, 1983). In studies performed 

using embryonic stem cells in which the first exon of Dnmt1 was deleted (Dnmt1 n/n), it was 

discovered that mutation of the Dnmt1 gene by homologous recombination led to a reduction in 

the levels of methylated DNA both in ES cells and embryos homozygous for the mutation. The 

mutation lead to DNA methylation levels which were reduced to one third of that observed in 

heterozygous or wildtype embryos and cells (Li et al., 1992).  This demonstrated the essential 

function of Dnmt1 in maintaining the methylation patterns present in mammalian cells. 

Surprisingly there is no clear phenotype in homozygous Dnmt1 n/n ES cells in culture. ES cells 

have normal morphology and do not experience decreased growth rates in tissue culture. To 

further demonstrate this, ES cells lacking Dnmt1 were induced to differentiate in culture through 

the use of embryoid body differentiation. Interestingly, these cells containing a mutation in the 

N-terminal of Dnmt1 (Dnmt1 n/n) were able to differentiate in a similar manner to wild type cells 

and give rise to various differentiated cell types. However, cells containing Dnmt1 with a 

mutation in the catalytic domain of the protein (Dnmt1 c/c) had very limited differentiation 

potential and grew at a slower rate compared to wildtype cells (Lei et al., 1996), demonstrating 
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that DNA methylation is essential for proper lineage differentiation and proliferation of 

embryonic stem cells. 

 

The role of Dnmt1 in embryonic development: 

Although embryonic stem cells experienced very minimal phenotypes, homozygous mutant 

(Dnmt1 c/c) embryos had severe developmental abnormalities including severely stunted growth 

and developmental delay at E10.5 leading to a recessive lethal phenotype at midgestation, 

demonstrating an essential role of Dnmt1 in maintaining methylation patterns during embryonic 

development (Li et al., 1992). Based on findings in embryonic stem cells, the role of Dnmt1 

during embryonic development was further investigated as it became important to further 

elucidate the mechanisms behind embryonic lethality due to mutations in Dnmt1. It was shown 

that Dnmt1 was essential in the silencing of transposons and endogenous retroviruses such as the 

Intracisternal-A Particle (IAP) during development. Transposons and endogenous retroviruses 

are known to be methylated in somatic tissues during embryonic development (Kuff & Lueders, 

1988).  However, it was observed that in embryos that were deficient in Dnmt1, IAP transcript 

levels from multiple classes of IAP were elevated 50-100 fold (Walsh et al. 1998).  The 

expression of IAP transcripts were present throughout the entire embryo, and it was confirmed 

that the absence of DNA methylation was responsible for activating IAP transcription in somatic 

tissues of mouse embryos, and that if Dnmt1 is not present to maintain methylation at these loci, 

IAP transcripts are no longer repressed (Lees-Murdock, De Felici, & Walsh, 2003). Furthermore, 

the absence of Dnmt1 was shown to cause the upregulation of germ cell specific genes such as 

Gcna1, Mvh, Dazl, and Scp3 in somatic cells. These genes are usually demethylated in the 

germline but methylated and repressed in somatic tissues (Maatouk et al., 2006). This work 
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demonstrates the essential role of Dnmt1 in silencing germ cell specific genes through 

methylation in both post migratory germ cells and in somatic cells, and that the dynamic changes 

in DNA methylation are key to regulating the expression of a specific subset of primordial germ 

cell specific genes. 

 

PGC Migration E8.0-E10.5 

After PGCs have become specified, they remain in the base of the allantois until about e8.0.  At 

this time, PGC’s initiate their migratory phase which will eventually result in the colonization of 

the future gonad where they will further differentiate into mature gametes. Although it has been 

shown that a subset of germ cell specific genes remains methylated during this migratory phase 

(Seisenberger et al., 2012), genome-wide, these cells experience massive changes to their 

epigenetic landscape both in terms of histone modifications and DNA methylation, and the 

mechanisms behind these changes are still a very hot area of investigation. 

 

Stage 1 Demethylation 

There are many epigenetic changes that take place during the migratory period of PGC 

development including the genome-wide loss of cytosine methylation. The changes in chromatin 

and the landscape of DNA methylation are believed to take place in order to shift the epigenetic 

identity from a landscape that was inherited from the epiblast, into a germ cell specific epigenetic 

landscape. Mammalian PGCs need to reset the epigenetic features that have been inherited from 

the somatic epiblast in order to acquire an epigenetic state that is compatible with a PGC specific 

differentiation program.  The question of whether it is necessary for DNA methylation to occur 
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genome-wide as opposed to occurring in a locus specific manner is still hotly debated.  It is 

believed that resetting the epigenome during this stage is important in preventing the 

transmission of disease epialleles unto the next generation, and is essential for child health (J. a 

Hackett, Zylicz, & Surani, 2012). Many of the discoveries that have taken place during this 

developmental time point have been based on imaging various epigenetic marks including DNA 

methylation levels, through immunofluorescence (Guibert, Forné, & Weber, 2012; Seki et al., 

2005, 2007). In these studies the levels of 5mC in PGCs are low by the time they colonize the 

gonad and suggest that PGCs lose DNA methylation in one single step known as stage 1 DNA 

demethylation (Killian, Cell, Reik, & Dean, 2001). 

One of the distinct epigenetic changes that occurs during stage 1 of epigenetic reprogramming 

involves the loss of dimethlyation of the ninth lysine of histone H3 (H3K9me2).  This mark is 

traditionally know to be present on loci that are not transcriptionally active, and begins to 

become absent from the germ cell nucleus at around e7.75 (Seki et al., 2007).  Shortly after, 

trimethylation of lysine 27 on histone H3 becomes deposited throughout the genome beginning 

at around E8.5 and reaching maximum fluorescence by e9.5 (Hajkova et al., 2008; Seki et al., 

2005).  It is not clear why this change in histone modifications from H3K9me2 to H3K27me3 

happens but it is hypothesized that this newly established repressive mark allows for a more open 

chromatin state that may facilitate the process of DNA demethylation that follows shortly after 

(Seki et al., 2005). Coincidentally, this exchange in histone marks occurs at a time when PGCs 

are entering G2 arrest prior to entering the developing gonad.  It is not very clear whether this G2 

arrest is necessary in allowing for proper loss of DNA methylation from the genome, and 

whether it is necessary to allow for complete epigenetic reprogramming before the PGCs go on  

and colonize the gonad to further differentiate into mature gametes (Hajkova et al., 2002). 



10 
 

As mentioned earlier, one of the most dramatic events during stage 1 of reprogramming involves 

the loss of up to 30% of the methylated cytosines that were inherited form the epiblast’s 

epigenome (Seisenberger et al., 2012).  From very early immunofluorescence studies (Seki et al., 

2005), followed by more quantitative methods using whole genome sequencing (Seisenberger et 

al., 2012) it has been shown that methylation levels drop very early on during the migratory 

period and this are preceded by downregulation of Dnmt1and loss of Dnmt3a/3b (Seki et al., 

2005).  This global decrease of DNA methylation is maintained in the nuclei of migrating PGCs, 

and is specific to them, as there is no loss of methylation in the surrounding somatic cells, and 

the mechanism behind this loss of DNA methylation still highly debated. It is still unclear 

whether the very low levels of Uhrf1 present at this time are enough to recruit Dnmt1 to discreet 

replication foci in order to maintain methylation in these loci during the migratory period, or 

whether downregulation of Uhrf1 could act as a mechanism for the loss of methylation during 

stage 1 of epigenetic reprogramming. 

 

Mechanisms of DNA demethylation during stage 1 

There have been many hypotheses regarding the mechanisms behind the loss of methylation 

during stage 1 of PGC epigenetic reprogramming.  Due to the observation that Uhrf1 is absent by 

the time PGCs reach the gonads (Kagiwada et al., 2013). One hypothesis is that this process is a 

passive, replication-dependent process.  With Uhrf1 no longer able to recruit Dnmt1 to 

replication foci during cell divisions due to its absence from the nucleus, methylated cytosines 

are no longer added to the newly synthesized strand of DNA during replication and as a result 

5mC is hypothesized to be diluted out from the genome.  This however does not address the fact 

that several loci including imprinting control centers, meiotic genes, and retrotransposon 
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elements remain methylated until PGCs begin to colonize the gonads at e10.5(Hajkova et al., 

2002; Seisenberger et al., 2012) suggesting an independent role of Dnmt1 in maintaining DNA 

methylation, or the possibility that very low levels of Dnmt1 and Uhrf1 are sufficient enough to 

maintain DNA methylation at discreet loci. Furthermore, it has been shown that Uhrf2 which is 

conserved at the sequence level with Uhrf1, and also preferentially binds hemimethylated DNA 

is upregulated during PGC specification in vitro (Kurimoto et al., 2008; Pichler et al., 2011) and 

could potentially compensate for the loss of Uhrf1 to maintain DNA methylation in PGCs either 

at a global or locus specific level. 

 

Furthermore, in early studies it was not very clear whether 5mc was being converted to 5-

hydroxymethylcytosine (5hmC) and being removed from the genome through an active process. 

5hmC is a hydroxylated metabolite of 5mC, and it was initially discovered to have an important 

role in mouse neurons and embryonic stem cells (J. a Hackett et al., 2012; Tahiliani et al., 2009).  

The enzymes responsible for the catalytic reaction of converting 5mc to 5hmc are known as the 

Tet  (ten-eleven translocation) enzymes. In embryonic stem cells 5hmC makes up about 7-10% 

of the genome (Tahiliani et al., 2009). By serving as an intermediate that can be converted to an 

unmethylated cytosine, this process has been considered to be a potential mechanism for the 

genome-wide demethylation that occurs during stage 1 epigenetic reprogramming.  Furthermore, 

it has been shown that through the action of the Tet enzymes, 5hmc can be further converted to 

5-formylcytosine and 5-carboxylcytosine (He et al., 2011; Ito et al., 2011), which can be excised 

and replaced by an unmethylated cytosine through the action of Thymine DNA Glycosylase TDG 

and the base excision repair pathway (BER) (Bennett et al., 2006). Furthermore the presence of 

5hmC would disrupt the process of maintenance methylation due to Dnmt1 having very poor 



12 
 

affinity for 5hmC as a substrate in vitro (Valinluck & Sowers, 2007), which would cause 5hmC 

to be diluted out from the genome after every cell division. 

The functional role of the Tet proteins and 5hmC was tested in work performed by (J. J. Vincent 

et al., 2013) where genome-wide demethylation was assayed during stage 1 in an in vitro model 

of PGC differentiation that lacked Tet1 and Tet2.  Through the use of mass spectrometry it was 

determined that while the levels of 5hmC in in vitro PGCs (iPGCs)  lacking Tet1 and Tet2 are 

undetectable there are no changes in the levels of 5mC compared to control, suggesting that the 

absence of 5hmC does not result in increased levels of 5mC.  The levels of methylation do not 

increase in Tet1/Tet2 Knockdown iPGCs indicating that demethylation is occuring normally, 

which suggests that Tet1 and Tet2 do not play a role in the loss of DNA methylation during stage 

1. This was further reinforced through Bisulfite sequencing and in agreement with the mass 

spectrometry results, there is no significant change in the percentage of CG methylation between 

control and knockdown PGCs. Interestingly, a small subset of genes were observed to have an 

increase in methylation compared to control iPGCs which suggests that although Tet1 and Tet2 

may not be responsible for the genome-wide loss of methylation they may have very locus 

specific roles. A subset of loci that are hypermethylated as a result of Tet1 and Tet2 loss include 

Nanos3, Tdrd5, and Piwil4 suggesting that they are targets of the Tet enzymes and are protected 

from genome-wide DNA demethylation prior to gonadal colonization. 

 

Stage 2 Demethylation 

In addition to the model of a single stage of DNA demethylation (Killian et al., 2001), recent 

studies involving the analysis of specific loci through Bisulfite-PCR and Bisulfite Sequencing 



13 
 

lead to the discovery that the changes in DNA methylation that take place happen in two distinct 

stages, with stage 1 largely occurring prior to the arrival of the PGCs to the developing gonad. 

Stage 1 largely consists of a massive reduction in the levels of methylated cytosines throughout 

the genome with as much as 30% loss of levels of methylation (Seisenberger et al., 2012).  It is 

important to note that this drastic drop in the levels of methylation does leave behind a few loci 

that remain methylated and these loci will lose DNA methylation after gonadal colonization 

during stage 2 of epigenetic reprogramming.  These loci include imprinting control centers 

(Hajkova et al., 2002), IAPs (Seisenberger et al., 2012), and meiotic genes (Seisenberger et al., 

2012; J. J. Vincent et al., 2013). 

 

As primordial germ cells begin to colonize the gonad beginning at about e10.5 they undergo 

further epigenetic reprogramming that includes changes to histone modifications as well as 

locus-specific demethylation of genes that remained protected from demethylation during stage 1 

reprogramming.  The genes that undergo loss of DNA methylation during stage 2 include 

imprinted genes, and germ cell specific genes (Hajkova et al., 2002). However, this wave of 

demethylation is not restricted to imprinted loci, as several non-imprinted genes and repetitive 

sequences also show decreased methylation at this time (J. a Hackett et al., 2013; Hajkova et al., 

2002; Lane et al., 2003; Lees-Murdock et al., 2003). When imaging PGCs using 

immunofluorescence, the levels of 5mC are already very low at e10.5, and this signal remains 

absent throughout stage 2 (Calvopina, Cook, Vincent, Nee, & Clark, 2015) making it very 

difficult to observe the loss of methylation at these distinct loci.  At e13.5 PGCs reach their 

epigenetic ground state with males having on average 14% levels of methylation and females 

having slightly lower methylation levels at 7% (Seisenberger et al., 2012). It is hypothesized that 
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the dynamics of the time-dependent nature of DNA methylation in the germline initially arose to 

regulate the proper timing of germ cell differentiation. In terms of histone modifications that take 

place during stage 2, at e11.5, PGCs experience loss of the histone linker H1.  Some reports 

claim that this then leads to chromatin decondensation and changes to nuclear morphology 

(Hajkova et al., 2008), while other reports claim that this could just be an artifact (Kagiwada et 

al., 2013).  Furthermore, e11.5 PGCs begin to lose H2a.Z (Ancelin et al., 2006; Hajkova et al., 

2002), which is preceded by loss of H3k27me3, H2AR3m2 and H4R3m2, highlighting the extent 

of epigenetic reprogramming that occurs during stage 2. 

 

Imprinting Control Regions 

One of the key events that occurs during stage 2 DNA demethylation is the removal of 

methylated cytosines from imprinting control regions in the genome.  While most genes in 

mammals are biallelically expressed, a subset of these genes are known as imprinted genes and 

their expression arises from either the maternal or paternal allele. A majority of these genes are 

involved during the fetal stages of development, but are predominantly downregulated after 

birth, and this parent specific pattern of expression is thought to have risen due to reproductive 

purposes (Weaver & Bartolomei, 2014). Genomic imprinting was discovered because parental 

specific genomes did not contribute equally to embryonic development. The discovery that 

proper embryonic development depends on having both sets of genomes, suggested that certain 

genes are only expressed from a particular parental genome (Surani, Barton, & Norris, 1984). 

The importance of genomic imprinting is highlighted by the fact that improper imprinting leads 

to developmental defects during human development and diseases such as silver-russell, 

beckwith-widemann, prader-willi, and angelman syndrome (Hirasawa & Feil, 2010).  
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Imprinted genes are distinguished by being differentially methylated based on the sex of the 

embryo, with these marks being established in the male embryo during prenatal development at 

about e14.5 in pro-spermatogonia, and in the females after birth only during oocyte growth 

(Lucifero et al., 2004; Ueda et al., 2000). Imprinted genes are regulated by cytosine methylation 

present on differentially methylated regions, and although at the time of PGC specification these 

imprinted control regions are methylated, they become erased during stage 2 DNA 

demethylation of the germline (Guibert et al., 2012; Hajkova et al., 2002; Kagiwada et al., 2013; 

Seisenberger et al., 2012), through what has been shown to be a 5hmC and Tet1 dependent 

process (Yamaguchi, Shen, Liu, Sendler, & Zhang, 2013), but can occur through active or 

passive mechanisms based on the particular imprinted control region (ICR) (Calvopina et al., 

2015). 

 Imprinted control regions are differentially methylated regions that are several kilobases in 

length. They are characterized by specific DNA methylation patterns that are inherited from the 

male or female gamete, and control clusters of imprinted genes around them, and this is done in 

cis by the presence or absence of DNA methylation (Barlow & Bartolomei, 2014; Edwards & 

Ferguson-Smith, 2007). Maternal DMRs can be distinguished by enrichment of CpG 

dinucleotides in the promoter region, while paternal DMR’s reside in intergenic regions that are 

relatively CpG poor (Arnaud, 2010; Bartolomei & Ferguson-Smith, 2011; Fitzpatrick, Soloway, 

& Higgins, 2002; Thorvaldsen, Duran, & Bartolomei, 1998; Wutz, Smrzka, & Schweifer, 1997). 

There are two mechanisms that have been described to explain the mechanics behind the 

expression of imprinted genes. The first one has been studied by using the H19 locus as a model.  

In this model, the ICR has a binding site for the CCCTC-binding factor (CTCF), which acts as an 

insulator (Hark et al., 2000).  When the ICR is methylated it prevents the binding of CTCF, and 
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in the absence of this factor on the paternally methylated ICR, the Igf2 promoter interacts with 

the enhancer, resulting in Igf2 expression (Barlow & Bartolomei, 2014).  Alternatively, the non-

methylated ICR on the maternal chromosome allows CTCF to bind, thereby blocking the Igf2 

promoter from interacting with the enhancer.  This in turn leads to H19 expression from the 

maternal chromosome. The Srnpn cluster is regulated transcriptionally through a lncRNA 

(Horsthemke & Wagstaff, 2008). In this scenario, methylation on the ICR represses the 

expression of the lncRNA present in the cluster.  Due to lncRNAs negatively regulating the 

expression of protein coding genes, this means that gene expression occurs from the 

chromosome that carries a methylated ICR. 

Once imprints are erased prenatally in both males and females, they are then re-established in a 

sex specific manner beginning at around e14.5-e15.5 in the male, and postnatally in the female. 

The reestablishment of DNA methylation on ICRs has been shown to take place through the 

actions of Dnmt3a which plays a key role in imprint acquisition in both male and female PGCs 

(Kaneda, Okano, Hata, & Sado, 2004; Kato et al., 2007), as well as Dnmt3b and the DNA 

methyltransferase 3-like (Dnmt3L) which has no methyltransferase activity but is important for 

the recruitment of Dnmt3a/3b to DNA (Kaneda et al., 2004; Kato et al., 2007).  The mechanisms 

behind the reacquisition of imprints are still not clear, but it is known that H3K4me3 becomes 

biallelically enriched at maternal ICRs in male germ cells, which functions as a mechanism to 

protect against de novo DNA methylation at these loci (Henckel, Chebli, Kota, Arnaud, & Feil, 

2012), by preventing Dnmt3l from binding to chromatin (Ooi et al., 2007). Alternatively 

H3K9me3 and H4K20me3 were found to be enriched on the allele containing DNA methylation 

(Delaval et al., 2007; Henckel et al., 2009; Verona, Thorvaldsen, Reese, & Bartolomei, 2008). 
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Furthermore using the H19 locus, it was also discovered that increased transcription is correlated 

with the remethylation of this ICR (Verona et al., 2008). 

 

Mechanisms of Demethylation during Stage 2 

Due to the importance of epigenetic reprogramming during stage 2 in terms of imprint erasure 

and activation of germ cell specific genes, many mechanisms have been proposed in order to 

explain the dynamic changes in the DNA methylation landscape in PGCs during the gonadal 

stage of development. Removal of 5mC has been shown to occur through various mechanisms in 

mammalian cells, whether that be embryonic stem cells, or somatic cells. One of the first 

proposed mechanisms involves the proliferation of PGCs along with the loss of the DNA 

methylation maintenance machinery. In order to maintain methylated marks, Dnmt1 works 

alongside Uhrf1 to add methyl groups to cytosines of hemimethylated DNA during the process 

of cellular replication, maintaining the specific patterns of methylation as new daughter cells are 

born (Bostick et al., 2007).  However, in the absence of this maintenance machinery, as cells 

divide, these marks can no longer be maintained at their respective genomic loci.  This can 

happen when Dnmt1 and Uhrf1 are repressed and is known as passive, replication-dependent loss 

of methylation. 

