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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 1) followed by a Tet
methylcytosine dioxygenase (Tet)-dependent decrease in methylated cytosines that act at
imprinting control regions (ICRs) and meiotic genes (stage I1). The purpose of the two-stage
mechanism is unclear. Here we show that Dnmt1 preserves DNA methylation through stage | 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.
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Hargan-Calvopina et al. shed light on functional significance of two-stage DNA demethylation — a
global decrease followed by locus-specific loss — in primordial germ cells. Dnmt1 preserves DNA
methylation in stage | at specific loci, including pericentromeric regions. Abrogating the two-
stages results in precocious germline differentiation, leading to hypogonadism and infertility.
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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, Xenopusand Zebrafishthe 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).

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 /7 vivois 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
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(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.

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 | DNA
demethylation and is accompanied by repression of the protein Ubiquitin-Like with PHD
and Ring Finger Domains 1 (Uhrfl) as well as repression of the de novo DNA
methyltransferases (Dnmt3aand Dnmt3b) (Kagiwada et al., 2013). Stage | DNA
demethylation is independent from the activity of Tetl and Tet2 (Vincent et al., 2013). Then
starting from E10.5, PGCs undergo locus-specific DNA dimethylation referred to as stage Il,
which involves the activity of Tetl 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
etal., 2013b).

At the conclusion of stage I, the genomic sites protected from global DNA methylation
include imprinting control regions (ICRs), endogenous retrovirus called /ntracisternal A
particles (1APs) 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 later is unclear. Similarly the enzyme/s responsible for protecting
these sites are also unknown. It could be rationalized that the enzyme DNMTL is responsible
for protecting ICRs and meiotic gene promoters through stage | 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 DnmtZ deletion using Cre-LoxP
recombination in PGCs using B/impI-Cre. We discovered that DNMT1 maintains
methylation at imprinting control regions (ICRs) and the endogenous retrovirus called
Intracisternal A particle (1AP), and that loss of Dnmt1 leads to significantly fewer PGCs at
the conclusion of stage 11 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
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Results

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.

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 Dnmt12'%% (Jackson-Grusby et al., 2001) and
crossed the strain to B/imp1-Cre (BC) to promote a DnmtI 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: Dnmt1M= 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 (+: Dnmt1219%) at
this stage of development. To quantify PGC number, we crossed Dnmt121°X to Oct4-GFP
(Lengner et al., 2007), and bred the double homozygotes to BC:Dnmt1f/*. 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.

At E10.5, PGCs are exiting the hind-gut and initiating stage Il 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, /A/ and non-CG island (non-CGl)
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 #Z9and Snrpn ICRs,
as well as /AP (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 DNMT3Db 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
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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 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 (Z1p598, 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 ho impact on gene expression, but instead has a
significant effect on DNA methylation including the deposition of 5hmC.

Loss of Dnmtl leads to precocious activation of the meiotic program in female germ cells

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 /AP, 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 AP and LLORF1p 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, Table S3). Using gene ontology analysis we
discovered genes involved in meiotic prophase | were significantly enriched in the DCKO
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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.

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 STRAS 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 3A, Table S3), 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).

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 ( 7ex) genes,
and genes that encode for critical components of the synaptonemal protein complex (Sycp)
(Figure 3D). We also identified two genome-defense genes, Mov10/1 and Tdrd9that 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 7ex12promoter in GFP+ PGCs isolated by FACS at
E10.5. This experiment revealed that the 7exZ2promoter is methylated in control PGCs,
whereas the DCKO PGCs are demethylated (Figure 3E).

A second category of genes with 220% 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
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expression of meiotic and X-linked genes in female PGCs between E11.5-E13.5
(Supplemental Table 1).

Loss of Dnmtl leads to precocious differentiation in male germ cells

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 Cyp26b61 (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 L1IORF1p 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 NManosZ, 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, Table S4). Notably, only the meiotic gene SycpI was de-
repressed whereas all other meiotic prophase | genes identified in female PGCs were
unaffected suggesting that the male PGCs are most likely not entering meiosis in the absence
of DNMTL1.

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 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 7ex101,
Sycpl, Taf7l, the genome defense gene 7drd9, as well as several X-linked genes (Figure 4D,
Supplemental Table 2). Genes that were unique to male DCKO PGCs included the genome-
defense gene Piwil4, and a male meiotic gene GisfZ (Figure S3A, Supplemental Table 2).
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 X/ST
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 STRAS8 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 STRAS8 at E13.5, and therefore are not entering
meiosis.
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Loss of Dnmtl 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 individual DCKO and control embryos (Table S5). 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). Daz/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 Daz/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 Daz/and Stra8 genes using the previously published
ChlIP-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 Daz/gene is highly
enriched in the active histone H3K4me3 mark, where as H3K27me3 is absent. In contrast
the Stra8promoter 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 Stra8expression due to the presence of H3K27me3 at
the promoter and within the gene body, whereas Daz/is sensitized to changes in DNA
methylation on account of being depleted of H3K27me3 and instead enriched in H3K4me3.

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
Dnmtl 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 11 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
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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.

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 | 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 (0)-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 Sefdb in PGCs using Tissue non-specific alkaline phosphatase
(7nap)-Cre demonstrates an important role for H3K9me3 in repressing endogenous
retroviruses (ERVs) and consequently the maintenance of DNA methylation at these sites,
however Setdbl 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 | 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 Daz/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 Rnf2and H3K27me3 from the Stra8 promoter (Yokobayashi et al., 2013). In males,
Stra8is 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 Stra8in 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 Daz/, which licenses germ cells to undergo meiosis. In future
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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 X7stand 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 germline cells, Xistis 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 Tetl
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 5ShmC 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 /n vitro.