In addition, or in place of this process, another mechanism has been proposed that involves 

removing 5mC from DNA through the use of an active mechanism that hijacks the cell’s base 

excision repair pathway in order to remove a modified base and replace it with an unmodified 

cytosine (Hajkova et al., 2010). The process of creating a modified 5mC base can occur through 

various mechanisms including the deamination of 5mC through the use of activation induced 
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cytidine deaminase (AID) and apoliproprotein B mrna editing enzyme catalytic peptide 1 

(Apobec1) (Popp et al., 2010)  which can deaminate 5mC into thymine (Morgan, Dean, Coker, 

Reik, & Petersen-Mahrt, 2004; Popp et al., 2010), as well as the hydroxylation of 5mC into 

5hmC.  Once this modified base has been created there is evidence that this mismatch in the 

DNA backbone can be removed through the base excision repair pathway (Hajkova et al., 2010), 

or through the process of replication coupled dilution, due to the lack of methylation 

maintenance mechanisms. 

 

Proliferation and replication-dependent demethylation 

In order to further elucidate the mechanisms involved during the removal of DNA methylation 

during stage 2 (Kagiwada et al., 2013) explored the possibility that the loss of methylation did 

not occur through an active process but rather through a passive process that was dependent on 

DNA replication. In order to tease apart the replication-coupled mechanisms that may be 

involved in this process, imprinting control centers, and the kinetics behind their loss of 

methylation were analyzed, as well as changes in chromatin dynamics during this process of 

epigenetic reprogramming. Furthermore, the proliferation rate of PGCs was revisited and further 

analyzed in these studies. The group discovered that although Dnmt1 is expressed, albeit at low 

levels (Ciccarone et al., 2012; Kagiwada et al., 2013), its cofactor Uhrf1 is repressed beginning 

at e9.5 and through e13.5 (Ciccarone et al., 2012; Kagiwada et al., 2013), which is essential for 

the recruitment of Dnmt1 to replication foci (Bostick et al., 2007). This results in the hypothesis 

that in order for methylation loss to occur, the maintenance machinery must be repressed and cell 

division must occur at a high enough rate.  
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It’s known that PGCs begin proliferating soon after they exit the G2 arrest during the migratory 

period (Seki et al., 2007), but the kinetics of cell division had not been fully elucidated. At e10.5 

60% of PGCs are found to be in S phase, with about 55% of them proliferating at a steady rate 

and staying in S phase all the way through to e12.5. From these studies it was concluded that the 

doubling time of PGCs after E9.5 is about 12.6 hours, indicating that PGCs divide an average of 

about twice a day from e9.5-e12.5 before they stop dividing at e13.5 (Kagiwada et al., 2013).  

This data combined with BS-PCR data from multiple imprinting control centers revealed that the 

loss of methylation was tightly correlated with cell numbers and that it was most likely a 

replication coupled process.  Furthermore, although chromatin changes had been reported at 

E11.5 (Hajkova et al., 2010) the Saitou lab discovered that there are no apparent chromatin 

changes in PGCs at E11.5 including loss of histone linker h1, loss of H3K27me3, as well as 

changes nuclear architecture and morphology, suggesting that the histone modifications observed 

in (Hajkova et al., 2010) may have been due to artifacts or strain specific differences. 

 

Mechanisms of active DNA demethylation 

Although there is strong evidence presented in favor of a replication-coupled passive process of 

DNA demethylation, there is evidence that this process of demethylation could potentially be 

occurring through an enzymatic-based active mechanism.  One of the enzymes that was thought 

to be involved is Thymine DNA Glycosylase (TDG). TDG functions in the base excision repair 

pathway (BER) in order to recognize T-G mismatches, as well as 5caC and 5hmU-modified 5mC 

in vitro and in vivo (Cortellino et al., 2011; He et al., 2011).  While mouse knockouts of other 

DNA glycosylases such as Smug1 and Mbd4 result in no clear developmental phenotype and are 

fertile (Kemmerich, Dingler, Rada, & Neuberger, 2012; Millar et al., 2002), deletion of TDG 
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results in embryonic lethality at e11.5 and is associated with disruption of DNA methylation 

patterns in early development (Cortellino et al., 2011). Specifically, a key study that used a 

global knockout of TDG linked this enzyme with the regulation of an imprinted gene that 

undergoes imprint erasure in PGCs.  Through the use of BS-PCR the differentially methylated 

region of Igf2 was hypermethylated in this model, suggesting that TDG may play a role in 

imprint erasure during epigenetic reprogramming in PGCs (Cortellino et al., 2011). 

Further studies demonstrated that components of the BER pathway are expressed in PGCs during 

Stage 2 including Parp1 and Ape1 (Ciccarone et al., 2012; Hajkova et al., 2010; Kagiwada et al., 

2013) and that when these factors are inhibited in zygotes it leads to hypermethylation of LINE 

elements (Hajkova et al., 2010), suggesting that in the absence of Parp1 and Ape1 other regions 

in the PGC genome may become hypermethylated.  In order for TDG to be able to recognize and 

excise an unnatural base it must be created in the first place.  The family of Tet enzymes 

particularly Tet1 and Tet2 were also shown to be highly expressed during the gonadal phase of 

development in PGCs (Hajkova et al., 2010; Kagiwada et al., 2013), with deaminases such as 

Apobec 1 not being highly expressed during this time period. This led to the hypothesis that due 

to the base excision repair machinery present in PGCs as well as expression of Tet1 and Tet2 the 

process of demethylation was taking place through an active process. 

Furthermore, through the use of an organ culture model and by using inhibitors against Parp1 it 

was shown that both genome-wide and locus-specific demethylation is impaired in PGCs 

(Ciccarone et al., 2012; Kawasaki et al., 2014). Specifically, the loci of Ddx4, Sycp3, and H19 

experienced hypermethylation after treatment with the inhibitor against Parp1 suggesting that 

these loci depend on Parp1 and base excision repair in order to lose DNA methylation.  
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5hmC Reorganization during Stage 2 

In order for BER to function as an active mechanism for demethylation it needs to act on a 

modified cytosine.  5mC can be modified by hydroxylation/oxidation and this conversion is 

mediated by the Tet family of enzymes and results in the formation of 5hmC.  This cytosine 

derivative was first discovered in bacteriophage, but has been found to play very important roles 

in neurons and embryonic stem cells. The discovery of the Tet proteins generated a lot of interest 

due to their potential role as mediators for demethylation in multiple cell types that undergo 

epigenetic reprogramming, including PGCs.  For this reason, the dynamics of 5hmC formation 

and loss during epigenetic reprogramming were of high interest. While 5hmC is found to be 

present at low levels between e8.5 and e9.5, 5hmC levels increase once PGCs have begun 

colonizing the gonad, reaching their peak at e11.5 (Yamaguchi, Shen, et al., 2013).  This 

intensity then gradually decreases until e13.5 where the 5hmC signal adopts a foci like pattern in 

the nuclei pf PGCs (Calvopina et al., 2015; Yamaguchi, Hong, et al., 2013).  The 5hmC present 

in PGCs at this time could either be lost through passive replication-coupled mechanisms, or 

further converted into 5hmC derivatives and actively excised through the BER.  

While 5hmC is shown to decrease after e11.5, it was discovered that this was not due to 

conversion into 5caC and 5fC due to the lack of dramatic changes in the levels of these 

epigenetic marks during PGC reprogramming. Furthermore, 5hmC seemed to correlate to areas 

of pericentromeric heterochromatin (Yamaguchi, Hong, et al., 2013) and the amount of 5hmC 

present in areas outside of pericentromeric heterochromatin increased reaching their peak at 

E12.5 suggesting the mechanism of demethylation of areas outside of pericentromeric 

heterochromatin to be dependent on 5hmC (Calvopina et al., 2015). Furthermore, through Global 

transcriptome analysis it was also determined that at e13.5 both females and males experience 
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upregulation of meiosis-related and imprinted genes. Meiotic and gametogenesis genes were 

shown to be hypermethylated in a model lacking Tet1 and Tet2 suggesting that they are 

dependent on Tet activity for demethylation (J. J. Vincent et al., 2013).  This study further shows 

that 5hmC and loss of methylation play an important role in the activation of meiosis and 

gametogenesis genes both in females and males when 5hmC levels are at their lowest and germ 

cells have reached their epigenetic ground states. 

 

The conclusion from these studies revealed that PGC epigenetic reprogramming  involves three 

global demethylation steps that include the massive loss of 5mC in an oxidation-independent 

manner during stage 1 (J. J. Vincent et al., 2013), oxidation of the few remaining methylated loci 

and conversion of 5mC to 5hmC (Yamaguchi, Hong, et al., 2013), and finally dilution of 5hmC 

by a replication dependent process during stage 2 (Kagiwada et al., 2013). 

 

Tet1 and Tet2 in DNA demethylation  

While many of the 5mC modifying enzymes such as AID and Apobec1 lack a phenotype in terms 

of fertility in the subsequent generation (Saitou & Yamaji, 2012), Tet1 deletion results in smaller 

litter sizes and smaller pups. However, once Tet1 and Tet2 are knocked out in combination it 

results in phenotypes associated with decreased fertility. It was discovered that Tet1 and Tet2 

mutations lead to mice dying prenatally as well as dying within two days of birth.  These mice 

also display a variety of malformations, and developmental defects such as exencephaly, 

hemorrhage in the head, or profound growth retardation (Dawlaty et al., 2013). Interestingly a 

phenotype that is observed in Tet1/Tet2 double knockout mice involves smaller ovaries in female 
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mutant mice suggesting germ cell loss. Furthermore, the lack of Tet1 and Tet2 in offspring leads 

to imprint erasure being partially compromised at the Peg3, Mest, H19, and Igf2r imprinting 

control regions suggesting that 5hmC, Tet1 and Tet2 play an important role in imprint erasure at 

these loci during stage 2 DNA demethylation. 

The importance of Tet1 and Tet2 was shown to play a larger role than just that of imprint erasure 

in Primordial Germ Cell-like cells (PGCLCs) derived from embryonic stem cells. Tet1 and Tet2 

knockdown leads to hypermethylation of meiotic related genes such as Dazl, Sycp3, and Mael (J. 

A. Hackett et al., 2012) similar to results obtained by Vincent et al. 2013, who used a slightly 

different model of in vitro PGC differentiation. In addition to this, imprinted genes such as 

Kcnq1, Igf2, Peg10, and Peg3, experience a loss of 5mC that correlates with a gradual increase 

in 5hmC before it is also gradually lost, further providing evidence that imprint erasure at certain 

loci is a 5hmC-dependent process (J. A. Hackett et al., 2012). The trouble with the data regarding 

imprint erasure was that it was all correlative data, that was very convincing, but that included no 

actual functional evidence to show the direct relationship between the Tet enzymes and imprint 

erasure and locus specific epigenetic reprogramming of other loci in in vivo PGCs. Using a 

conditional knockout of Tet1 in a mouse containing the Oct4 EGFP cassette, the Zhang group 

was able to sort out a pure population of PGCs in order to determine the effects of Tet1 loss on 

the methylation dynamics during stage 2. Similar to the results published by Dawlaty et al. 2013, 

mice with the loss of Tet1 experience fetal and postnatal growth defects. This is attributed to 

imprinting defects found in both the mutant embryos and their placenta and it includes defects in 

imprinted genes such as Peg10, Peg3, Mast1, Kcnq. In order to trace whether these methylation 

defects were due to improper re-establishment of methylation as opposed to improper imprint 

erasure, PGCs during the embryonic stages of development were assayed. PGCs isolated at e13.5 
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reveal hypermethylation at Peg10, Impact, Kcnq, and Igf2r compared to their wildtype 

counterparts. This key study finally provided the functional evidence for the mechanisms behind 

imprint erasure of imprinted loci in PGCs during stage 2 of DNA demethylation. 

 

Tet1 in Meiosis 

In addition to evidence presented for the role of the Tet enzymes during imprint erasure, several 

lines of evidence point to the Tet enzymes playing a key role in the demethylation and 

subsequent activation of meiotic gene promoters (J. A. Hackett et al., 2012; J. J. Vincent et al., 

2013). In the absence of Tet1 and Tet2 in in vitro derived PGCLCs, the Dazl, Sycp3, and Mae1 

promoters are hypermethylated (J. A. Hackett et al., 2012). In addition to this, using a different in 

vitro differentiation model to generate iPGCs from embryonic stem cells lacking Tet1 and then 

knocking down Tet2 resulted in several promoters to be hypermethylated during stage 1 

demethylation and these promoters cluster together in the gene ontology category of meiotic 

gene promoters suggesting that meiotic promoters are targets of Tet-dependent demethylation. 

Using a Tet1 knockout mouse model further showed that the number of germ cells in the female 

ovary is dramatically reduced and leads to infertility. In agreement with Vincent et al, the authors 

came to the conclusion that Tet1 deficiency does not play a significant role in the genome-wide 

DNA demethylation that takes place in PGCs during stage 1 demethylation, but that it does lead 

to a defective DNA methylation landscape which leads to decreased expression of a subset of 

meiotic genes during stage 2. 

Due to the failure of meiotic gene activation in Tet1 mutant mice, PGCs are not capable of 

properly progressing through the prophase stages of meiosis.  Chromosomes in Tet1 knockout 
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PGCs fail to form proper synapsis, and double strand breaks fail to undergo repair which is 

evident from the persistent expression of gamma H2AX, with a majority of mutant PGCs being 

positive for gamma H2AX even in the diplotene stages of meiosis (Yamaguchi et al., 2012). 

RNA sequencing analysis and gene ontology clustering performed on female Tet1 knockout 

PGCs reveal that genes that are differentially expressed and downregulated during this period are 

significant in meiotic gene categories suggesting Tet1 and the 5hmC-depenedent removal of 

DNA methylation are responsible for regulating their expression. Chromatin 

immunoprecipitation assays reveal that Tet1 is capable of being recruited, binding, and 

occupying the promoters of meiotic genes such as Sycp1, Mae1, and Sycp3, suggesting a direct 

level of regulation at these promoters. Furthermore, bisulfite PCR shows that in the absence of 

Tet1 the promoters of Sycp1, Mael, and Sycp3 are hypermethylated. These results further provide 

evidence that Tet1 mediates locus-specific demethylation and subsequent activation of meiotic 

genes, and that this activity is regulated by the removal of DNA methylation from these 

promoters.  Additionally these results provide an insight into the mechanisms behind the 

activation of meiotic genes, and suggests that DNA methylation is a form of repression that is 

used to keep meiotic genes silenced so that they can be expressed at the appropriate time in 

development. 

 

Sex Determination and Meiosis 

Prior to sex determination, as PGCs are colonizing the gonad, male and female PGCs are 

sexually indifferent, have bipotential, and are capable of following either the male or female 

pathway (Mclaren & Southee, 1997). In a very elegant co-culture study it was shown that XX 

PGCs that are isolated from fetal ovaries at e11.5 and co cultured with e12.5 XY cells from the 
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gonad/mesonephros are capable of developing into prospermatogonia.  Within the same context, 

XY PGCs are triggered to enter meiosis and exhibit condensed chromatin staining when co-

cultured with XX gonad/mesonephros cells(Adams & Mclaren, 2002) demonstrating that prior to 

gonadal colonization PGCs are indifferent, and only after the gonad has adopted a sex specific 

program do PGCs adopt a male or female specific fate. At the time of colonization cord 

formation has not begun in the male and there are no morphological differences between male 

and female genital ridges.  

 

However, beginning between E10.5-E12.5 the transcription factor sex determining region of 

chromosome Y (Sry) begins to be expressed in the somatic cells of the male gonads (Peter 

Koopman, Munsterberg, Capel, Vivian, & Lovell-badge, 1990). The key role of Sry in sex 

determination was demonstrated by ectopic expression of Sry leading XX females to adopt a 

male fate (P Koopman, Gubbay, & Vivian, 1991). The somatic cells in the male gonad are 

known as the sertoli cells, and they are responsible for expressing Sry as well as sex 

determination in SRY box 9 (sox9) which is another transcription factor that plays an important 

role in sex determination and begins to be expressed at around e11.5 in the male gonad (Kent, 

Wheatley, Andrews, Sinclair, & Koopman, 1996).  

Another important factor that begins to be expressed at e11.5 in male and female PGCs is a PGC 

specific RNA binding protein that is expressed in post migratory PGCs known as Deleted in 

azoospermia like (Dazl). Dazl is an important factor that allows for the licensing of sexual 

differentiation in males and females once sex determination occurs in the gonad. It was found 

that deficiency of Dazl led to infertility in both male and female adult mice. Furthermore it was 

found that both male and female mice lacking Dazl had hypogonadism, and in the case of the 
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female the ovaries lacked follicles or ova, and in the case of the male there was absence of sperm 

cells as wells as disruption of testicular morphology (Ruggiu, Speed, & Taggart, 1997). 

Furthermore, PGCs lacking Dazl are able to become specified and migrate, but once they reach 

the gonad they remain indifferent and do not develop male or female features. In the case of 

female PGCs, the loss of Dazl results in the inability of female PGCs to turn on Stra8 or Dmc1 

which are important for meiotic activation.  Furthermore, it was shown that Dazl deficient PGCs 

are unable to undergo meiotic recombination shown by the loss of Sycp3 and gamma H2AX in 

e15.5 ovaries, and that in the absence of Dazl, genes responsible for prophase 1 of meiosis are 

downregulated (Lin, Gill, Koubova, & Page, 2008). Male specific functions for Dazl were 

discovered, highlighting the fact that it is not only a licensing factor for meiosis, but rather a 

licensing factor for sex specific differentiation in the gonads. In male PGCs that lack Dazl, the 

male marker Nanos2 was not expressed in male testes, suggesting that in the absence of Dazl 

male PGCs fail to activate the program of male specific differentiation.  Furthermore male PGCs 

fail to undergo G1/G0 arrest that typically occurs between e12.5 and e13.5, and through 

immunofluorescence studies it was discovered that male PGCs fail to remethylate their genome, 

suggesting that Dazl is essential for male PGCs to embark on the pathway to spermatogenesis 

(Gill, Hu, Lin, & Page, 2011). 

At around e12.5 morphologcial differences between male and female gonads become noticeable.  

In males the formation of seminiferous cords happens, and this is where spermatogenesis will 

occur in the adult. In order for testis cord formation to occur it has been shown that endothelial 

migration is necessary beginning at around e11.5. If migration of endothelial cells from the 

mesonehros is blocked cord formation does not occur (Combes et al., 2009).   
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Another important distinction between male and female germ cells is the timing in which they 

enter meiosis in order to produce haploid gametes that will pass genetic information to the next 

generation. In females, PGCs initiate meiosis between e13.5-e14.5 and enter meiotic prophase 1, 

while in male gonads PGCs exit the cell cycle and enter a G0/G1 mitotic arrest (Spiller, 

Wilhelm, & Koopman, 2010), which has shown to be maintained by Nanos2 (Saba, Kato, & 

Saga, 2014).  In the female gonad, the mesonephros expresses retinoic acid (RA) and it acts as an 

inducer of meiosis activation through the meiotic gatekeeper stimulated by retinoic acid gene 8 

(stra8). In the absence of Stra8 female PGCs are unable to undergo meiotic recombination and 

fail to activate genes necessary for prophase 1 of meiosis. (Anderson et al., 2008; J Bowles, 

Knight, & Smith, 2006; Koubova et al., 2006).  Alternatively, in male gonads sertoli cells begin 

expressing fibroblast growth factor 9 (FGF9) at e11.5 after Sry and Sox9 are activated in pre-

sertoli cells (Colvin et al., 2001) which induces PGCs to progress through the male pathway 

leading to spermatogonial precursors (Josephine Bowles et al., 2010). One of the downstream 

factors that gets activated through the FGF9 pathway is Nanos 2 and it was shown to be a 

required factor for initiation of the male differentiation pathway (Saba et al., 2014). FGF9 makes 

germ cells less responsive to RA in mouse cultured gonads by inducing Nanos2 expression 

(Josephine Bowles et al., 2010). Furthermore once sex determination occurs Cyp26b1 is 

expressed in sertoli cells and plays a key role in repressing Stra8 and preventing XY PGCs from 

entering meiosis. In XY gonads lacking Cyp26b1, germ cells are capable of expressing Stra8 and 

entering meiosis by e13.5 (J Bowles et al., 2006). Alternatively, XX PGCs come into contact 

with RA that begins to be upregulated in the gonad at around e12.5 (J Bowles et al., 2006) and 

begin expressing Stra8 due to the lack of the Cyp26b1.  In females, RA begins to be expressed at 

the anterior end of the gonad, and it’s been observed that in PGCs meiosis does indeed proceed 
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in an anterior to posterior wave (Menke, Koubova, & Page, 2003) (menke 2003). Through the 

use of a retinoic acid inhibitor it was shown that females are unable to turn on Stra8 or other 

prophase 1 of meiosis genes such as Scp3. This results in females that fail to properly enter 

meiosis revealing that activation of Stra8 through retinoic acid signaling is key for female 

specific sex differentiation (J Bowles et al., 2006)  

 

Taken together, it is clear that the mechanisms involved in the dynamic interplay between 

methylation, histone modifications, and activation of gene expression remain to be elucidated. 

Therefore this thesis sheds light on the possible mechanisms involved in DNA demethylation 

during stage 2 through the use of an organ culture model, where the role of proliferation in the 

loss of methylation was examined in two imprinted loci. Furthermore, the methyltransferase 

involved in the maintenance of DNA methylation of imprinted genes, meiotic promoters, and 

retroviral sequences during Stage 1 DNA demethylation was discovered to be Dnmt1. Finally 

this thesis addresses the functional role of stage-specific demethylation during PGC development 

during meiotic gene activation, and the consequences the precocious removal of methylation has 

on germline differentiation in both males and females. 
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Chapter 2 

The Aorta Gonad Mesonephros organ culture recapitulates 5hmC 

reorganization and replication-dependent and independent loss of 
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Abstract 

Removal of cytosine methylation from the genome is critical for reprogramming, 

transdifferentiation, and plays a central role in our understanding of the fundamental principles 

of embryo lineage development.   One of the major models for studying cytosine demethylation 

is the mammalian germline during the primordial germ cell (PGC) stage of embryo development.  

It is now understood that oxidation of 5-methyl cytosine (5mC) to 5-hydroxymethylcytosine 

(5hmC) is required to remove cytosine methylation in a locus-specific manner in PGCs, however 

the mechanisms downstream of 5hmC are controversial and hypothesized to involve either active 

demethylation or replication-coupled loss.  In the current study, we used the aorta gonad 

mesonephros (AGM) organ culture model to show that this model recapitulates germline 

reprogramming including 5hmC reorganization and loss of cytosine methylation from Snrpn and 

H19 imprinting control centers (ICCs).  To directly address the hypothesis that cell proliferation 

is required for cytosine demethylation, we blocked PI3 kinase-dependent PGC proliferation, and 

show that this leads to a G1 and G2/M cell cycle arrest in PGCs, together with retained levels of 

cytosine methylation at the Snrpn ICC but not at the H19 ICC. Taken together the AGM organ 

culture model is an important tool to evaluate mechanisms of locus-specific demethylation, and 

the role of PI3-kinase dependent PGC proliferation in the locus-specific removal of cytosine 

methylation from the genome. 
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Introduction 

The mammalian germ line is specified from the proximal epiblast at the time of implantation and 

is responsible for passing genetic information from parent to child.  In recent years we have 

come to appreciate the exquisite dynamics of epigenetic remodeling in the germline not only in 

the late gestational period and after birth when transposons are repressed in males and females 

respectively, but also immediately after specification in the early stages of embryo development.  

In fact, new lines of research suggest that epigenetic reprogramming, and in particular removal 

of 5-methyl cytosine (5mC) from the newly specified germline, serve as a protective measure to 

guard against transmission of epialleles from parent to child [1,23,27,33,37].  This mysterious 

period of germ line development called the primordial germ cell (PGC) period extends from 

embryonic (E) day E7.5 to E13.5 of development in the mouse embryo.   

 

Epigenetic reprogramming in PGCs is a two-step process.  The first step involves removal of 

almost all 5mC genome wide, together with depletion of Histone H3 Lysine 9 dimethylation 

(H3K9me2) and enrichment of H3K27me3 in chromatin [11,24,25].  This large-scale epigenetic 

remodeling occurs within 24-48 hours of specification and is called phase I PGC reprogramming.  

By analyzing PGCs at the conclusion of phase I reprogramming (E9.5 - E10.5) it is clear that a 

small number of interesting loci escape demethylation.  These include gonadal-stage germline 

genes such as mouse vasa homologue (mvh), also called dead box polypeptide 4 (ddx4), deleted 

in Azoospermia like (Dazl), synaptonemal complex protein 3 (Scp3), various imprinting control 

centers (ICCs), and sequences of the Intracisternal A particle (IAP) repetitive element [8,13,15].  
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As PGCs settle in the gonad from E10.5 to E13.5, many of the loci that escaped cytosine 

demethylation in phase I PGC reprogramming will complete cytosine demethylation in a locus 

and time specific manner [8,11,12,28]. The second period of PGC reprogramming ending at 

E13.5 is called phase II PGC reprogramming.  Not all epigenetic marks are removed during 

phase II PGC reprogramming, for example, bivalent domains at developmental regulatory genes 

and H3K27me3 at retrotransposons persist until E13.5, and cytosine methylation is retained at 

some IAP sequences [13,17,21–23]. 

 

The mechanisms that regulate Phase II PGC reprogramming of 5mC are under intense 

investigation.  Recent research has implicated Tet methylcytosine dioxygenase 1 (Tet1) and Tet2 

in converting 5mC to 5-hydroxymethylcytosine (5hmC) in the PGC genome between E10.5 to 

E13.5 [4,7,35–37].  The Tet enzymes, and in particular Tet1 is proposed to function by targeting 

removal of cytosine methylation from gonadal-stage meiotic genes of female PGCs as well as 

imprinted genes and ICCs [36].  Other investigators have proposed that loss of cytosine 

methylation is due to rapid proliferation coupled to repression of the maintenance 

methyltransferase 1 (Dnmt1) cofactor Uhrf1 [11].  These models are not mutually exclusive as 

oxidation of 5mC to 5hmC could conceivably facilitate replication-coupled demethylation given 

that Dnmt1 has low affinity for 5hmC [31].   Others have suggested that base excision repair 

mediated by Thymine DNA Glycosylase (TDG) is required for demethylation of the Insulin 

growth factor 2 (Igf2) ICC [3].  Still, other groups have reported that poly(ADP-ribose) 

polymerase (PARP) functions in phase II reprogramming to demethylate the ICC of H19/Igf2, 

Peg3 and the CpG islands of Scp3 and mvh [2,12].  The function of PARP is thought to involve 
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replication-independent active DNA demethylation involving activation of the base excision 

repair pathway as well as transcriptional regulation of Tet1 [2,12].   

 

Taken together, understanding the precise mechanisms that regulate DNA demethylation during 

Phase II PGC reprogramming has critical implications in understanding how disease epialleles 

may arise during PGC reprogramming.  Progress in this field has accelerated in the last two 

years, however the field will benefit from well-characterized in vitro models that accurately 

recapitulate phase II reprogramming as it occurs in the embryo.  Differentiation of PGCs in vitro 

from ESCs is an important model for phase I PGC reprogramming [6,10,32].   However, PGCs 

in this model arrest in G2 of the cell cycle prior to initiating phase II reprogramming [6,10].   An 

alternate possibility to study phase II PGC reprogramming involves the aorta-gonad-

mesonephros (AGM) model, which was recently used to examine the role of PARP and base 

excision repair in phase II PGC reprogramming [2].  However, critical details on the dynamics of 

5hmC organization, and proliferation-coupled loss of methylation at ICCs in the AGM model 

remain to be elucidated [11,35], and must be clarified before widespread use of this model is 

adopted to study phase II PGC reprogramming. 

 

Results: 

PGCs in the AGM organ culture maintain global hypomethylation of 5mC 

In order to determine whether the AGM organ culture model recapitulates phase II cytosine 

demethylation, we first isolated the AGM from CD1 or CD1;Oct4-IRES-Gfp (OG) mice and 

cultured each AGM individually on transwell inserts for 3-5 days (Fig 1A).  At the time of 
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isolation from the embryo (E10.5), the genital ridge appears as a small medial thickening 

adjacent to the mesonephros by phase contrast microscopy (Fig 1A) and hematoxylin and Eosin 

staining (Fig 1B).  PGCs were identified in the genital ridge and mesonephros (m) by 

immunofluorescence with stage-specific embryonic antigen-1 (SSEA-1) (Fig 1C, white arrow).  

By the third day of culture, the genital ridge becomes large and well defined (Fig. 1D). Unlike in 

vivo gonad development where embryonic testes and ovaries can be distinguished 

morphologically at E13.5 [26,30], male and female gonads in the organ culture model are 

indistinguishable from each other, consistent with testicular cords not developing in males when 

the AGM culture is established at E10.5 prior to sex-determination [16].  

 

In order to determine whether male and female gonads can be distinguished molecularly by 

presence or absence of Anti mullerian hormone (Amh) which is expressed exclusively in sertoli 

cells of the male gonad (not Mvh positive germ cells), we evaluated AGMs at day 1, 2, 3 and 5 

of organ culture (shown is day 5 Fig 1E).  We found that AGMs derived from XX embryos never 

expressed Amh at any time point (Fig 1E).  In contrast, AGMs derived from XY embryos 

acquire Amh positive cells between day 1 and day 2 of organ culture exclusively in the 

developing genital ridge consistent with previous reports in the embryo demonstrating that AMH 

first becomes expressed at E12.5 [19].  We also discovered that the majority of PGCs that were 

identified using Mvh staining in XY gonads were closely associated with the Amh-positive 

sertoli cells.   
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Next, we sought to determine whether Mvh positive PGCs in the genital ridge remain globally 

hypomethylated within the ex vivo organ culture.  We first used immunofluorescence to stain 

genital ridges at E10.5, and as expected the Mvh positive PGCs have low global levels of 5mC in 

the nucleus (Fig 1F).  This is in contrast to the surrounding somatic cells of the genital ridge, 

which exhibit discreet foci of 5mC that correlate with DAPI positive foci (Fig 1F). Next we 

stained E10.5 cultured AGMs on day 1, day 2 and day 3 of organ culture (Fig 1G).  Our results 

show that 5mC remains globally depleted in the Mvh positive PGCs over the three days of 

culture (Fig 1G).   Furthermore, analysis of Mvh and 5mC by immunofluorescence in gonads 

from the embryo at E11.5-E13.5 reveals staining patterns that are indistinguishable from the 

results obtained in the organ culture (Fig 1H).  Taken together, the E10.5 AGM organ culture 

model over the first three days of culture exhibits the same hypomethylated characteristics of 

Mvh positive PGCs found in the embryo from E11.5-E13.5 despite the absence of cord 

formation in males.   

 

PGCs in the AGM organ culture develop 5hmC foci within 24 hours of culture 

Although the PGC genome exhibits low levels of 5mC from E10.5 to E13.5, previous studies 

have revealed that 5hmC becomes enriched in genomic territories at E10.5 resolving to discreet 

5hmC foci in the majority of PGCs by e11.5 [35].  To test this in the organ culture model we first 

evaluated 5hmC at E10.5, and show that SSEA1 positive PGCs exhibit both territories (white 

arrow) and foci (yellow arrow) of 5hmC (Fig 2A).  However after just one day of AGM organ 

culture we find that almost all Oct4 positive PGCs exhibit discreet foci of 5hmC, and these foci 

are maintained at day 2 and day 3 of organ culture (yellow arrows Fig 2B).  Analysis of the 
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surrounding somatic cells shows that 5hmC is uniformly enriched in the somatic cell nuclei from 

Day 1-3 of organ culture without obvious enrichment at DAPI foci (Fig 2B).  

 

In order to prove that the localization of 5hmC in the organ culture model recapitulates results in 

the embryo, we stained embryonic gonads at E11.5, E12.5 and E13.5 for 5hmC together with the 

PGC markers Oct4 and Mvh, and show that similar to the AGM model, most PGCs contain 

5hmC foci starting at E11.5, and these foci are identified in all PGC nuclei through to E13.5 

(yellow arrows Fig. 2C).  Similarly, the somatic cells of the gonad in vivo from E11.5-E13.5 

have 5hmC present throughout the nucleus in uniform levels, without specific enrichment in 

DAPI positive foci.  Next we quantified the number of 5hmC foci (Fig 2D) and DAPI foci (Fig 

2E) per PGC nucleus from E11.5 to E13.5 and show that PGCs in the embryo have an average 8 

5hmC foci and 6-7 DAPI foci per nucleus.  In the organ culture model the average number of 

5hmC foci per PGC nucleus was slightly lower at 5-6 (Fig 2G).  However the average number of 

DAPI foci was similar to PGCs in the embryo at 6-7 foci per nucleus (Fig 2H). 

 

Given that the number of 5hmC and DAPI foci are relatively stable from E11.5 to E13.5, we 

quantified the percentage 5hmC positive foci that do not correspond to DAPI-foci and show that 

21% of 5hmC foci at E11.5 do not correspond to DAPI-foci, whereas at E12.5 this increases to 

around 35%.  By E13.5 the percentage of 5hmC foci that are DAPI negative is restored to the 

levels seen at E11.5 (Fig 2F).  Similarly in the organ culture model, this trend is also observed 

(Fig 2I).   Taken together our data indicates that the organization of 5hmC in PGC nuclei in the 
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organ culture model recapitulates the nuclear rearrangement that occurs in vivo from E11.5-

E13.5 with 5hmC foci uncoupling from DAPI dense chromocenters in PGCs. 

 

PGC number in the AGM organ culture increase by 10-fold over the first three days of 

culture 

Given that phase II reprogramming is associated with proliferation [11] , we next evaluated PGC 

number in vivo and in the AGM organ culture model.  First we evaluated the total number of 

GFP positive PGCs sorted from male and female OG embryos starting at e9.5 through to e13.5 

(Fig 3A and 3B).  Our data show that PGC number increases with each embryonic day of 

development in both males (Fig 3A) and females (Fig 3B).  However, our data shows the largest 

increase in PGC number occurs between E11.5 to E13.5 in both sexes.  Assuming a constant rate 

of apoptosis over the three-day window, we estimate that the average doubling time of PGCs 

from E11.5-E13.5 in the OG mouse strain is 11.8 hours.   

 

In order to determine whether Mvh positive PGCs in the organ culture are proliferative we first 

stained for Ki67, a marker of cells that are in cycle (Fig 3C).  We show that all Mvh positive 

PGCs are in cycle and Ki67 positive from day 1-3.   In order to count the total number of PGCs 

we used the OG mouse from Fig 3A-B, and counted total number of OCT4+ PGCs in the genital 

ridges at day 1, 2 and 3 of organ culture.  Given that we did not find a statistically significant 

difference in the number of male and female PGCs in vivo, we pooled cultured AGMs at each 

time point, and performed FACS to count PGC number (Fig 3D).  Consistent with the Ki67 

staining indicating that PGCs are in cycle, our data reveals that after 1 day of organ culture the 
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average number of PGCs more than doubles from 207 to 470 PGCs per AGM.  Then from day 1 

to day 2 PGC number doubles again to an average of 905 PGCs per AGM.  Finally at day 3 we 

recovered an average of 2,146 PGCs per AGM.  Taken together using the E10.5 AGM organ 

culture model we discovered that the total number of PGCs increases substantially in the first 

three days of culture but not to the extent of PGCs in the embryo during the same time period.  

This suggests that proliferation occurs in PGCs in the E10.5 AGM organ culture, but expansion 

of the germline ex vivo in the AGM model is not as robust.  Given that we did not detect an 

increase in 7AAD positive (dead) PGCs in the AGM culture at any time point, we hypothesize 

that the reduced number of PGCs found in the organ culture at day 3 relative to the E13.5 

embryo is not due to an increase in apoptosis, but rather due to fewer cell divisions taking place 

over the span of 3 days. 

  

Loss of methylation from the Snrpn ICC and H19 ICC occurs within the first three days of 

organ culture. 

Given that the number of PGCs at day 3 in the organ culture is lower than what is expected when 

comparing the number of PGCs after 3 days of development in the embryo, we next sought to 

evaluate the demethylation dynamics of the Snrpn ICC and H19 ICC in the AGM organ culture 

given the hypothesis that demethylation may be linked to cell division.  Using the OG mouse we 

first sorted GFP positive PGCs at E10.5 and confirmed previous reports [8] that cytosines in a 

CpG sequence context at the Snrpn and H19 ICCs are methylated at e10.5 similar to GFP-

negative somatic cells (Fig 4A). In contrast, at E13.5 cytosine methylation at the Snrpn and H19 

ICCs in the GFP-positive PGCs is erased (Fig 4B), whereas the GFP-negative somatic cells still 

exhibit methylated and unmethylated alleles at these ICCs (Fig 4B).  As a positive control we 
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show that IAP is methylated in GFP positive PGCs at E10.5 (Fig 4A), and does not fully 

demethylate in PGCs at E13.5 consistent with previous reports [23]. 

 

Next we turned to the E10.5 AGM organ culture model and monitored the Snrpn ICC, H19 ICC 

and IAP demethylation in GFP-positive sorted PGCs at day 3 of organ culture (Fig. 4C).  Our 

data reveals that by day 3, methylation at the Snrpn ICC and H19 ICC is erased in the GFP 

positive PGCs, whereas GFP negative somatic cells still exhibit methylated and unmethylated 

alleles (Fig 4C).   In contrast, similar to PGCs in the embryo, IAP does not completely 

demethylate in the germline (Fig 4C).   

 

To evaluate the timing of CpG erasure in the organ culture model we evaluated methylation at 

the Snrpn ICC and H19 ICC at days 1, 2 and 3 of culture (Fig 4D and 4E respectively). We 

discovered that the average percent CpG methylation at the Snrpn ICC is around ~20% at day 1 

and 2 of AGM culture.  However, by day 3, the percentage of methylated cytosines in the CpG 

sequence context of the Snrpn ICC is significantly reduced to around 10% (Fig 4D).  Similarly, 

the paternally methylated H19 ICC also undergoes a significant decrease in cytosine methylation 

within the first three days of organ culture (Fig 4E).  However, compared to the Snrpn ICC, 

where a significant decrease in DNA methylation was observed between day 2 and 3 of AGM 

culture, the significant decrease in cytosine methylation at the H19 ICC was observed between 

day 1 and 3. 
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Loss of cytosine methylation from the Snrpn ICC in PGCs in the AGM culture strongly 

correlates with increasing cell number 

In order to determine whether loss of cytosine methylation from the Spnrn or H19 ICC correlates 

with proliferation, we cultured E10.5 AGMs in the presence of either DMSO or the PI3-kinase 

inhibitor LY294004 (Fig 5A and 5B).  PI3 kinase regulates PGC proliferation through the cKIT 

receptor downstream of kit ligand signaling [18] 

inhibitor of PI3 kinase, effectively blocks PGC proliferation in vitro [18].  Therefore, we 

cause PGCs to arrest in the cell cycle, and provide a novel approach for examining the role of 

PI3 kinase-dependent PGC proliferation in ICC erasure.  In order to test this, we first performed 

a cell cycle assay in the presence and absence of LY294004 (Fig 5A and 5B).  In this assay the 

cell cycle dynamics of PGCs were distinguished from somatic cells in the same sample using 

intracellular staining for Mvh [34].  Similar to previous reports [11] our data shows that the 

somatic cells of the organ culture are mostly in the G1 phase of the cell cycle (73-75%).  In 

contrast, the majority of Mvh positive PGCs are in S-phase during day 1 and 2 of organ culture 

(Fig 5A).  In LY294004 treated cultures the majority of PGCs are not in S-phase, and instead are 

in G1 and G2/M of the cell cycle by day 2 of organ culture (Fig 5B).  To evaluate whether 

LY294004 causes toxicity we determined cell viability by calculating the percentage of cells that 

are negative for 7aad, this result showed no significant difference between DMSO and 

LY294004 treated cultures, with viability being on average >90% (Fig 5C). 

 

 demethylation we added either 

DMSO or LY294004 to the AGM organ culture at the time of plating and used linear regression 
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analysis where CpG methylation in individual samples treated with either DMSO or LY294004 

were plotted relative to PGC number (Fig 5D-G).  Our results demonstrate that CpG methylation 

at the Snrpn ICC in control (DMSO treated) conditions is correlated (r2 = 0.29) with increasing 

correlation (r2 = 0.03), with retention of CpG methylation at the Snrpn ICC in the presence of 

LY294004 (Fig 5E).  Therefore, blocking PI3K in the AGM organ culture model blocks 

replication-coupled demethylation of the Snrpn ICC.  Similarly, analysis of the H19 ICC under 

control (DMSO treated) conditions also revealed a correlation (r2 = 0.29) between cell number 

and the loss of CpG methylation (Fig 5F).  However, unlike the results at the Snrpn ICC, culture 

of AGMs with 10 

did not prevent demethylation at the H19 ICC (r2 = 0.10). Taken together, this suggests that PI3 

Kinase-dependent proliferation does not play a major role in loss of CpG-methylation at the H19 

ICC (Fig 5G).   