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); Dnmt12'°% (Jackson-Grusby et al., 2001) homozygous females
and B/imp1-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.

Dev Cell. Author manuscript; available in PMC 2017 October 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hargan-Calvopina et al. Page 11

Sorting

Genotyping

Staining was performed using conventional methods with some exceptions in the case of
5hmC (Hargan) Permeabilization was performed using 0.5% TX-100 in Phosphate 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 Orflp 1:300 (provided
by Alex Bortvin at the Carnegie Institution for Science), and rabbit anti-lIAP 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.

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 37°C for 5 minutes
followed by gentle flicking and placing it back in 37°C 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.

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 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. See supplemental experimental procedures, supplemental experimental procedures
table 2.

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 DMRL as described in (EI-Maarri et al., 2001), AP as described in
(Hajkova et al., 2002) and the HZ9DMR, 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
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least ten clones were picked for analysis by sequencing. See supplementary experimental
procedures, supplemental experimental procedures table 2.

RNA Libraries

Statistics

GFPppositive 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 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 See supplemental experimental procedures, supplementary
methods table 1

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 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.
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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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Highlights
Dnmt1 is responsible for maintaining DNA methylation in PGCs
Dnmt1 has no role in transposon repression in PGCs
Precocious germline differentiation is restrained by Dnmtl

The 5hmC epigenetic mark is not required for meiotic entry
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Figure 1. Dnmt1 Conditional knockout PGCs are hypomethylated
(A) Total umber of PGCs sorted at E10.5. Error bars, = SEM; NS: p=0.3986, two-tailed

unpaired t test; n =78 biological replicates. (B—-D) Bisulfite PCR of sorted PGCs from
Control and DCKO embryos at E10.5 evaluating the H#Z9ICR (B), Snrpn ICR (C) and 1AP
EZ (D). For each locus at least 20 clones were sequenced. (E) Graphical representation of
Bisulfite PCR methylation levels found in respective loci from cells at E10.5 n=2 biological
replicates. (F) Immunofluorescence of E13.5 DCKO and Control male gonads evaluating
MVH positive PGCs (red), 5hmC (green), and DAPI (blue) (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. See also Figure S1
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Figure 2. Dnmt1 conditional knockout female PGCs precociously turn on the meiotic program at
E13.5

(A) Total number of Control and DCKO female PGCs sorted at E13.5. Error bars, + SEM;
p=0.0092, two-tailed unpaired t test; n =10 biological replicates. (B) Heat map showing
differentially expressed genes (DEGs) between DCKO and control PGCs (C) Gene ontology
analysis of de-repressed and silenced genes in E13.5 DCKO female PGCs using DAVID
Bioinformatics Resources 6.7. (D) Immunofluorescence of Control and DCKO E13.5 female
gonads for MVH (red), and STRAS8 (green) (n=3). (E) Immunofluorescence of Control and
DCKO E13.5 female gonads for MVH (red), and gamma H2aX (green) (n=3). (F)
Quantification of yH2AX foci in Control and DCKO PGCs (MVH) at E13.5. Error bars, £
SEM; p=0.0079, two-tailed Unpaired t test; n =3 biological replicates. FPKM stands for
Fragments Per Kilobase of transcript per Million mapped reads. See also Figure S2, and
Table S3
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Figure 3. Meiotic genes regulated by DNMT1 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% in wild-type E9.5 PGCs (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. The genes with = 2-fold difference in expression and FDR <
5% were considered differentially expressed. (E) Bisulfite PCR of the 7ex12promoter
comparing Control and DCKO PGCs at E10.5 (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). Hypergeometric test to evaluate the enrichment of the methylated and de-repressed
genes in each chromosome. * Refers to statistical significance of hypergeometric test.
FPKM stands for Fragments Per Kilobase of transcript per Million mapped reads. See also
Table S1.
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Figure 4. Dnmt1 conditional knockout male PGCs precociously activate the male differentiation
pathway

(A) Total number of male PGCs sorted at E13.5. Error bars, £ SEM; p=0.0274, two-tailed
Unpaired t test; n =18 biological replicates. (B) Analysis pipeline to determine which of the
de-repressed RNAs at E13.5 had = 20% DNA methylation in wild-type PGCs 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 common to 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. The genes with >
2-fold difference in expression and FDR < 5% were considered differentially expressed. (E)
Immunofluorescence of E13.5 male gonads for MVH (red), and STRAS8 (green). Included
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on the right is a positive control for STRAS staining using an E13.5 DCKO female. See also
Figure S3, Table S2, and Table S4.
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Figure 5. Dazl is de-repressed at E11.5 in mutant PGCs
(A) Immunofluorescence of an E11.5 Genital ridge for SSEA1+ PGCs (green) and DAPI

(blue). M refers to the mesonephros. White arrows point to a PGC in the mesonephors, the
yellow arrows point to a PGCs that has colonized the genital ridge. (B) Total number of
germ cells sorted at E11.5. Error bars, + SEM; p=0.0009, two-tailed Unpaired t test; n =31
biological replicates. (C) Heat map showing promoter methylation of 8 DEG at E11.5 with
promoter methylation of > 20% at E9.5. (D) Daz/expression levels in E11.5 Control and
DCKO PGCs. Genes with = 2-fold difference in expression and FDR < 10% were
considered differentially expressed. (E) Stra8 expression levels in E11.5 Control and DCKO
PGCs. E13.5 PGCs are included as a control. Genes with > 2-fold difference in expression
and FDR < 10% were considered differentially expressed. (F, G) H3K27me3 and H3K4me3
peaks at the Daz/locus (F) and Stra8locus (G) at E11.5. (H) Control (left) and DCKO
(right) testes from 6 month male mice (n=1). (1) 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). See also Table S5.
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