 

Discussion 

In the present study our results reveal that PI3 kinase-dependent PGC proliferation plays an 

important role in the process of imprint erasure at the Snrpn ICC in PGCs, but not a major role at 

the H19 ICC indicating that different genomic loci undergo demethylation through different 

mechanisms.  We have also shown that a three-day ex vivo AGM organ culture recapitulates the 

classic epigenetic reprogramming events in murine PGCs during embryo development from 

E11.5-E13.5 including the formation of 5hmC foci, the loss of cytosine methylation from the 

Snrpn and H19 ICCs with retention of some methylation at IAP.  Therefore, our results show that 
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the AGM organ culture constitutes a faithful ex vivo model to study different modes of PGC 

methylation reprogramming. 

 

Loss of imprinting at the Snrpn locus in humans is associated with Prader-willi or Angelman 

Syndrome [5].  Conversely, altered imprinting at the H19 locus is associated with Beckwith-

Wiedemann Syndrome [20].  The majority of cases are due to genetic mutations or 

rearrangements that result in permanent changes to the mechanism of allele-specific gene 

expression.  However, given that allele specific gene expression is regulated primarily by DNA 

methylation, the role of aberrant epigenetic mechanisms (epimutations) in causing imprinting 

syndromes in children is a concern.  There are currently two mechanistic models for ICC erasure 

in mammalian PGCs. These include, replication-independent active demethylation involving 

base excision repair and the second mechanism involves replication-coupled demethylation 

[2,9,11,12].    

 

In previous studies, evidence for replication-coupled demethylation of ICCs was proposed due to 

an undeniable correlation of PGC cell number with the kinetics of CpG demethylation [11].  In 

the current study our data supports a major role for PI3 kinase-dependent replication-coupled 

loss of CpG methylation at the Snrpn ICC, but a minor to negligible role in demethylation of the 

H19 ICC.   Evidence for active demethylation was hypothesized to occur downstream of Poly 

(ADP-ribosyl)ation by experiments that involved inhibiting PARP in the E10.5 AGM organ 

culture model [2], as well as injection of PARP inhibitors into pregnant mice [12] .  In both cases 

experimental contexts it was proposed that demethylation of the H19/IGF2 ICC was sensitive to 
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PARP inhibition.  In the current study, our data provides independent support that demethylation 

of the H19 ICC is active, because unlike the Snrpn ICC, this locus continues to demethylate even 

when cell proliferation is blocked. Taken together, our data supports the theory that multiple 

independent mechanisms act to promote demethylation of ICCs in the germline.    

 

The first step in demethylation at the majority of ICCs involves conversion of 5mC to 5hmC by 

Tet1. [37] .  In the current study we show that the E10.5 AGM organ culture model recapitulates 

the unique rearrangement of 5hmC in PGCs [35], with the conversion of 5hmC territories into 

5hmC-enriched foci. Therefore, use of the AGM organ culture model to evaluate oxidation of 

5mC and potential roles as an independent epigenetic mark is warranted.  It is clear in both the 

embryo and AGM organ culture model that 5hmC does not disappear completely from the 

germline genome and instead remains as discreet foci.  The purpose of residual 5hmC staining in 

the germline at the conclusion of the PGC period is currently unknown 

 

In conclusion, our data supports the idea that mechanisms of demethylation in PGCs are locus 

specific, such that a PI3-kinase-dependent replication coupled mechanism supports the removal 

of CpG methylation from the Snrpn ICC where as removal of CpG methylation from the H19 

ICC is largely independent of PI3-kinase.  PI3-kinase dependent PGC proliferation is 

hypothesized to occur downstream of estrogen signaling on the somatic cells of the gonad [18].  

This finding is critical given that maternal exposure of bisphenol A (an endocrine disruptor) 

causes epigenetic changes at ICCs in exposed embryos [29].  Our study demonstrates that the 

E10.5 AGM organ culture model provides a new opportunity to evaluate modifiers of locus-
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specific cytosine demethylation during a highly reproducible nuclear reprogramming event in 

mammalian cells. 

 

Materials and Methods 

AGM culture:  AGMs were isolated from E10.5 embryos.  All animal experiments were 

approved by The UCLA Institutional Animal Care and Use Committee, also known as the 

Chancellor's Animal Research Committee (ARC).  Embryos were obtained from crosses between 

Oct4-IRES-Gfp (OG) transgenic males and females [14].  CD-1 females were also used where 

indicated.  Embryos were staged by the detection of a vaginal plug (0.5 dpc), and upon dissection 

morphological features such as paddle shaped forelimb buds, protruding hindlimb buds, as well 

as 35-40 pairs of somites.  AGMs were transferred to a polyethylene tissue culture membrane 

(BD 353095) in a 24 well plate, and grown for 3 days.  The media used for the AGM culture 

contains 20% FBS (Hyclone Lot:AWG18462), GMEM(Gibco), Penn/Strep, and 1X Glutamine 

(Life Technologies).  Media was changed every day, by adding 500µl to the bottom of the tissue 

culture insert, and 20µl to the top.  The PI3 Kinase inhibitor LY294002 (Sigma-aldrich) was 

added to the organ culture media at a concentration of 10µM, and media containing the inhibitor 

was changed every day using the same volumes as indicated above.  LY294002 for this 

experiment was re-suspended using DMSO upon receipt and stored at -20oC.  A fresh aliquot 

was used every time the media was made due to the inhibitor’s sensitivity to freeze-thaw cycles.  

DMSO controls were used to control for the effect of the diluent. 
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Immunofluorescence:  Paraffin embedded sections were obtained after fixing the AGMs in 4% 

PFA overnight.  Staining was performed using conventional methods with some exceptions in 

the case of 5hmC [32].  Permeabilization was performed using 0.5% TX-100 in PBS, and washes 

were performed using 0.2% tween in PBS.  The following Antibodies were used: Rabbit anti 

human Mvh 1:100(abcam), Mouse anti human Amh IgG 1:100(Abd Serotec), Mouse anti mouse 

5mC 1:100(Aviva Biosciences), Rabbit anti mouse 5hmC 1:100 (Active Motif), Goat anti mouse 

Oct4 1:100, Mouse anti mouse SSEA1 1:100, and Goat anti human Mvh 1:100.  Visualization 

was performed by using isotype-specific secondary antibodies conjugated to fluorophores.  

Images were captured using a Zeiss LSM 780 confocal microscope.  All immunofluorescence 

and histology experiments were performed on at least n=3 independent biological replicates of 

gonads or AGMs. 

 

Sorting:  AGMs were harvested at day 3 of culture.  Media was aspirated from the bottom of the 

well using a vacuum, and media on top of the membrane was slowly removed through the use of 

a pipette.  The AGM was washed once in calcium and magnesium free DPBS (Gibco) before 

addition of 0.05% Trypsin (Gibco).  Once Trypsin was added, the AGM was separated from the 

membrane by carefully pipetting several times.  The AGM as well as the trypsin were then 

transferred to a 15ml conical tube containing 3ml of 0.05% Trypsin.  This was placed in 370C for 

5 minutes followed by gentle flicking and placing it back in 370C for 5 more minutes.  Trypsin 

was neutralized with 3ml of Mouse embryonic fibroblast media and the AGM was further 

dissociated by pipetting several times.  This solution was then centrifuged for five minutes at 

1.2K RPM, and resuspended in 1% BSA prior to sorting.  7AAD (BD) was added at 1:50, and 

only 7AAD negative, GFP positive cells were used for further analysis.   
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Flow analysis for cell cycle:  AGMs were cultured in 10µM EdU (Life technologies) for two 

hours.  The AGMs were then harvested according to the sorting protocol above.  Staining of the 

harvested AGMs was performed according to previous published studies with intracellular 

staining for Mvh detected with alexa-flour 488 used to discriminate germline cells from non-

germ cells [34].  Samples were analyzed using the LSRII (BD) flow cytometry machine.  In 

order to identify the germ cell population, a scatter plot for alexa-flour 488nm (log scale) vs. side 

scatter (log scale) was set up.  A gate was established around the 488nm positive cells (germ 

cells), as well as the 488nm negative cells (somatice cells).  Cellular proliferation was then 

assessed by using these gates and establishing a scatter plot for APC 647nm (EdU) (log scale) vs. 

PI (Linear scale).  A gate was setup around the 647nm positive cells which were the cells passing 

through S-phase during the period the AGM cultures were exposed to EdU.  Gates were then set 

up around the 647 nm negative cells at 50K on the PI linear scale and 100k to identify cells in G1 

and G2 respectively.  Further analysis and quantification was performed using flowjo (version 

9.3.13).  For detailed information of how to set up the gates for cell cycle analysis refer to [34]     

 

Sexing:  In order to sex the AGMs, the head of the embryo was removed and placed in a separate 

PCR tube.  20ul of DEPC water were added.  This was followed by mechanical breakdown of 

the head by pipetting several times.  The PCR tubes containing the embryo heads were placed in 

a PCR machine and incubated for 5 minutes at 950C.  After heat incubation, the debris as well as 

the supernatant was transferred to an empty 1.5ml microcentrifuge tube.  This was followed by 

centrifugation at 13.2K RPM for 5 minutes.  The supernatant containing the DNA was 

transferred to a clean 1.5ml microcentrifuge tube, and 1 µl was used for the PCR reaction.  PCR 

products were ran on a 2% gel at 90 volts for 1 hour.  The result is two bands around 300bp in 
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males, whereas females exhibit only one band equivalent in size to the smaller fragment in 

males.  SMCX-1: CCGCTGCCAAATTCTTTGG.  SMCY-1: TGAAGCTTTTGGCTTTGAG. 

 

Bisulfite-PCR:  DNA was extracted from GFP positive PGCs at day 3 of culture using the zymo 

quick gDNA mini prep kit(Zymo).  The DNA was subsequently subjected to bisulfite treatment 

using the EZ DNA methylation kit(Zymo).  Gene specific PCR amplifications were performed 

by using primers against the Snrpn DMR1 as described in [5], the H19 DMR as described in [11] 

and IAP as described in [8].  PCR products were run on a 1.2% gel and purified using the 

QIAquick gel extraction kit(Qiagen) and ligated to a pCR-Topo2.1 cloning vector(TOPO cloning 

kit, Invitrogen).  At least 10 clones were picked for analysis and submitted for sequencing.  

Snrpn Primer Sequences: 

Snrpn F1: AAA TTT GTG TGA TGT TTG TAA TTA TTT GGG 

Snrpn R1: AAA ATC CAC AAA CCC AAC TAA CCT TCC 

Snrpn F2: AAT TAT ATT TAT TAT TTT AGA TTG ATA GTG AT 

Snrpn R2: TTT ACA AAT CAC TCC TCA AAA CCA A 

H19 Primer Sequences: 

H19 F1: AAT GGT TGA ATT TTA GTT TTT GTT TTT ATG GTT 

H19 R1: ACC AAT ACA ATC CCA CAT ACT TTA TCA TAA AA 

IAP Primer Sequences: 

IAP F1: TTG TGT TTT AAG TGG TAA ATA AAT AAT TTG 

IAP R1: CAA AAA AAA CAC ACA AAC CAA AAT 
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Statistics 

Statistical analysis between two groups was performed using a non-parametric T-Test.  

Statistical analysis involving more than two groups was performed using a one way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparison test with 95% confidence 

intervals.  Correlation of PGC number with loss of methylation from Snrpn and H19 was 

performed using linear regression analysis with 95% confidence intervals.  In all cases p<0.05 

was considered significant.  Data was obtained from at least n=3 independent biological 

replicates of gonads or AGMs. 
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Figure 2-1.  PGCs enter the gonad hypomethylated and remain hypomethylated over the 

next three days in vivo and ex vivo. 

(A) Phase contrast image of an E10.5 AGM.  Black arrows point to the genital ridge, (m) refers 

to mesonephros.  (B) Histology of an E10.5 AGM.  White dotted line separates the genital ridge 

(black arrow) from the mesonephros (m).  (C) Immunofluorescence of E10.5 AGM for SSEA1 

positive PGCs (green), nuclei are detected using DAPI (blue), (white star) refers to PGCs outside 

of the genital ridge.  (D) Phase contrast image of an AGM cultured for 3 days. Black arrows 

point to the genital ridge, (m) refers to the mesonephros.  (E) Histology (left) and 

Immunofluorescence (right) of a female (XX) AGM cultured for 5 days (top), and male (XY) 

genital ridge (bottom).  Bottom panel includes high power images (63X) of respective male 

section.  Mvh positive PGCs (red), Amh positive sertoli cells (green), DAPI nuclei (blue).  (F) 

Immunofluorescence of E10.5 AGMs for Mvh positive PGCs (red) and 5mC (green). (G) Day 1-

3 AGM organ culture for Mvh positive PGCs (red) and 5mC (green). (H) E11.5-E13.5 genital 

ridges.  All images were obtained using at least n=3 independent biological replicates of gonads 

or AGMs. 
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Figure 2-2. PGCs during the three days of in vitro AGM organ culture recapitulate the 

nuclear rearrangement of 5hmC identified in PGCs in the embryo 

(A) Immunofluorescence of E10.5 AGMs for Oct4 positive PGCs (red), 5hmC (green), and 

DAPI (blue) White arrow points to 5hmC territory.  Yellow areo points to 5hmC foci. (B) AGMs 

cultured for 3 days to identify Oct4 positive PGCs (red), 5hmC (green), and DAPI (blue). (C) 

E11.5-E13.5 genital ridges stained for Mvh or Oct4 positive PGCs (red) as indicated, and 5hmC 

(green), and DAPI (blue).  All images were obtained by using at least n=3 independent biological 

replicates of gonads or AGMs.  (D) Quantification of 5hmC foci in individual PGC nuclei 

between E11.5-E13.5.  (E) Quantification of DAPI foci in individual PGC nuclei between E11.5-

E13.5.  (F) Quantification of 5hmC foci that are negative for DAPI in individual PGC nuclei 

between E11.5-E13.5.  (G) Quantification of 5hmC foci in individual PGC nuclei during AGM 

organ culture on Day 1-Day 3.  (H) Quantification of DAPI foci in organ culture PGCs between 

Day 1-Day 3.  (I) Quantification of 5hmC foci that are negative for DAPI in individual PGC 

nuclei during organ culture on Day 1, Day 2 and Day 3. Statistical data was obtained by using at 

least n=3 independent biological replicates of gonads or AGMs. * Refers to statistical 

significance p<0.05. 
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Figure 2-3.  PGCs in the in-vitro cultured AGMs are Ki67 positive and increase in number 

during 3 days of culture 

(A) Number of OG positive PGCs in male, and (B) female embryos at the indicated time points.  

(C) Immunofluorescence of in vitro cultured AGM from Day 1-3 for Mvh positive PGCs (red), 

Ki67 (green), and DAPI (blue).  (D) Average number of OG positive PGCs in cultured AGMs at 

day 1-3 of culture.  All images were obtained by using at least n=3 independent biological 

replicates of gonads or AGMs. 
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Figure 2-4. Imprint erasure at the Snrpn and H19 ICCs happens within 3 days in the organ 

culture model 

(A) Bisulfite PCR of the Snrpn, H19 ICCs, as well as IAP comparing somatic cells (left) and OG 

sorted PGCs (right) from the embryo at E10.5, (B) E13.5, (C) and after 3 days of AGM organ 

culture.  Black circles, methylated cytosines; white circles, unmethylated cytosines.  (D) 

Quantification of average cytosine methylation in OG sorted PGCs at the Snrpn ICC from the in-

vitro cultured AGM at day 1-3. (E) Quantification of average cytosine methylation in OG sorted 

PGCs at the H19 ICC from the in-vitro cultured AGM at day 1-3. * Refers to statistical 

significance p<0.05. 
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Figure 2-5.  Imprint erasure dynamics at the Snrpn and H19 ICCs in PGCs after treatment 

with PI3-kinase inhibitor. 

(A) Cell cycle analysis of Mvh positive PGCs and Mvh-negative somatic cells using Edu 

incorporation of in vitro cultured AGMs from day 1-

LY294004.  Somatic cells (red), Mvh positive PGCs (blue), Edu incorportation (APC), DNA 

content (PE-Cy5). (C) Percentage of viable cells between DMSO (vehicle) and LY294004 

treated samples. (D) Percent cytosine methylation at the Snrpn ICC plotted as a function of cell 

number during day 1-3 of AGM cell culture in the presence of DMSO or, (E) LY294004.  (F) 

Percent cytosine methylation at the H19 ICC plotted as a function of cell number during day 1-3 

of AGM cell culture in the presence of DMSO or (G) LY294004.   
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Summary 

Remodeling DNA methylation in mammalian genomes can be global as seen in pre-implantation 

embryos and primordial germ cells (PGCs), or locus-specific, which can regulate neighboring 

gene expression. In PGCs global and locus-specific DNA demethylation occur in sequential 

stages, with an initial global decrease in methylated cytosines (stage I) followed by a Tet 

methylcytosine dioxigenase (Tet)-dependent decrease in methylated cytosines that act at 

imprinting control regions (ICRs) and meiotic genes (stage II).  The purpose of the two-stage 

mechanism is unclear.  Here we show that Dnmt1 preserves DNA methylation through stage I at 

ICRs and meiotic gene promoters, and is required for the pericentromeric enrichment of 5hmC. 

We discovered that the functional consequence of abrogating two-stage DNA demethylation in 

PGCs was precocious germline differentiation leading to hypogonadism and infertility.  

Therefore, bypassing stage-specific DNA demethylation has significant consequences for 

progenitor germ cell differentiation and the ability to transmit DNA from parent to offspring. 

 

Introduction 

The germline has one essential role and that is to pass a genome and an epigenome from parent 

to child.   In model organisms such as Drosophila, Xenopus and Zebrafish the germline is 

considered immortal, created by a process known as preformation.  Although the preformation 

model has some species-specific differences, the unifying event is the allocation of specific 

RNAs and proteins generated by the oocyte to a small number of cells in the embryo endowing 

them with germline fate.  Embryonic cells that do not inherit these germline-specific molecules 

become somatic cells (Ephrussi et al., 1991; Strome and Wood, 1983; Wang and Lehmann, 

1991).   
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In mice, and possibly all mammals including humans, germline fate is not preformed.  Instead, 

with each generation the germline is created de novo.   Using the mouse as a model it is now 

accepted that germline cells are specified at around embryonic (E) day E6.25 due to bone 

morphogenetic signaling from the extra-embryonic ectoderm (Lawson, 1999).  Furthermore, 

elegant epiblast transplantation studies performed almost twenty-years ago revealed that distal 

epiblast cells transplanted to the proximal region can also yield germline cells, confirming that 

the specification of the mouse germline is an inductive process (Tam and Zhou, 1996). 

 

The mouse epiblast in vivo is pluripotent and epigenetically dynamic.  It is generated from the 

inner cell mass of the pre-implantation blastocyst between E3.5 and E4.5, and continues to exist 

up until the end of gastrulation.  Using single-base resolution bisulfite sequencing to accurately 

measure DNA methylation, it is now appreciated that the mouse E3.5 inner cell mass cells are 

globally demethylated (Smith et al., 2012).  The mechanism leading to this highly demethylated 

state begins at fertilization through a combination of Tet dioxygenase 3 (Tet3) driven 

demethylation of the paternal genome in the fertilized egg, and replication coupled DNA 

demethylation (Guo et al., 2014; Peat et al., 2014; Shen et al., 2014).  The hypomethylated 

landscape of the inner cell mass cells is then rapidly reversed by de novo DNA methylation 

leading to the creation of the highly methylated primed epiblast in post-implantation embryos at 

E5.5. 
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Specification of the mouse germline occurs in the epiblast at E6.25, yielding a highly methylated 

population of around forty pioneering germline cells at E7.25 called primordial germ cells 

(PGCs) (Saitou and Yamaji, 2012).  Using immunofluorescence it was proposed that the 

germline passively loses DNA methylation between E8.0-E13.5 (Seki et al., 2005).  However 

using single-base resolution genome-wide sequencing, a new model for PGC demethylation was 

proposed suggesting that PGC demethylation proceeded in two-stages (Kobayashi et al., 2013; 

Seisenberger et al., 2012; Vincent et al., 2013).  For example, starting from E8.0 as the PGCs 

migrate from the base of the allantois into the hind-gut endoderm, the PGCs globally lose DNA 

methylation to around 50% of the levels observed in the epiblast (Seisenberger et al., 2012).  

This event is referred to as stage I DNA demethylation and is accompanied by repression of the 

protein Ubiquitin-Like with PHD and Ring Finger Domains 1 (Uhrf1) as well as repression of 

the de novo DNA methyltransferases (Dnmt3a and Dnmt3b) (Kagiwada et al., 2013).  Stage I 

DNA demethylation is independent from the activity of Tet1 and Tet2 (Vincent et al., 2013). 

Then starting from E10.5, PGCs undergo locus-specific DNA dimethylation referred to as stage 

II, which involves the activity of Tet1 and Tet2 as well as DNA replication to create a 

hypomethylated germline epigenetic ground state at E13.5 (Dawlaty et al., 2013; Hackett et al., 

2013; Hajkova et al., 2008; Kagiwada et al., 2013; Seisenberger et al., 2012; Yamaguchi et al., 

2013b).   

 

At the conclusion of stage I, the genomic sites protected from global DNA methylation include 

imprinting control regions (ICRs), endogenous retrovirus called Intracisternal A particles (IAPs) 

and the promoters of genes involved in meiosis and gamete generation (Seisenberger et al., 

2012).   The purpose of protecting these loci during stage I, only to be demethylated three days 
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later is unclear.  Similarly the enzyme/s responsible for protecting these sites are also unknown. 

It could be rationalized that the enzyme DNMT1 is responsible for protecting ICRs and meiotic 

gene promoters through stage I as it is the only DNA methyltransferase expressed throughout the 

PGC period (Kagiwada et al., 2013).  Furthermore, a Dnmt1 knockout causes up-regulation of 

post migratory germ cell-specific genes in the somatic cells of the post-implantation embryo, 

(Maatouk et al., 2006), however its role specifically in regulating the two-stage PGC 

demethylation process is unknown. 

 

Therefore, in order to determine the role of DNMT1 in protecting PGCs from precocious DNA 

demethylation in stage I, we created a conditional Dnmt1 deletion using Cre-LoxP recombination 

in PGCs using Blimp1-Cre. We discovered that DNMT1 maintains methylation at imprinting 

control regions (ICRs) and the endogenous retrovirus called Intracisternal A particle (IAP), and 

that loss of Dnmt1 leads to significantly fewer PGCs at the conclusion of stage II DNA 

demethylation due to precocious germline differentiation into oocytes and prospermatogonia in 

males and females respectively.  Together, our data demonstrate that a small number of highly 

potent loci in mouse PGCs are directly regulated by Dnmt1, and removing Dnmt1 prematurely 

leads to precocious germline differentiation between E11.5-E13.5.  The outcome of our work has 

important implications for gene regulation during cell lineage differentiation and illustrates the 

importance of commissioning stage-wise epigenetic events in order to maximize developmental 

potential.   

 

 



74 
 

Results 

 

A conditional deletion of DNMT1 in PGCs leads to loss of 5mC and 5hmC prior to E13.5 

Dnmt1 mutant embryos die before mid-gestation due to abnormal embryo development and 

differentiation (Li et al., 1992). Therefore, to determine whether DNMT1 has a role in PGC 

formation we used a mouse strain called Dnmt12lox (Jackson-Grusby et al., 2001) and crossed the 

strain to Blimp1-Cre (BC) to promote a Dnmt1 deletion at the time of PGC specification 

(Ohinata et al., 2005; Ohinata et al., 2008). In previous studies we found that recombination 

efficiency of BC in PGCs at E9.0 is 85%, and at E11.5 it is 100% (Li et al., 2015).   

 

To determine whether DNMT1 is required for PGC development before E9.5, we created 

BC:Dnmt1fl/- conditional knockout (DCKO) mice and performed whole mount 

immunofluorescence at E9.5 to identify OCT4+ PGCs in the hind-gut endoderm (Figure S1A).   

We found that DCKO embryos are indistinguishable from controls (+:Dnmt12lox) at this stage of 

development.  To quantify PGC number, we crossed Dnmt12lox to Oct4-GFP (Lengner et al., 

2007), and bred the double homozygotes to BC:Dnmt1fl/+. PGCs were sorted from individual 

embryos at E10.5 by isolating the GFP+ cells with fluorescent activated cell sorting (FACS) 

(Figure S1B and Figure 1A).  Using this approach, we found no difference in the average number 

of PGCs per embryo at E10.5 either.   
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 At E10.5, PGCs are exiting the hind-gut and initiating stage II locus-specific DNA 

demethylation (Hargan-Calvopina et al., 2015; Seisenberger et al., 2012).  In wild type PGCs, 

whole-genome DNA methylation levels are quantified as being on average ~25-30% of CpGs 

with retained methylation particularly at ICRs, IAPs and non-CG island (non-CGI) promoters 

(Kobayashi et al., 2013; Seisenberger et al., 2012). To determine whether DNMT1 is required for 

maintaining methylation at these sites, we isolated genomic DNA from GFP+ PGCs isolated by 

FACS at E10.5, and performed bisulfite-conversion (BS) followed by polymerase chain reaction 

(PCR) and sequencing for the H19 and Snrpn ICRs, as well as IAP (Figure 1B-D).  Consistent 

with previous reports (Hajkova et al., 2002), we discovered that control PGCs were methylated 

at these three genomic locations at E10.5.  In contrast, all three loci were severely 

hypomethylated in the DCKO sorted PGCs (Figure 1B-D, and quantified in Figure 1E).  

Therefore, our results demonstrate that DNMT1 functions to maintain methylation at discreet 

regions of the PGC genome up to E10.5. 

 

As PGCs enter the genital ridge at E10.5, their pericentromeric heterochromatin becomes 

uniquely enriched in 5hmC (Hargan-Calvopina et al., 2015; Yamaguchi et al., 2013a).  Previous 

work has shown that DNMT3b is primarily responsible for DNA methylation at pericentromeric 

regions in mouse embryonic stem cells (Okano, 1999), yet Dnmt3b is not expressed in PGCs.  To 

determine whether Dnmt1 functions upstream of the pericentromeric enrichment of 5hmC by 

TETs, we performed immunofluorescence at E13.5 using an antibody that recognizes 5hmC and 

a germ cell specific protein called mouse vasa homologue (MVH). As expected, control PGCs 

exhibit a punctate 5hmC staining pattern unique to PGCs.  In contrast, DCKO PGCs are 

significantly depleted in 5hmC foci (Figure 1F, quantified in Figure S1C), with no 5hmC 
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enrichment at E10.5 either (Figure S1D).  To determine whether loss of 5hmC affects the 

deposition of histone H3 lysine 9 trimethylation (H3K9me3), a marker of pericentromeric 

heterochromatin, we co-stained female and male E13.5 gonads for the germline marker MVH 

together with H3K9me3 (Figure S1E and S1F). Our results show that H3K9me3 localization in 

female and male DCKO PGCs is indistinguishable from controls.  Therefore deleting Dnmt1 

does not affect H3K9me3 enrichment of pericentromeric heterochromatin in PGCs, despite the 

severe depletion of 5hmC.  

 

To determine how loss of DNA methylation at E10.5 affects gene expression we performed 

RNA-Sequencing of Oct4-GFP+ PGCs isolated by FACS at E10.5 (Figure 1G).  Using 

unsupervised hierarchical clustering we found that control and DCKO PGCs did not cluster as 

distinct groups, suggesting that the transcriptional program between mutant and control PGCs is 

almost identical.  To identify differentially expressed genes (DEGs) we compared n=4 control 

and n=3 DCKO PGC replicates and identified eight differentially expressed genes (DEGs) with 

>2 fold change in gene expression.  The only repressed gene in the DCKO PGCs was Dnmt1.  

The seven up-regulated genes (Zfp598, Vps37c, Slc25a27, Prnp, Cyp51, Chtf18, 

4930470H14Rik) were not specific to any particular biological process, and notably do not 

correspond to known imprinted genes.  Taken together, deleting Dnmt1 in PGCs prior to E10.5 

causes almost no impact on gene expression, but instead has a significant effect on DNA 

methylation including the deposition of 5hmC. 

 

Loss of Dnmt1 leads to precocious activation of the meiotic program in female germ cells 
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In order to determine whether Dnmt1 has any role in PGC development, we used FACS to 

isolate Oct4-GFP+ PGCs from female embryos at E13.5 (Figure 2A).  Unlike at E10.5 where 

PGC number in DCKO e,brups was similar to controls, we discovered that the DCKO female 

gonads had significantly fewer PGCs at E13.5 (Figure 2A).  One hypothesis for this decrease in 

PGC number is failed repression of retrotransposons such as IAP, similar to what was previously 

reported for the somatic cells of E9.5 Dnmt1 knockout mice (Walsh et al., 1998). To address this, 

we performed immunofluorescence for IAP as well as a second class of retrotransposons called 

long interspersed nuclear elements (L1) using an antibody that recognizes open reading frame 1p 

(ORF1p) (Figure S2A and S2B) (Pastor et al., 2014).  We found that both IAP and L1ORF1p are 

repressed in DCKO PGCs similar to controls.   Therefore, the reduction in PGC number at E13.5 

is most likely not caused by the de-repression of retrotransposons.  

 

To identify the cause of fewer PGCs in DCKO embryonic ovaries at E13.5 we performed RNA-

Seq of Oct4-GFP+ PGCs at E13.5 (n=3 biological replicates of each) and identified statistically 

significant DEG with >2 fold change in gene expression.  In total we discovered 1,307 DEGs, 

with 863 genes de-repressed (expressed at higher levels) in the DCKO PGCs, and 442 genes that 

were silenced (Figure 2B, Supplemental Sheet 1).  Using gene ontology analysis we discovered 

genes involved in meiotic prophase I were significantly enriched in the DCKO PGCs (Figure 

2C). In contrast, genes involved in cell division, and mitosis were silenced (Figure 2C).  This 

result suggests that DCKO PGCs are exiting mitosis and entering meiosis earlier than controls. 
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One of the de-repressed genes in the DCKO PGCs is called Stimulated by retinoic acid 8 (Stra8), 

which induces female germ cells to enter meiosis at E14.5 (Anderson et al., 2008; Baltus et al., 

2006; Bowles et al., 2006). To confirm that female germline cells are precociously entering 

meiosis, we performed immunofluorescence for STRA8 and discovered that STRA8 protein was 

more often detected in DCKO MVH+ PGCs at E13.5 compared to controls (Figure 1D).  As an 

alternate approach, we evaluated the percentage of MVH+ PGCs that were also positive for 

gamma H2AX, which marks meiotic double strand breaks (Anderson et al., 2008).  Our results 

show that almost 40% of PGCs in the DCKO mutant ovaries are positive for gamma H2AX, 

whereas less than 10% of control PGCs are positive for this marker (Figure 2E and quantified in 

Figure 2F).   Taken together, our studies suggest that DNMT1 functions in female PGCs to 

desensitize precocious entrance into the meiotic program and the formation of double strand 

breaks. 

 

The promoters of meiotic genes are methylated at E9.5 in wild type PGCs. 

To determine whether any of the de-repressed genes at E13.5 are methylated at an earlier time 

point in PGCs, we utilized the whole genome bisulfite sequencing (WGBS) data-set of PGCs 

sorted from wild- type embryos at E9.5, E10.5, E11.5 and E13.5 by FACS (Seisenberger et al., 

2012).  Of the 863 de-repressed genes covered in the WGBS data set (Seisenberger et al., 2012), 

we identified 96 gene promoters with > 20% average methylation at E9.5 (Figure 1A, 

Supplemental Sheet 2), suggesting that these promoters may be direct targets of DNMT1.  

Heatmap analysis of these 96 promoters shows that they mostly retain methylation in PGCs 

through to E11.5, before becoming almost completely demethylated by E13.5 (Figure 3B).   
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Similar to the RNA-Seq data set, gene ontology analysis of the 96 de-repressed genes with 

promoter methylation in wild-type PGCs at E9.5 revealed a significant enrichment in functional 

categories of meiosis (Figure 3C), including Stra8, testis expressed (Tex) genes, and genes that 

encode for critical components of the synaptonemal protein complex (Sycp) (Figure 3D). We 

also identified two genome-defense genes, Mov10l1 and Tdrd9 that exhibit promoter methylation 

in wild-type PGCs at E9.5, and are also de-repressed in DCKO female PGCs at E13.5 (Figure 

3D). To confirm that one of the meiotic promoters was methylated at E10.5, we performed BS-

PCR for the Tex12 promoter in GFP+ PGCs isolated by FACS at E10.5.  This experiment 

revealed that the Tex12 promoter is methylated in control PGCs, whereas the DCKO PGCs are 

demethylated (Figure 3E).   

 

A second category of genes with >20% promoter methylation that were de-repressed at E13.5 in 

DCKO PGCs, were X-linked genes (Figure 3A).  To probe this further, we performed a 

hypergeometric significance test taking into account all promoters at E9.5 from the Seisenberger 

data set and discovered that the 96 DEG that are methylated in wild type PGCs at E9.5, yet de-

repressed in DCKO PGCs at E13.5 are significantly enriched in X-linked genes (Figure 3F).  

Taken together, we discovered that DNMT1 safeguards precocious expression of meiotic and X-

linked genes in female PGCs between E11.5-E13.5 (Supplemental Table 2). 

 

Loss of Dnmt1 leads to precocious differentiation in male germ cells. 
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Initially, it was hypothesized the XY and XX germ cells are intrinsically programmed to enter 

meiosis (McLaren and Southee, 1997).  However, more recent studies revealed that retinoic acid 

secreted from the mesonephros as well as retinoic acid produced within the ovary induces the 

meiotic program in female PGCs.  In contrast, male PGCs are protected from retinoic acid-

induced meiosis due to sertoli cell expression of Cyp26b1 (Bowles et al., 2006; Mu et al., 2013). 

To determine whether male PGCs precociously activate the meiotic program in the absence of 

DNMT1, we used FACS to isolate Oct4-GFP+ PGCs from male embryos at E13.5 (Figure 4A).  

Similar to female DCKO PGCs, we discovered significantly fewer male DCKO PGCs in the 

testis relative to controls, and IAP and L1ORF1p were not expressed (Figure S3D and S3E). 

 

To identify DEGs in DCKO male PGCs, we performed RNA-Seq of the Oct4-GFP+ DCKO and 

control PGC population, and identified 141 statistically significant DEGs in male PGCs 

including the gene Nanos2, an RNA binding protein responsible for initiating prospermatogonia 

differentiation after E13.5 (Suzuki and Saga, 2008).  Specifically, we found that similar to 

females the majority of DEGs (109) were de-repressed, whereas only 32 genes were silenced 

(Figure 4B, Supplemental Sheet3).   Notably, only the meiotic gene Sycp1 was de-repressed 

whereas all other meiotic prophase I genes identified in female PGCs were unaffected suggesting 

that the male PGCs are most likely not entering meiosis in the absence of DNMT1. 

 

To determine whether any of the de-repressed genes identified at E13.5 in male PGCs were 

methylated at E9.5 in wild type germ cells, we again examined the Seisenberger WGBS data set 

(Seisenberger et al., 2012).  We discovered that of the 108 de-repressed genes with available 
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promoter methylation, thirty-five exhibited > 20% promoter methylation at E9.5 (Figure 4C).  

When comparing male and female PGCs, we discovered a small number of DEG with 

methylated promoters in common including meiotic genes such as Tex101, Sycp1, Taf7l, the 

genome defense gene Tdrd9, as well as several X-linked genes (Figure 4D, Supplemental Table 

3).  Genes that were unique to male DCKO PGCs included the genome-defense gene Piwil4, and 

a male meiotic gene Gtsf1 (Figure S3A, Supplemental Table 4).  Similar to female PGCs, the 35 

genes that were de-repressed at E13.5 in male DCKO PGCs and were methylated at E9.5 in wild 

type cells, are also enriched in X-linked genes (Figure S3B). Notably, we also discovered that 

DNMT1 is responsible for repressing XIST expression in male PGCs given that it was de-

repressed in our RNA-Seq data set.  In order to verify that E13.5 male DCKO PGCs are not 

entering meiosis, immunofluorescence was used to assay for STRA8 expression in male control 

and DCKO PGCs.  Female DCKO PGCs were included as a positive control (Figure 4E).  Our 

results show that male control and DCKO PGCs lack detectable levels of STRA8 at E13.5, and 

therefore are not entering meiosis.  

 

Loss of Dnmt1 leads to the de-repression of Dazl at E11.5 

Due to the loss of PGCs and the de-repression of meiotic genes at E13.5, we next sought to 

determine whether the meiotic program was initiated in female and male PGCs prior to sex-

determination at E11.5.  At this stage the majority of PGCs have colonized the genital ridge 

(Figure 5A). Unlike at E10.5 where PGC number is equivalent in control and DCKO embryos, 

we found that DCKO embryos had around half the number of PGCs compared to controls.  To 

determine whether there were any transcriptional differences between DCKO and control PGCs 

at this stage in development we performed RNA-Seq of GFP+ PGCs isolated by FACS from 
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individual DCKO and control embryos (Supplemental Sheet 4).   In total we discovered 43 

DEGs with > 2-fold change in gene expression with 24 genes expressed at higher levels in the 

DCKO PGCs, and 19 genes that were silenced.   Of the 24 de-repressed genes we identified 8 

with > 20% average promoter methylation at E9.5 in wild type PGCs (Figure 5C).  Of the eight 

genes identified in this analysis, only one was germ cell specific, a gene called Deleted in 

azoospermia like (Dazl) (Figure 5D).  Dazl is critical for both male and female PGC formation 

where it functions as a licensing factor for meiosis, and represses pluripotent gene expression 

enabling male and female germ cell differentiation (Haston et al., 2009; Lin et al., 2008; Ruggiu 

et al., 1997; Schrans-Stassen et al., 2001).  

 

  Given that Dazl was significantly up-regulated in DCKO PGCs at E11.5, yet Stra8, the critical 

master regulator of meiosis was not (Figure 5D and Figure 5E), we next evaluated the chromatin 

state at the 5’ end of the Dazl and Stra8 genes using the previously published ChIP-Seq reference 

map of PGCs at E11.5 (Sachs et al., 2013) (Figure 5F and Figure 5G).  Analysis of the ChIP-Seq 

data revealed that the first exon and intron of Dazl gene is highly enriched in the active histone 

H3K4me3 mark, where as H3K27me3 is absent. In contrast the Stra8 promoter is enriched in the 

repressive histone mark H3K27me3 with very little enrichment of H3K4me3.  Therefore, we 

propose that loss of DNA methylation at E11.5 does not have an immediate impact on Stra8 

expression due to the presence of H3K27me3 at the promoter and within the gene body, whereas 

Dazl is sensitized to changes in DNA methylation on account of being depleted of H3K27me3 

and instead enriched in H3K4me3. 
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Given the reduced number of PGCs in male and female gonads at E13.5, we finally determined 

the outcome on adult mice at six months of age.  We discovered that deleting Dnmt1 from the 

time of PGC specification leads to hypogonadism in DCKO mutant mice compared to litter mate 

controls (Figure 5H and 5J). Using histology we show that the adult testis of DCKO mice are 

devoid of germ cells (Figure 1I and Figure S3F).  However adult ovaries contain oocytes that are 

capable of being recruited into folliculogenesis, although the meiotic potential of these oocytes is 

unknown (Figure 5K).   

 

Discussion 

In this study we discovered that DNMT1 regulates expression of the meiotic licensing and germ 

cell-specific differentiation gene DazL in PGCs.  We show that DNMT1 functions to prevent 

precocious meiosis in female PGCs, and prospermatogonia differentiation in male PGCs.  We 

also show that DNMT1 is essential for maintaining DNA methylation at ICRs and meiotic 

promoters prior to E10.5, and is responsible for maintaining the 5mC substrate for conversion to 

5hmC between E9.5 and E13.5. Finally, we show that DNMT1 is not required for transposon 

repression during PGC development.  Results from this work have important implications for our 

understanding of the role of DNA methylation during the earliest stages of germline 

differentiation, as well as a potential role for DNMT1 in maintaining methylation in the absence 

of UHRF1.  Future work should be aimed at determining whether DNMT1 functions 

independently from UHRF1 in PGCs to safeguard PGCs from precocious differentiation. 
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Ever since the discovery of the two-stage DNA demethylation process in PGCs it has been 

unclear why mammals don’t simply deploy DNA demethylation in a single passive step as was 

originally hypothesized twenty years ago.   Our study indicates that the two-stage mechanism 

functions to desensitize the progenitor pool of PGCs from sex-specific differentiation cues in the 

gonad and to prevent precocious differentiation.   We propose that mechanistically, the stage I of 

DNA demethylation and therefore locus-specific protection from DNA demethylation may 

involve mechanisms analogous to the ones that function in the pre-implantation embryo 

upstream of DNMT1 and the oocyte (o)-specific version called DNMT1o (Hirasawa et al., 2008; 

Howell et al., 2001).  Notably, protection of ICRs in pre-implantation embryos involves the 

activities of TRIM28, SETDB1, ZFP57, DPPA3 and H3K9me2/3 (Li et al., 1998; 

Messerschmidt et al., 2012; Nakamura et al., 2012).  A conditional deletion of Setdb1 in PGCs 

using Tissue non-specific alkaline phosphatase (Tnap)-Cre demonstrates an important role for 

H3K9me3 in repressing endogenous retroviruses (ERVs) and consequently the maintenance of 

DNA methylation at these sites, however Setdb1 does not appear to regulate meiotic gene 

expression (Liu et al., 2015).  In contrast, indirect evidence in ESCs reveals that the late 

demethylating CGI promoters discovered in PGCs are enriched in Zfp57 binding sites and 

therefore may be regulated by H3K9me2 (Seisenberger 2012). Finally, evaluating methylation 

levels at ICRs in Dppa3 mutant PGCs identifies a modest role for DPPA3 in protecting ICRs, but 

this effect is very mild compared to DPPA3’s activity in pre-implantation embryos (Nakashima 

et al. 2013).  Taken together, although the global levels of DNA methylation in pre-implantation 

embryos and PGCs at the end of stage I are similar, we propose that the underlying chromatin 

landscape in hypomethylated PGCs is different from pre-implantation embryos with the 

emergence of new protected sites such as meiotic and germ cell differentiation genes including 



85 
 

Dazl and Stra8.  In future studies it will be important to better understand the chromatin 

landscape of PGCs prior to E10.5, particularly as gene regulation in PGCs up to E10.5 is mostly 

independent of promoter DNA methylation status, similar to what has been proposed in human 

PGCs (Gkountela et al., 2015). 

 

In female mice, Stra8 RNA is expressed from E12.5 due to retinoic acid signaling from the 

neighboring mesonephros and coordinated loss of the Polycomb Repressive Complex 1 enzyme 

Rnf2 and H3K27me3 from the Stra8 promoter (Yokobayashi et al., 2013).  In males, Stra8 is not 

expressed at E12.5 due to the creation of testis cords (tubules), which express Cyp26b1 to protect 

male PGCs from the retinoic acid inducing signal (Bowles et al., 2006; Brennan et al., 2002; 

Hacker et al., 1995; Jeske et al., 1995; MacLean et al., 2007).   Here, we show that repression of 

Stra8 in male PGCs up to E11.5 is not the role of Dnmt1, and instead loss of Dnmt1 sensitizes 

female PGCs to meiotic entry in the ovarian niche, possibly through the up regulation of Dazl, 

which licenses germ cells to undergo meiosis.  In future studies, it will be interesting to 

determine whether over riding the meiotic switch in DCKO female PGCs by modulating cell 

cycle genes is sufficient to rescue PGC number. 

 

Another critical finding in our study was the de-repression of X-linked genes in both male and 

female PGCs with a conditional deletion in Dnmt1.  X chromosome reactivation in female PGCs 

begins soon after PGC specification, with loss of Xist and loss of H3K27me3 enrichment from 

the inactive X chromosome (Chuva de Sousa Lopes et al., 2008). This aligns chromosome-wide 

remodeling of the X-chromosome with the timing of stage I global DNA demethylation. In male 
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germline cells, Xist is expressed after birth in pro-spermatogonia and during the earliest stages of 

meiosis, however it is not involved in male meiotic sex-chromosome inactivation (McCarrey et 

al., 2002; McCarrey and Dilworth, 1992).  Given that a deletion in Dnmt1 caused increased X-

linked gene expression in both male and female PGCs, this phenomenon is most likely not a 

consequence of X-reactivation in males, although it may accelerate X-reactivation in females on 

account of DNA methylation being retained at many X-linked genes until E11.5 (Sugimoto and 

Abe, 2007).  Instead, our results are consistent with studies in embryonic stem cells 

demonstrating that repression of X-linked genes in males can be attributed to locus-specific 

effects on X-linked gene expression which are independent of X chromosome inactivation (Oda 

et al., 2006).   

 

In summary, assigning Dnmt1 the task of simultaneously protecting and marking the meiotic 

program in PGCs provides a relatively simple and reversible approach for preventing PGCs from 

activating the meiotic program until the gonadal niche can instruct male or female fate from a 

gender-neutral position.  In females, demethylation of the meiotic program by Tet1 and Tet2 is 

required for meiotic entrance through a 5hmC intermediate (Dawlaty et al., 2013; Yamaguchi et 

al., 2012).  However, our results show that 5hmC is no longer enriched in DCKO PGCs 

indicating that 5hmC itself is not required for meiosis.  Instead, our data indicate that the role of 

Dnmt1, 5mC and 5hmC in the mammalian germline is to facilitate DNA demethylation and 

meiosis at the appropriate time.  This stage-specific requirement for DNA demethylation in the 

germline, and the critical role for Dnmt1 in preventing precocious differentiation have critical 

implications for ensuring the appropriate niche-specific interactions of germline cells that are 

differentiated in vitro. 
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Experimental Procedures 

 

Mice 

All the animal experiments performed for this study were approved by The UCLA Institutional 

Animal Care and Use Committee, also known as the Chancellor’s Animal Research Committee 

(ARC). Embryos were obtained from crosses between Oct4-IRES-Gfp (OG) (Lengner et al., 

2007); Dnmt12lox (Jackson-Grusby et al., 2001) homozygous females and Blimp1-Cre (BC) 

males.  Embryos were staged by the detection of a vaginal plug on the morning after time-mating 

pairs were established (0.5 dpc). 

 

Immunofluorescence  

Gonads from various time points were fixed in 4% paraformaldehyde overnight and placed in 

70% ethanol.  Following this they were embedded in paraffin and sectioned for staining. Staining 

was performed using conventional methods with some exceptions in the case of 5hmC (Hargan) 

Permeabilization was performed using 0.5% TX-100 in Phosphase buffered saline (PBS), and 

washes were performed using 0.2% tween in PBS.  The following antibodies were used: Goat 

anti human Mvh 1:100 (abcam), Rabbit anti mouse 5hmC 1:100 (Active Motif), Goat anti mouse 

Oct4 1:100(Santa Cruz), Rabbit anti mouse H2AX (Millipore), Rabbit anti mouse Stra8 1:100 (a 

kind gift from Dr. Cathryn Hogarth and Dr Michael Griswold at Washington State University), 

rabbit anti-LINE Orf1p 1:300 (provided by Alex Bortvin at the Carnegie Institution for Science), 
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and rabbit anti-IAP Gaga antibody 1:300 (provided by Bryan Cullen at Duke). Visualization was 

performed by using species-specific secondary antibodies with a conjugated fluorescent tag.  

Images were captured using a Zeiss LSM 780 confocal microscope.   

 

Sorting 

Gonads were harvested from embryos at E10.5, E11.5 and E13.5.  The gonads were washed once 

in calcium and magnesium free PBS (Gibco) before being transferred to a 15ml conical tube 

containing 3ml of 0.25% Trypsin (Gibco).  This was placed in 370C for 5 minutes followed by 

gentle flicking and placing it back in 370C for 5 more minutes.  Trypsin was neutralized with 3ml 

of mouse embryonic flibroblast media and the Gonads were further dissociated by pipetting 

several times.  The resulting solution containing the dissociated gonads was then centrifuged for 

5 minutes at 1.3K RPM and resuspended in 1% BSA prior to sorting.  7AAD (BD) was added at 

1:50, and only 7AAD negative, GFP positive cells were sorted and used for further analysis. 

 

Genotyping: 

The head of the mouse embryo was removed and placed in a separate 1.5ml microcentrifuge 

tube.  Tissue was degraded using proteinase K.  This was incubated at 55C for 2 hours.  

Subsequently the temperature was raised to a boil for 10 minutes.  The samples were then 

centrifuged at 13.2K RPM for 5 minutes.  100ul of the supernatant was then transferred to a 

clean 1.5ml microcentrifuge tube and 1ul was used for the PCR reaction. PCR products were run 

on a 2% gel at 90 volts for 1 hour.  For sexing the embryos the result is two bands around 300bp 

in males, whereas females exhibit only one band equivalent in size to the smaller fragment in 
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males. The Blimp-Cre transgene results in a band at 200bp. For Dnmt1 fl/fl wildtype band at 

334bp and a mutant band at 368bp.  The Dnmt1 delta PCR results in a band at 1.1kb. Primer 

sequences can be found in Supplemental Table 5. 

 

Bisulfite-PCR 

GFP positive PGCs at E10.5 and E13.5 were sorted and collected in an empty 1.5ml 

microcentrifuge tube.  DNA was extracted using the zymo quick gDNA mini prep kit (Zymo). 

The DNA was subsequently subjected to bisulfite treatment using the EZ DNA methylation kit 

(Zymo). Gene specific PCR amplifications were performed by using primers against the Snrpn 

DMR1 as described in (El-Maarri et al., 2001), IAP as described in (Hajkova et al., 2002) and the 

H19 DMR, as described in (Kagiwada et al., 2013).  PCR products were run on a 1.2% agarose 

gel and purified using the QIAquick gel extraction kit (Qiagen) and ligated to a pCR-Topo2.1 

cloning vector (TOPO cloning kit, Invitrogen).  At least ten clones were picked for analysis by 

sequencing.  Primer sequences are found in Supplemental Table 5. 

 

RNA Libraries 

GFPpositive PGCs at E10.5, E11.5, and E13.5 were sorted and collected in a 1.5ml microcentrifuge 

tube containing 350ul of RLT buffer.  RNA was extracted using the RNeasy Micro Kit (Qiagen).  

The RNA was subsequently amplified through the use of the Ovation RNA-Seq System V2 kit 

(Nugen), and bar codes were added using the Encore Rapid Library Systems kit (Nugen). 

Libraries were sequenced on an Illumina 2500. For the E10.5 libraries 4 biological replicates 

were used for control and 3 biological replicates were used for the DCKO samples. For the E11.5 
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libraries 8 biological replicates were used for the control and 10 biological replicates were used 

for the DCKO samples. For the E13.5 samples 3 biological replicates were used for each set of 

control and DCKO libraries for both the female and male samples (Supplemental Table 1). 

 

Statistics 

Statistical analysis between two groups was performed using a non-parametric T-Test.  In all 

cases p<0.05 was considered significant.   

 

RNA-Seq Analysis 

The RNA-seq reads were aligned to the mouse reference genome mm9 using TopHat (Trapnell 

et al., 2009).  Differential gene expression analysis was performed using Cuffdiff (Trapnell et al., 

2012).  The genes with RPKM=0 were removed from the analysis. The multiple testing errors 

were corrected by the false discovery rate (FDR). The genes with ≥ 2-fold difference in 

expression and FDR < 5% were considered differentially expressed. For the E10.5 and E11.5 

libraries genes with ≥ 2-fold difference in expression and FDR < 10% were considered 

differentially expressed.   The raw data are deposited to GEO (accession number GSE74938) 

 

Identifying de-repressed genes with promoter methylation 

The DNA methylation data (BS-seq) of mouse PGC from E6.5 to E13.5 were downloaded from 

Seisenberiger (2012) (Seisenberger et al., 2012). The BS-seq reads were mapped against the 
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mm9 mouse genome using BS Seeker 2 (Guo et al., 2013).  Genome-wide DNA methylation 

profiles were generated by determining methylation levels for each cytosine in the genome. 

Because bisulfite treatment converts unmethylated cytosines (Cs) to thymines (Ts) after PCR 

amplification, the methylation level at each cytosine was estimated as #C/(#C+#T), where #C is 

the number of methylated reads and #T is the number of unmethylated reads. The methylation 

level per cytosine serves as an estimate of the percentage of cells that have a methylated cytosine 

at a specific locus. We only included cytosines that are covered by at least three reads. The 

promoter region is defined as the region between 2,500 bp upstream and 500 bp downstream of 

the transcription start site (TSS). The de-repressed genes with the promoter methylation level ≥ 

20% at E9.5 were selected for further analysis. 

 

Enrichment of methylated and de-repressed genes in chromosome X 

We used hypergeometric test to evaluate the enrichment of the methylated and de-repressed 

genes in each chromosome. The test uses the hypergeometric distribution to calculate the 

statistical significance of the enrichment of the genes among all genes with both data of 

methylation and expression in the chromosome. As a result, we found Chromosome X is 

significantly enriched with these genes, in both male data and female data. 
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Graphical Abstract: Loss of Dnmt1 leads to precocious differentiation in germ cells 

At the conclusion of the first stage of DNA demethylation in PGCs, DNA methylation remains 

localized to the promoters of meiotic and gametogenesis genes, imprinting control regions and 

X-linked genes.  At the time of gonadal colonization, residual DNA methylation at these sites is 

mostly removed by a combination of Tet activity and DNA replication to create male and female 

PGCs.  Dnmt1 has no role in regulating gene or transposon expression prior to E10.5 in PGCs 

whereas at E11.5, loss of Dnmt1 causes precocious up-regulation of meiotic licensing factor Dazl 

in the indifferent PGC, and precocious differentiation into male or female germ cells co-incident 

with sex-determination. 
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Figure 3-1.  Dnmt1 Conditional knockout PGCs are hypomethylated 

(A) Flow cytometry data indicating the number of germ cells sorted at E10.5.  (B) Bisulfite PCR 

of sorted germ cells from an E10.5 embryo of the H19 ICR comparing Control PGCs (left) and 

DCKO PGCs (right).  (C) Bisulfite PCR of sorted germ cells from an E10.5 embryo of the Snrpn 

ICR.  (D) Bisulfite PCR of sorted germ cells from an E10.5 embryo of IAP EZ. For each loci that 

was sequenced, at least 20 clones were analyzed to determine percentage of methylation for both 

wildtype and DCKO.   (E) Graphical representation of Bisulfite PCR methylation levels found in 

respective loci from cells at E10.5 (n=2).  (F) Immunofluorescence of E13.5 male gonads for 

MVH positive PGCs (red), 5hmC (green), and DAPI (blue) comparing control (top) to DCKO 

(bottom) (n=3).  (G) Unsupervised hierarchical clustering RNA-Seq analysis of PGCs at E10.5. 

p<0.05 and FDR of 10%.   DEG = Differentially expressed genes. 
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Figure 3-2. Dnmt1 conditional knockout female germ cells precociously turn on the meiotic 

program at E13.5 

(A) Total number of female germ cells sorted at E13.5 from control (left) and DCKO (right) 

ovaries  (B) Heat map showing differentially expressed genes (DEGs) between DCKO female 

germ cells (left) and control female germ cells (right).  (C) Gene ontology analysis of de-

repressed and silenced pathways in E13.5 DCKO female PGCs using DAVID Bioinformatics 

Resources 6.7.  (D) Immunofluorescence of E13.5 female gonads for Mvh (red), and Stra8 

(green) comparing control (top) and DCKO (bottom) (n=3).  (E) Immunofluorescence of E13.5 

female gonads for MVH (red), and gamma H2aX (green) comparing control (top) and DCKO 

(bottom) (n=3).  (F) Quantification of H2aX positive cells in control (left) and DCKO (right).  

Statistical data was obtained by using at least n=3 independent biological replicates of gonads. 

*Refers to statistical significance p<0.05. FPKM stands for Fragments Per Kilobase of transcript 

per Million mapped reads. 
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Figure 3-3. Meiotic genes have promoter methylation at E9.5 

(A) Analysis pipeline of DEGs in female PGCs at E13.5 to determine whether any de-repressed 

genes had promoter methylation of > 20% at E9.5  (B) Heat map showing promoter methylation 

of the 96 DEG at E13.5 with promoter methylation of ≥ 20% at E9.5.  (C) Gene ontology 

analysis of the 96 genes de-repressed genes with promoter methylation ≥ 20% at E9.5.  (D) 

Examples of de repressed genes at E13.5 with promoter methylation of ≥ 20% at E9.5. (E) 

Bisulfite PCR of sorted germ cells from an E10.5 embryo of the Tex12 promoter comparing 

Control PGCs (top) and DCKO PGCs (bottom).  (F). Hypergeometric test to determine the 

significance of the number of methylated promoters per chromosome.  Left axis: Number of de-

repressed genes in the chromosome with promoter methylation of ≥ 20% at E9.5 (Bars).  Right 

axis: Number of genes in the chromosome with E9.5 promoter methylation available (Lines). * 

Refers to statistical significance of hypergeometric test. FPKM stands for Fragments Per 

Kilobase of transcript per Million mapped reads. 
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Figure 3-4. Dnmt1 conditional knockout male germ cells precociously activate male 

differentiation pathway. 

(A) Total number of male germ cells sorted at E13.5 from control (left) and DCKO (right).  (B) 

Analysis pipeline to determine which of the de-repressed RNAs at E13.5 had ≥ 20% DNA 

methylation at E9.5.   (C) Heat map showing the methylation status of the 35 de-repressed DEG 

at E13.5 with promoter methylation at E9.5. (D) Expression levels of de-repressed in both males 

and female DCKO PGCs that also had promoter methylation of ≥ 20% at E9.5. FPKM stands for 

Fragments Per Kilobase of transcript per Million mapped reads. (E) Immunofluorescence of 

E13.5 male gonads for MVH (red), and STRA8 (green) comparing control (left) and DCKO 

(middle). Included on the right is a positive control for STRA8 staining using a E13.5 DCKO 

female.  
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Figure 3-5.  The meiotic licensing factor Dazl is de-repressed at E11.5 in mutant PGCs 

(A) Immunofluorescence of an E11.5 Genital ridge for SSEA1 (green) and DAPI (blue). M 

refers to the mesonephros. White arrows point to a migrating PGC, yellow arrows point to PGCs 

that have colonized the genital ridge. (B) Total number of germ cells sorted at E11.5 from 

control (left) and DCKO (right). (C) Heat map showing promoter methylation of the 8 DEG at 

E11.5 with promoter methylation of ≥ 20% at E9.5. (D) Expression of Dazl in E11.5 control 

(left) and DCKO (right) PGCs. (E) Expression of Stra8 in E11.5 control (left) and DCKO (right) 

PGCs.  E13.5 PGCs are included as a control.  (F,G)  H3K27me3 and H3K4me3 peaks at the 

Dazl locus (F) and Stra8 locus (G) at E11.5. (H) Control (left) and DCKO (right) testes from 6 

month male mice (n=1). (I) Histology of Adult testis comparing control (top) and DCKO 

(bottom) (n=1).  (J) Control (left) and DCKO (right) ovaries from 6 month female mice (n=1)  

(K) Histology of adult ovary comparing control (top) and DCKO (bottom) (n=1).  
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Supplemental Figure 3-1. 

(A) Morphology of embryos at E9.5 showing control (top) and DCKO (bottom).  Whole mount 

staining of E9.5 embryos using Oct4 to identify PGCs (red), and DAPI for nuclear staining 

(blue). (B) Gates used for sorting Oct4-GFP positive PGCs. (C) Quantification of 5hmC foci per 

cell in E13.5 germ cells comparing control (left) to DCKO (right).  A total of 531 PGCs were 

counted in n=2 sample).  * Refers to statistical significance P<0.05. (D) Immunofluorescence of 

E10.5 genital ridges for SSEA1 (green), and 5hmC (red) comparing control (top) to DCKO 

(bottom). (E)   Immunofluorescence of E13.5 gonads for MVH (red), and H3K9Me3 (green) 

comparing control (top) to DCKO (bottom) in females (n=3) and (F) males (n=2).  
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Supplemental Figure 3-2. 

(A) Immunofluorescence of E13.5 female gonads for MVH (red), using an anti-LINE Orf1p 

antibody (green) comparing control (top) to DCKO (bottom) (n=3).  Included below are positive 

controls for LINE staining using E18.5 female gonads (B) Immunofluorescence of E13.5 female 

gonads for MVH (red), and anti-IAP Gaga antibody (green) comparing control (top to DCKO 

(bottom) (n=3).  Included at the bottom is a positive control for IAP staining using 10 week old 

testes from Morc -/- male. 
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Supplemental Figure 3-3. 

(A) Expression levels of de-repressed genes in DCKO male PGCs with promoter methylation of 

≥ 20% at E9.5. (B) Hypergeometric test to determine the significance of the number of 

methylated promoters per chromosome.  Right axis: Number of de-repressed genes in the 

chromosome with promoter methylation of ≥ 20% at E9.5.  Left axis: Number of genes in the 

chromosome with E9.5 promoter methylation available. *Refers to statistical significance. (C) 

Immunofluorescence of E13.5 male gonads for MVH (red), and γ-H2AX antibody (green) 

comparing control (top) to DCKO (bottom). (D)  Immunofluorescence of E13.5 male gonads for 

MVH (red), and anti-LINE Orf1p antibody (green) comparing control (top) to DCKO (bottom).  

(E) Immunofluorescence of E13.5 male gonads for MVH (red), and anti-IAP Gaga antibody 

(green) comparing control (top to DCKO (bottom) (n=2).  Included at the bottom is a positive 

control for LINE and IAP staining using 10 week old testes from a Morc -/- male. (F) 

Immunofluorescence of 6 month old male testes for MVH positive PGCs (red) and DAPI (blue) 

comparing control (top) and DCKO (bottom) (n=1). 
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E10.5 File Name Sample Name #total reads #Mapped reads mapped % 

E10.5W 67-2 Control 67-2         47,225,992  

             

42,577,435  90.16% 

E10.5W 57-5 Control 57-5         53,405,906  

             

47,836,289  89.57% 

E10.5M 67-3 DCKO 67-3         45,082,226  

             

40,811,919  90.53% 

E10.5W 67-4 Control 67-4         47,134,559  

             

43,416,389  92.11% 

E10.5W 58-1 Control 58-1         50,929,435  

             

45,800,907  89.93% 

E10.5M 58-3 DCKO 58-3         51,796,272  

             

48,029,999  92.73% 

 

E10.5M 67-1 DCKO 67-1 51,524,931 47,742,390 92.66% 

E11.5 File Name Sample Name #total reads #Mapped reads mapped % 

 

E11.5M 85-2 DCKO  85-2 35,299,978 32,717,964 92.69% 

 

E11.5W 85-4 Control 85-4 31,737,360 29,369,543 92.54% 

 

E11.5W 87-1 Control 87-1 38,607,163 35,385,456 91.66% 

 

E11.5M 87-2 DCKO 87-2 29,217,989 26,426,993 90.45% 

 

E11.5M 87-3 DCKO 87-3 26,520,983 24,386,752 91.95% 

 

E11.5M 88-2 DCKO 88-2 31,449,657 28,358,608 90.17% 

 

E11.5M 89-1 DCKO 89-1 36,302,579 33,709,773 92.86% 

 

E11.5M 89-2 DCKO 89-2 23,801,621 22,209,447 93.31% 

 

E11.5W 89-3 Control 89-3 30,985,897 28,607,632 92.32% 

 

E11.5W 89-4 Control 89-4 34,298,029 31,710,007 92.45% 

 

E11.5W 90-2 Control 90-2 35,594,916 33,284,697 93.51% 

 

E11.5M 90-3 DCKO 90-3 44,085,267 39,831,716 90.35% 

 

E11.5W 90-4 Control 90-4 28,181,121 25,901,101 91.91% 

 

E11.5M 91-2 

 

DCKO 91-2 

 

31,499,054 

 

29,226,790 

 

92.79% 
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E11.5W 92-1 Control 92-1 33,903,934 31,020,327 91.49% 

 

E11.5M 92-2 DCKO 92-2 43,787,067 40,431,397 92.34% 

 

E11.5W 92-3 DCKO 92-3 36,221,828 33,483,493 92.44% 

 

E11.5M 92-5 DCKO 92-5 36,287,993 33,259,979 91.66% 

E13.5 File Name Sample Name #total reads #Mapped reads mapped % 

MT10_2 

Female DCKO 

rep1         48,979,939  

             

42,644,435  87.07% 

MT13_1 

Female DCKO 

rep2         60,012,776  

             

52,536,165  87.54% 

MT14_3 

Female DCKO 

rep3         38,739,798  

             

32,340,086  83.48% 

WT10_5 

Female 

Control rep1         21,961,272  

             

19,653,365  89.49% 

WT14_2 

Female 

Control rep2         16,431,846  

             

14,379,246  87.51% 

WT14_4 

Female 

Control rep3         41,594,102  

             

36,116,603  86.83% 

MT10_1 

Male DCKO 

rep1         33,880,454  

             

30,134,276  88.94% 

MT20_3 

Male DCKO 

rep2         36,720,525  

             

33,286,118  90.65% 

MT45_6 

Male DCKO 

rep3         33,672,065  

             

30,082,867  89.34% 

WT10_4 

Male Control 

rep1         39,402,862  

             

35,601,302  90.35% 

WT20_1 

Male Control 

rep2         30,577,103  

             

27,498,684  89.93% 

WT45_3 

Male Control 

rep3         32,936,967  

             

29,560,170  89.75% 

 

Supplemental Table 1: Mapping statistics for the RNA-Seq of Oct4-GFP sorted PGCs at E10.5, 

E11.5 and E13.5. 
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Supplemental Table 2: Female X-Linked and Meiotic Genes 

 

Gene Chr. strand log2_fold  % Methylation at E9.5 

Taf7l chrX - 3.20771 56.4% 

Gm364 chrX + 3.01378 50.5% 

Gm773 chrX - 2.88237 23.1% 

Tktl1 chrX + 2.83097 33.6% 

Nxf2 chrX - 2.65839 43.5% 

Ccnb3 chrX - 2.6515 43% 

Rhox13 chrX + 2.60004 59.3% 

Pet2 chrX - 2.45752 54.8% 

Gm6880 chrX - 2.33287 55% 

Xlr4a chrX - 2.25882 33% 

Tro chrX - 2.17949 30.4% 

Xlr4c chrX - 2.04896 49.2% 

4933403O08Rik chrX + 2.03348 43.8% 

Taf9b chrX - 1.94655 73.8% 

Xlr4b chrX + 1.89014 25.2% 

Fmr1nb chrX + 1.88883 45.2% 

1700013H16Rik chrX - 1.69635 72.4% 

Mageb4 chrX - 1.64861 66.7% 

Xlr5a chrX - 1.55962 55.5% 

BC023829 chrX - 1.46308 20.1% 

Wnk3 chrX + 1.29706 35.9% 

Tex11 chrX - 1.08807 42% 

Msh4 chr3 - 1.69412 32.8% 

Stra8 chr6 + 1.09999 39.7% 

Syce1 chr7 - 1.26882 37% 

Sycp1 chr3 - 1.58016 45.9% 

Sycp2 chr2 - 2.2624 39.7% 

Sycp3 chr10 + 2.45768 33.2% 

Tex12 chr9 - 2.55351 38.7% 

Tex15 chr8 + 2.43799 31.9% 

Hormad1 chr3 + 1.03888 30.9% 

Tex101 chr7 - 2.78652 50% 
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Supplemental Table 3: Genes de-repressed in both E13.5 male and female PGCs with > 20% 

promoter methylation in wild type PGCs at E9.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Chr. strand log2_fold Methylation % at E9.5 

Gm364 chrX + 3.61148 50.5% 

Nxf2 chrX - 3.53058 43.5% 

Xlr5a chrX - 2.55639 55.5% 

Gm884 chr11 - 2.49498 29.4% 

Gm6880 chrX - 2.2602 55% 

Taf7l chrX - 1.98003 56.4% 

1700018B24Rik chr3 - 1.95587 40.1% 

Pet2 chrX - 1.89112 54.8% 

Tktl1 chrX + 1.7969 33.6% 

Sycp1 chr3 - 1.64463 45.9% 

Tro chrX - 1.48014 30.4% 

Tdrd9 chr12 + 1.34695 46.9% 

Tex101 chr7 - 1.0486 50% 
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Supplemental Table 4: Genes de-repressed in E13.5 males with promoter methylation at E9.5 

 

 

 

 

 

 

 

 

Gene Chr. strand log2_fold Methylation % at E9.5 

Plb1 chr5 + 3.8081 23.8% 

Gdpd3 chr7 + 2.76088 37.8% 

Gtsf1 chr15 - 2.49501 36.6% 

Oasl2 chr5 + 2.32465 34.9% 

Fam149a chr8 - 2.24588 21.3% 

4933425L06Rik chr13 + 2.24244 35% 

Gm6890 chrX + 2.1639 48.2% 

Slc9b1 chr3 + 2.07727 32% 

Lrp2bp chr8 + 2.02448 39.9% 

Trim12a chr7 - 1.99954 25% 

Krt17 chr11 - 1.92707 26.8% 

Tex19.2 chr11 - 1.6805 44% 

Tuba3b chr6 + 1.56482 58.1% 

Xist chrX - 1.55267 54% 

Zim2 chr7 - 1.49379 42.3% 

Rhox1 chrX - 1.40527 32.8% 

Piwil4 chr9 - 1.37885 36% 

Akap6 chr12 + 1.3132 25.2% 

Adamts13 chr2 + 1.29265 21.3% 

Tktl2 chr8 + 1.25587 67.4% 

Gtsf1l chr2 - 1.24226 36% 

Zglp1 chr9 - 1.23864 31.3% 
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Primer Name Primer Purpose Sequence 

SMCX-1 FP Genotyping CCGCTGCCAAATTCTTTGG 

SMCY-1 RP Genotyping TGAAGCTTTTGGCTTTGAG 

        

Blimp-Cre 

Transgene  FP Genotyping GCCGAGGTGCGCGTCAGTAC 

Blimp-Cre 

Transgene  RP Genotyping CTGAACATGTCCATCAGGTTCTTG 

        

Blimp Cre- 

Control  FP Genotyping CTAGGCCACAGAATTGAAAGATCT 

Blimp Cre 

Control  RP Genotyping GTAGGTGGAAATTCTAGCATCATCC 

        

Oct4 Control  FP Genotyping GATCACCTGGGGTTTGAGAA 

Oct 4 Control  RP Genotyping CAAGGCAAGGGAGGTAGACA 

        

Oct4 Transgene  FP Genotyping CAAGGCAAGGGAGGTAGACA 

Oct4 Transgene  RP Genotyping AGGAACTGCTTCCTTCACGA 

        

Dnmt1 fl/fl  FP Genotyping GGGCCAGTTGTGTGACTTGG 

Dnmt1 fl/fl  RP Genotyping CTTGGGCCTGGATCTTGGGGA 

Dnmt1 fl/fl Exon 

6_R RP Genotyping AGTTCCCCTCTTCCGACTCT 

        

Snrpn  FP1 BS-PCR AAATTTGTGTGATGTTTGTAATTATTTGGG 

Snrpn  RP1 BS-PCR AAAATCCACAAACCCAACTAACCTTCC 

Snrpn  RP2 BS-PCR AATTATATTTATTATTTTAGATTGATAGTGAT 

Snrpn  RP2 BS-PCR TTTACAAATCACTCCTCAAAACCAA 

        

H19  FP BS-PCR AATGGTTGAATTTTAGTTTTTGTTTTTATGGTT 

H19  RP BS-PCR ACCAATACAATCCCACATACTTTATCATAAAA 

        

IAP  FP BS-PCR TTGTGTTTTAAGTGGTAAATAAATAATTTG 

IAP  RP BS-PCR CAAAAAAAACACACAAACCAAAAT 

        

Tex12 FP BS-PCR GTTAGTTTGGAATTTTTTGGGTAGT 

Tex12 RP BS-PCR ACTTACTCCAACTTCTCCACAATATAAA 

 

Supplemental Table 5: Primer sequences 

 



108 
 

References 

Anderson, E.L., Baltus, A.E., Roepers-Gajadien, H.L., Hassold, T.J., de Rooij, D.G., van Pelt, 
A.M., and Page, D.C. (2008). Stra8 and its inducer, retinoic acid, regulate meiotic initiation in 
both spermatogenesis and oogenesis in mice. Proc Natl Acad Sci U S A 105, 14976-14980. 
 
Baltus, A.E., Menke, D.B., Hu, Y.C., Goodheart, M.L., Carpenter, A.E., de Rooij, D.G., and Page, 
D.C. (2006). In germ cells of mouse embryonic ovaries, the decision to enter meiosis 
precedes premeiotic DNA replication. Nat Genet 38, 1430-1434. 
 
Bowles, J., Knight, D., Smith, C., Wilhelm, D., Richman, J., Mamiya, S., Yashiro, K., 
Chawengsaksophak, K., Wilson, M.J., Rossant, J., et al. (2006). Retinoid signaling determines 
germ cell fate in mice. Science 312, 596-600. 
 
Brennan, J., Karl, J., and Capel, B. (2002). Divergent vascular mechanisms downstream of 
Sry establish the arterial system in the XY gonad. Dev Biol 244, 418-428. 
 
Chuva de Sousa Lopes, S.M., Hayashi, K., Shovlin, T.C., Mifsud, W., Surani, M.A., and McLaren, 
A. (2008). X chromosome activity in mouse XX primordial germ cells. PLoS Genet 4, e30. 
 
Dawlaty, M.M., Breiling, A., Le, T., Raddatz, G., Barrasa, M.I., Cheng, A.W., Gao, Q., Powell, B.E., 
Li, Z., Xu, M., et al. (2013). Combined Deficiency of Tet1 and Tet2 Causes Epigenetic 
Abnormalities but Is Compatible with Postnatal Development. Dev Cell. 
 
El-Maarri, O., Buiting, K., Peery, E., Kroisel, P., Balaban, B., Wagner, K., Urman, B., Heyd, J., 
Lich, C., Brannan, C., et al. (2001). Maternal methylation imprints on human chromosome 
15 are established during or after fertilization. Nat Genetics 27, 341-344. 
 
Ephrussi, A., Dickinson, L.K., and Lehmann, R. (1991). Oskar organizes the germ plasm and 
directs localization of the posterior determinant nanos. Cell 66, 37-50. 
 
Gkountela, S., Zhang, K.X., Shafiq, T.A., Liao, W.W., Hargan-Calvopina, J., Chen, P.Y., and Clark, 
A.T. (2015). DNA Demethylation Dynamics in the Human Prenatal Germline. Cell 161, 1425-
1436. 
 
Guo, F., Li, X.-L., Liang, D., Li, T., Zhu, P., Guo, H., Wu, X., Wen, L., Bu, T.-P., Hu, B., et al. (2014). 
Active and passive demethylation of male and female pronuclear DNA in the mammalian 
zygote. Cell Stem Cell. 
 
Guo, W., Fiziev, P., Yan, W., Cokus, S., Sun, X., Zhang, M.Q., Chen, P.Y., and Pellegrini, M. 
(2013). BS-Seeker2: a versatile aligning pipeline for bisulfite sequencing data. BMC 
Genomics 14, 774. 
 
Hacker, A., Capel, B., Goodfellow, P., and Lovell-Badge, R. (1995). Expression of Sry, the 
mouse sex determining gene. Development 121, 1603-1614. 



109 
 

Hackett, J.A., Sengupta, R., Zylicz, J.J., Murakami, K., Lee, C., Down, T.A., and Surani, M.A. 
(2013). Germline DNA demethylation dynamics and imprint erasure through 5-
hydroxymethylcytosine. Science 339, 448-452. 
 
Hajkova, P., Ancelin, K., Waldmann, T., Lacoste, N., Lange, U.C., Cesari, F., Lee, C., Almouzni, 
G., Schneider, R., and Surani, M.A. (2008). Chromatin dynamics during epigenetic 
reprogramming in the mouse germ line. Nature. 
 
Hajkova, P., Erhardt, S., Lane, N., Haaf, T., El-Maarri, O., Reik, W., Walter, J., and Surani, M.A. 
(2002). Epigenetic reprogramming in mouse primordial germ cells. Mech Dev 117, 15-23. 
 
Hargan-Calvopina, J., Cook, H., Vincent, J., Nee, K., and Clark, A. (2015). The Aorta Gonad 
Mesonephros organ culture recapitulates 5hmC reorganization and replication-dependent 
and independent loss of DNA methylation in the germline Stem Cells Dev In press. 
 
Haston, K., Tung, J., and Reijo Pera, R. (2009). Dazl functions in maintenance of pluripotency 
and genetic and epigenetic programs of differentiation in mouse primordial germ cells in 
vivo and in vitro. PLoS One 4, e5654. 
 
Hirasawa, R., Chiba, H., Kaneda, M., Tajima, S., Li, E., Jaenisch, R., and Sasaki, H. (2008). 
Maternal and zygotic Dnmt1 are necessary and sufficient for the maintenance of DNA 
methylation imprints during preimplantation development. Genes Dev 22, 1607-1616. 
 
Howell, C., Bestor, T., and Ding, F. (2001). Genomic imprinting disrupted by a maternal 
effect mutation in the Dnmt1 gene. Cell 104, 829-838. 
 
Jackson-Grusby, L., Beard, C., Possemato, R., Tudor, M., Fambrough, D., Csankovszki, G., 
Dausman, J., Lee, P., Wilson, C., Lander, E., et al. (2001). Loss of genomic methylation causes 
p53-dependent apoptosis and epigenetic deregulation. Nat Genet 27, 31-39. 
 
Jeske, Y.W., Bowles, J., Greenfield, A., and Koopman, P. (1995). Expression of a linear Sry 
transcript in the mouse genital ridge. Nat Genet 10, 480-482. 
 
Kagiwada, S., Kurimoto, K., Hirota, T., Yamaji, M., and Saitou, M. (2013). Replication-coupled 
passive DNA demethylation for the erasure of genome imprints in mice. Embo J 32, 340-
353. 
 
Kobayashi, H., Sakurai, T., Miura, F., Imai, M., Mochiduki, K., Yanagisawa, E., Sakashita, A., 
Wakai, T., Suzuki, Y., Ito, T., et al. (2013). High-resolution DNA methylome analysis of 
primordial germ cells identifies gender-specific reprogramming in mice. Genome Res 23, 
616-627. 
 
Lawson, K.D., NR Roelen, BA Zeinstra, LM Davis, AM Wright, CV Korving, JP Hogan, BL 
(1999). Bmp4 is required for the generation of primordial germ cells in the mouse embryo. 
Genes Dev 13, 373-376. 



110 
 

Lengner, C., Camargo, F., Hochedlinger, K., Welstead, G., Zaidi, S., Gokhale, S., Scholer, H., 
Tomilin, A., and Jaenisch, R. (2007). Oct4 expression is not required for mouse somatic 
stem cell self-renewal. Cell Stem Cell 1, 403-415. 
 
Li, E., Bestor, T.H., and Jaenisch, R. (1992). Targeted mutation of the DNA methyltransferase 
gene results in embryonic lethality. Cell 69, 915-926. 
 
Li, X., Ito, M., Zhou, F., Youngson, N., Zuo, X., Leder, P., and Ferguson-Smith, A. (1998). A 
maternal-zygotic effect gene, Zfp57, maintains both maternal and paternal imprints. Dev 
Cell 15, 547-557. 
 
Li, Z., Yu, J., Hosohama, L., Nee, K., Gkountela, S., Chaudhari, S., Cass, A.A., Xiao, X., and Clark, 
A.T. (2015). The Sm protein methyltransferase PRMT5 is not required for primordial germ 
cell specification in mice. Embo J 34, 748-758. 
 
Lin, Y., Gill, M., Koubova, J., and Page, D. (2008). Germ cell-intrinsic and -extrinsic factors 
govern meiotic initiation in mouse embryos. Science 12, 1685-1687. 
 
Liu, S., Brind'Amour, J., Karimi, M., Shirane, K., Bogutz, A., Lefebvre, L., Sasaki, H., Shinkai, Y., 
and Lorincz, M. (2015). Setdb1 is required for germline development and silencing of 
H3K9me3-marked endogenous retroviruses in primordial germ cells. Genes Dev 28, 2041-
2055. 
 
Maatouk, D.M., Kellam, L.D., Mann, M.R., Lei, H., Li, E., Bartolomei, M.S., and Resnick, J.L. 
(2006). DNA methylation is a primary mechanism for silencing postmigratory primordial 
germ cell genes in both germ cell and somatic cell lineages. Development 133, 3411-3418. 
 
MacLean, G., Li, H., Metzger, D., Chambon, P., and Petkovich, M. (2007). Apoptotic extinction 
of germ cells in testes of Cyp26b1 knockout mice. Endocrinology 148, 4560-4567. 
 
McCarrey, J., Watson, C., Atencio, J., Ostermeier, G., Marahrens, Y., Jaenisch, R., and Krawetz, 
S. (2002). X-chromosome inactivation during spermatogenesis is regulated by an Xist/Tsix-
independent mechanism in the mouse. Genesis 34. 
 
McCarrey, J.R., and Dilworth, D.D. (1992). Expression of Xist in mouse germ cells correlates 
with X-chromosome inactivation. Nat Genet 2, 200-203. 
 
McLaren, A., and Southee, D. (1997). Entry of mouse embryonic germ cells into meiosis. Dev 
Biol 187, 107-113. 
 
Messerschmidt, D., de Vries, W., Ito, M., Solter, D., Ferguson-Smith, A., and Knowles, B.B. 
(2012). Trim28 Is Required for Epigenetic Stability During Mouse Oocyte to Embryo 
Transition. Science 335, 1499-1502. 
 



111 
 

Mu, X., Wen, J., Guo, M., Wang, J., Li, G., Wang, Z., Wang, Y., Teng, Z., Cui, Y., and Xia, G. (2013). 
Retinoic acid derived from the fetal ovary initiates meiosis in mouse germ cells. J Cell 
Physiol 228, 627-639. 
 
Nakamura, T., Liu, Y., Nakashima, H., Umehara, H., Inoue, K., Matoba, S., Tachibana, M., 
Ogura, A., Shinkai, Y., and Nakano, T. (2012). PGC7 binds histone H3K9me2 to protect 
against conversion of 5mC to 5hmC in early embryos. Nature 486, 415-419. 
 
Oda, M., Yamagiwa, A., Yamamoto, S., Nakayama, T., Tsumura, A., Sasaki, H., N, K., Li, E., and 
Okano, M. (2006). DNA methylation regulates long-range gene silencing of an X-linked 
homeobox gene cluster in a lineage-specific manner. Genes Dev 20, 3382-3394. 
 
Ohinata, Y., Payer, B., O'Carroll, D., Ancelin, K., Ono, Y., Sano, M., Barton, S., Obukhanych, T., 
Nussenzweig, M., Tarakhovsky, A., et al. (2005). Blimp1 is a critical determinant of the germ 
cell lineage in mice. Nature, 1-7. 
 
Ohinata, Y., Sano, M., Shigeta, M., Yamanaka, K., and Saitou, M. (2008). A comprehensive, 
non-invasive visualization of primordial germ cell development in mice by the Blimp1-
mVenus and stella-ECFP double transgenic reporter. Reproduction Epub ahead of print. 
 
Okano, M.B., DW Harber, DA Li, E (1999). DNA methyltransferases Dnmt3a and Dnmt3b are 
essential for denovo methylation and mammalian development. Cell 99, 247-257. 
 
Pastor, W.A., Stroud, H., Nee, K., Liu, W., Pezic, D., Manakov, S., Lee, S.A., Moissiard, G., 
Zamudio, N., Bourc'his, D., et al. (2014). MORC1 represses transposable elements in the 
mouse male germline. Nat Commun 5, 5795. 
 
Peat, J., Dean, W., Clark, S., Krueger, F., Smallwood, S., Ficz, G., Kim, J., Marioni, J., Hore, T., 
and Reik, W. (2014). Genome-wide bisulfite sequencing in zygotes identifies demethylation 
targets and maps the contribution of TET3 oxidation. Cell Rep 9, 1990-2000. 
 
Ruggiu, M., Speed, R., Taggart, M., Mc Kay, S., Kilanowski, F., Saunders, P., Dorin, J., and 
Cooke, H. (1997). The mouse Dazla gene encodes a cytoplasmic protein essential for 
gametogenesis. Nature 389, 73-77. 
 
Sachs, M., Onodera, C., Blaschke, K., Ebata, K., Song, J., and Ramalho-Santos, M. (2013). 
Bivalent chromatin marks developmental regulatory genes in the mouse embryonic 
germline in vivo. Cell Rep 3, 1777-1784. 
 
Saitou, M., and Yamaji, M. (2012). Primordial germ cells in mice. Cold Spring Harb Perspect 
Biol 4. 
 
Schrans-Stassen, B.H.G.J., Saunders, P.T.K., Cooke, H.J., and Rooij, D.G.d. (2001). Nature of 
the spermatogenic arrest in Dazl -/- mice. Biol Repro 65, 771-776. 



112 
 

Seisenberger, S., Andrews, S., Krueger, F., Arand, J., Walter, J., Santos, F., Popp, C., Thienpont, 
B., Dean, W., and Reik, W. (2012). The dynamics of genome-wide DNA methylation 
reprogramming in mouse primordial germ cells. Mol Cell 48, 849-862. 
 
Seki, Y., Hayashi, K., Itoh, K., Mizugaki, M., Saitou, M., and Matsui, Y. (2005). Extensive and 
orderly reprogramming of genome-wide chromatin modifications associated with 
specification and early development of germ cells in mice. Dev Biol 278, 440-458. 
 
Shen, L., Inoue, A., He, J., Liu, Y., Lu, F., and Zhang, Y. (2014). Tet3 and DNA replication 
mediate demethylation of both the maternal and paternal genomes in mouse zygotes. Cell 
Stem Cell 15, 459-470. 
 
Smith, Z.D., Chan, M.M., Mikkelsen, T.S., Gu, H., Gnirke, A., Regev, A., and Meissner, A. (2012). 
A unique regulatory phase of DNA methylation in the early mammalian embryo. Nature 
484, 339-344. 
 
Strome, S., and Wood, W.B. (1983). Generation of asymmetry and segregation of germ-line 
granules in early C. elegans embryos. Cell 35, 15-25. 
 
Sugimoto, M., and Abe, K. (2007). X chromosome reactivation initiates in nascent 
primordial germ cells in mice. PLoS Genet 3, 1309-1317. 
 
Suzuki, A., and Saga, Y. (2008). Nanos2 suppresses meiosis and promotes male germ cell 
differentiation. Genes Dev 22, 430-435. 
 
Tam, P.P.L., and Zhou, S.X. (1996). The allocation of epiblast cells to ectoderman and 
germline lineages is influenced by the position of the cells in the gastrulating mouse 
embryo. Dev Biol 178, 124-132. 
 
Trapnell, C., Pachter, L., and Salzberg, S.L. (2009). TopHat: discovering splice junctions with 
RNA-Seq. Bioinformatics 25, 1105-1111. 
 
Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D.R., Pimentel, H., Salzberg, S.L., 
Rinn, J.L., and Pachter, L. (2012). Differential gene and transcript expression analysis of 
RNA-seq experiments with TopHat and Cufflinks. Nature Protocols 7, 562-578. 
 
Vincent, J.J., Huang, Y., Chen, P.Y., Feng, S., Calvopina, J.H., Nee, K., Lee, S.A., Le, T., Yoon, A.J., 
Faull, K., et al. (2013). Stage-Specific Roles for Tet1 and Tet2 in DNA Demethylation in 
Primordial Germ Cells. Cell Stem Cell 12, 470-478. 
 
Walsh, C.P., Chaillet, J.R., and Bestor, T.H. (1998). Transcription of IAP endogenous 
retroviruses is constrained by cytosine methylation. Nat Genet 20, 116-117. 
 
Wang, C., and Lehmann, R. (1991). Nanos is the localized posterior determinant in 
Drosophila. Cell 68, 1177. 



113 
 

Yamaguchi, S., Hong, K., Liu, R., Inoue, A., Shen, L., Zhang, K., and Zhang, Y. (2013a). 
Dynamics of 5-methylcytosine and 5-hydroxymethylcytosine during germ cell 
reprogramming. Cell Res 23, 329-339. 
 
Yamaguchi, S., Hong, K., Liu, R., Shen, L., Inoue, A., Diep, D., Zhang, K., and Zhang, Y. (2012). 
Tet1 controls meiosis by regulating meiotic gene expression. Nature 492, 443-447. 
 
Yamaguchi, S., Shen, L., Liu, Y., Sendler, D., and Zhang, Y. (2013b). Role of Tet1 in erasure of 
genomic imprinting. Science 504, 460-464. 
 
Yokobayashi, S., Liang, C.-Y., Kohler, H., Nestorov, P., Liu, Z., Vidal, M., Lohizen, M., Roloff, T., 
and Peters, A. (2013). PRC1 coordinates timing of sexual differentiation of female 
primordial germ cells. Nature 495, 236-240. 
 

 

 



114 
 

 

 

 

 

 

 

Chapter 4 

Conclusions and Future Durections 



115 
 

Studying the Loss of methylation during Stage 2 Demethylation In an Organ Culture 

Model of PGC Development 

 

As a result of several studies that had addressed the various potential mechanisms behind Stage 2 

DNA demethylation, one of the primary goals of this thesis was to carefully examine the 

functional role of replication-dependent DNA demethylation, and the consequences blocking 

proliferation has on imprint erasure. Our results reveal that PI3 kinase-dependent PGC 

proliferation has a significant role in the process of imprint erasure at the Snrpn ICR in PGCs, 

but does not play a major role at the H19 ICR. This evidence suggests that different genomic loci 

can undergo demethylation through multiple mechanisms.  In this thesis we further demonstrate 

that a three-day ex vivo AGM organ culture has the ability to faithfully recapitulate the classic 

epigenetic reprogramming events in in vivo murine PGCs during embryo development from 

e11.5-e13.5 and can succesfully be used as a model to further examine these events, including 

the formation of 5hmC foci, the loss of cytosine methylation from the Snrpn and H19 ICCs with 

retention of some methylation at IAP.  All together our results show that the AGM organ culture 

constitutes a faithful ex vivo model to study different modes of PGC methylation reprogramming. 

 

Due to various pieces of evidence in the literature one can conclude that there are currently two 

mechanistic models for ICC erasure in mammalian PGCs. These include, replication-coupled 

demethylation along with controversial evidence in favor of replication-independent active 

demethylation involving base excision repair. In previous studies, evidence for replication-

coupled demethylation of ICRs was proposed due to an the very strong correlation between PGC 

cell number and the rate at which ICRs lost methylation.  Our current study provides fucntional 
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evidence that supports a major role for PI3 kinase-dependent replication-coupled loss of CpG 

methylation at the Snrpn ICR, but a minor to negligible role in demethylation of the H19 ICR.   

Evidence for active demethylation was hypothesized to occur downstream of Poly (ADP-

ribosyl)ation by experiments that involved inhibiting Parp1 in a very similar E10.5 AGM organ 

culture model, as well as injection of Parp1 inhibitors into pregnant mice.  The results from these 

independent studies suggested that demethylation of the H19/IGF2 ICC was sensitive to Parp1 

inhibition.  In the study performed for this thesis, the data provides evidence that demethylation 

of the H19 ICR is active, because unlike the Snrpn ICR, this locus continues to lose methylation 

even when cell proliferation is inhibited. Taken together, our data supports the theory that 

multiple independent mechanisms act to promote demethylation of ICRs in the germline.    

 

It has been shown that the first step in demethylation at the majority of ICRs during stage 2 

involves conversion of 5mC to 5hmC by Tet1.  In the study presented in this thesis we show that 

the e10.5 AGM organ culture model recapitulates the unique reorganization of 5hmC in PGCs 

that involves the conversion of 5hmC territories into 5hmC-enriched foci. Therefore, use of the 

AGM organ culture model to the potential roles of 5hmC as an independent epigenetic mark can 

lead to very interesting results.  It is clear in both the embryo and AGM organ culture model that 

5hmC does not disappear completely from the germline genome and instead remains as discreet 

foci.  The purpose of residual 5hmC staining in the germline at the conclusion of the PGC period 

has yet to be described 
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Furthermore, knowing that this organ culture model faithfully recapitulates the epigenetic 

reporgramming events that occur in vivo, further experiments can be conducted to determine 

patterns of demethylation at loci that remain methylated until stage 2.  We were only able to 

study the H19 and Snrpn ICRs, but it would be fascinating to examine the mechanisms behind 

DNA demethylation in other loci as well.  It would also be very interesting to answer the 

questions regarding which epigenetic marks are present on ICRs during this develppmental 

period and if they play a role in the recruitment of the Tet enzymes, as the mechanism behind the 

recruitment of the Tet enzymes to ICRs remains unkown.  By performing ChIP-Seq for Tet1 on 

PGCs during gonadal development we would be able to gain insghit not only into the loci that 

are Tet dependent but also on the temporal dynamics involved in the Tet-dependent 

demethylation of Stage 2 loci. 

 

In conclusion, the data presented in Chapter 2 of this thesis supports the idea that mechanisms of 

demethylation in PGCs can vary depending on the genomic locus. This is shown through 

evidence of the PI3-kinase-dependent replication coupled mechanism being responsible for the 

removal of CpG methylation from the Snrpn ICR where as removal of CpG methylation from the 

H19 ICR is largely independent of PI3-kinase. Our study demonstrates that the e10.5 AGM 

organ culture model provides a new opportunity to evaluate modifiers of locus-specific cytosine 

demethylation during a highly reproducible nuclear reprogramming event in mammalian cells. 
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Methylation safeguards against precocious differentiation in PGCs. 

In the study undertaken for this thesis we discovered that Dnmt1 is required in PGCs to prevent 

precocious meiosis in females, and prospermatogonia differentiation in males.  Furthermore we 

present evidence to suggest that that Dnmt1 is essential for maintaining DNA methylation at 

imprinting control regions and meiotic promoters prior to e10.5. Furthermore we show that 

Dnmt1 is not required for transposon repression during the PGC stage of the germline life cycle, 

suggetsing alternate mechanisms for transposon silencing than those found in somatic cells.   

At e7.25 PGC specification is complete, and a small cluster of forty PGCs at the base of the 

allantois begin epigenetic reprogramming in a temporal and step-wise manner to create the 

unique germline epigenetic ground state that is found in PGCs at e13.5. Results found in the 

literature lead to the hypothesis that this ground state is necessary to prepare the genome for the 

activation of gametogenesis genes that will result in meiosis in females and prospermatogonia 

differentiation in males.  Loss of DNA methylation begins to occur in a stage-specific manner 

beginning with stage 1 between e8.0 and e9.0.  Stage 2 occurs over the next few days from e10.5 

to e13.5, the PGC which occurs in a locus-specific manner. Ever since the discovery of this two-

stage process of DNA demethylation it has been unclear why mammals don’t simply deploy 

DNA demethylation and reach ground state in a single step.  The data presented in chapter 3 of 

this thesis leads to a new model that explains and highlights the importance of the two-stage 

process in preventing precocious differentiation and preserving the pool of pioneering PGCs in 

both male and female embryos. 
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In both male and female PGCs, retinoid acid induces entry into the meiotic program, which 

promotes expression of the meiotic initiator Stra8, which allows these cells to succesfully exit 

the last mitotic S phase and enter the meiotic cell cycle .  In males this occurs after birth, whereas 

in females it occurs begnning at e13.5.  In female mice, Stra8 is expressed beginning at e12.5 

due to retinoic acid signaling from the neighboring mesonephros together with the coordinated 

loss of the Polycomb Repressive Complex 1 enzyme Rnf2 and H3K27me3 from the Stra8 

promoter which begins to happen after e12.5.  In males, Stra8 is not expressed at e12.5 due to the 

creation of testis cords (tubules) that enclose the PGCs and protect the germline due to the 

retinoic acid-degrading enzyme Cyp26b1.  

 

Although at e13.5 we observe precocious entry into meiosis in DCKO female PGCs when we 

look at PGCs at e10.5 and e11.5 there is no significant upregulation of Stra8. However a gene 

that is singificantly upregulated is Dazl, which has been shown to be essential for the activation 

of Stra8 and entry into meiosis, as well as male specific differentiation.  This result suggests that 

although PGCs may not be actively entering meiosis as they are colonizing the gonad, they are 

being sensitized to signals from the gonad that will lead to meiotic activation once the gonad has 

reached sex determination in females and mitotic arrest in males. Furthermore it would be 

interesting to test the effect of retinoic acid inhibitors during the period of gonadal development 

in order to determine whether this ablates precocious meiotic gene activation. I hypothesize that 

the reason these PGCs are precociously activating meiotic genes is because they are being 

exposed to retinoic acid. If methylation is the only level of repression for a subset of meiotic 

genes, once it is removed it sensitizes the gene for activation once the gonadal signaling is 

activated. I propose that Dazl is one of the genes that depends on properly maintained 
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methylation in order to remain repressed in order to avoid these PGCs being poised for meiosis.   

One major question regarding meiotic entry involves the mechanisms responsible for protecting 

indifferent stage PGCs from precocious meiosis, particularly during the journey through the 

retinoic acid producing genital ridge from e10.5-e11.5.  The data presented in this thesis suggests 

that DNA methylation is not providing the barrier to precocious meiosis prior to e12.5, and 

instead functions to coordinate the timing of indifferent PGCs differentiating into either male or 

female PGCs based upon instructions from the gonadal niche. 

 

An area that requires further exploration involves the interplay between histone marks and DNA 

methylation on meiotic gene promoters during this developmental time period. Page et al. 2013, 

showed that the expression and signal of the active mark H3K4me3  increased over time at the 

promoters of meiosis related genes such as Rec8, Stra8, and Sycp3 with a more dramatic increase 

in females than males starting at e12.5, suggesting that in females these meiotic genes are 

epigenetically poised for activation. However there is very little sex-specific chromatin data prior 

to e12.5, and it would be very interesting to determine whether these meioitc genes are truly 

bivalent or if this is an artifact of having a mixed population of male and female PGCs. 

Furthermore, using our DCKO mouse model, it would be of great interest to determine how 

changing the DNA methylation landscape affects the deposition of active or represseive 

chromatin marks on meiotic genes. 

 

Furthermore, our work has demonstrated that loss of methylation results in a reduced number of 

PGCs during the emrbyonic period. This results in hypogonadism, infertility, and the depletion 
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of gametes in the adult DCKO male, and smaller ovaries in the DCKO female.  It would be very 

interesting to determine the time period in which cell death occurs in this model, and analyze the 

methylation status of these PGCs. Due to Dnmt3a and 3b being unaffected, we hypothesize that 

although methylation is re-established in the male embryo prenatally, it may no longer be 

maintained once these cells resume proliferation in the post-natal stages of development, and can 

result in the death of these cells similar to the phenotype enountered in Dnmt3a and 3b mutants. 

Surprisngly, although the DCKO female's ovaries are smaller they do contain oocytes.  This 

adult female never birthed any litters, but it would be interesting to determine whether the 

oocytes that are present are capable of being fertilized. 

 

In addition to this, we have demonstrated that although Uhrf1 is repressed in PGCs Dnmt1 loss 

leads to the loss of methylation at ICRs, meiotic genes, and IAP sequences.  This result has two 

possible explanations.  The first is that, the levels of Uhrf1 are not detectable but the amount of 

protein that is present is enough to recruit Dnmt1 to replication foci of a discreet subset of genes.  

The other alternative is that Uhrf1 is trully repressed and that Dnmt1 has a novel PGC specific 

Uhrf1 independent fucntion in maintaing methylation in loci prior to stage 2 DNA 

demethylation.  if this is the case, identifying the mechanisms behind this would be of great 

value.  This could be accomplished by using the PGCLC model of in vitro derived PGCs.  These 

PGCs have been shown to maintain methylation at the loci that are maintined during stage 1 in 

vivo, and are trasncriptionally very close to pre-gonadal PGCs.  This in vitro system allows one 

to scale the experiment in a way that would allow for ChIP experiments in order to probe the 

histone modifications present at these loci prior to gonadal colonization.  One possibility is that 
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these loci have specific histone marks that are capable of recruiting Dnmt1 and thereby have the 

ability to maintain the proper patterns of methylation before they are lost during stage 2. 

 

In summary, assigning Dnmt1 the task of simultaneously protecting and marking the meiotic 

program in PGCs provides a relatively simple and reversible approach for preventing PGCs from 

activating the meiotic program until the gonadal niche can instruct male or female fate from a 

gender-neutral position.  This stage-specific requirement for DNA demethylation in the 

germline, and the critical role for Dnmt1 in preventing precocious differentiation have critical 

implications for ensuring the appropriate niche-specific interactions of germline cells that are 

differentiated in vitro. 

 

 

 

 

 

 

 

 

 

 




