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SUMMARY

Global DNA demethylation in humans is a funda-
mental process that occurs in pre-implantation em-
bryos and reversion to naive ground state pluripotent
stem cells (PSCs). However, the extent of DNA
methylation reprogramming in human germline cells
is unknown. Here, we performed whole-genome
bisulfite sequencing (WGBS) and RNA-sequencing
(RNA-seq) of human prenatal germline cells from 53
to 137 days of development. We discovered that
the transcriptome and methylome of human germ-
line is distinct from both human PSCs and the inner
cell mass (ICM) of human blastocysts. Using this
resource to monitor the outcome of global DNA de-
methylation with reversion of primed PSCs to the
naive ground state, we uncovered hotspots of ultra-
low methylation at transposons that are protected
from demethylation in the germline and ICM. Taken
together, the human germline serves as a valuable
in vivo tool for monitoring the epigenome of cells
that have emerged from a global DNA demethylation
event.

INTRODUCTION

Genome-wide DNA demethylation is essential in the pre-implan-
tation embryo and in the prenatal germline to prevent the herita-
ble transmission of abnormal cytosine methylation (epialleles)
from parent to child (Heard and Martienssen, 2014). In the pre-
implantation embryo, this involves removal of the cytosine
methylation acquired in the parental gametes prior to fertiliza-
tion. In the prenatal germline, this involves removing cytosine
methylation in primitive germline cells called primordial germ
cells (PGCs), the precursors of eggs and sperm. The dynamics
of DNA demethylation during these two periods has been exten-
sively studied in the mouse, with DNA methylation reaching
the lowest point during PGC development at embryonic day
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13.5 (E13.5) of mouse gestation. At this time point, less than
10% of cytosines in a CpG sequence context remain methylated
in genomic DNA (Seisenberger et al., 2012; Kobayashi et al.,
2013; Wang et al., 2014b). Therefore, E13.5 of mouse PGC
development is often referred to as the germline epigenetic
ground state (Hajkova, 2011).

In vitro, DNA demethylation occurs when primed human em-
bryonic stem cells (hnESCs) and serum-grown mouse ESCs are
reset to the naive ground state (Habibi et al., 2013; Ficz et al.,
2013; Takashima et al., 2014). In humans, converting primed
hESCs to the naive ground state causes more than a 50% reduc-
tion in CpG methylation, together with the removal of non-CpG
methylation (Takashima et al., 2014). It is unknown whether
loss of CpG methylation in naive ground state of human pluripo-
tent stem cells resembles the hypomethylated state of the hu-
man inner cell mass (ICM) or possibly the methylation of human
germline cells.

In humans, the dynamics of cytosine demethylation in pre-
implantation embryos shares tremendous similarity with mouse
embryos of the equivalent stage (Smith et al., 2014; Guo et al.,
2014). However, a distinction between the two species occurs
at transposons and, in particular, the long interspersed nuclear
element (LINE) subfamilies in which DNA sequence differs sub-
stantially between the two species (Smith et al., 2014; Guo
et al., 2014). Even though pre-implantation embryos are consid-
erably hypomethylated relative to the gametes from which they
originate, there remains significant CpG methylation in the ICM
of both species, leading to the hypothesis that, similar to the
mouse, the bulk of DNA demethylation during development
in vivo occurs in the germline.

In humans, there is limited information on the dynamics of DNA
demethylation in the germline during prenatal life, except for
immunofluorescence studies revealing that the germline is glob-
ally hypomethylated from at least 42 days post-fertilization
(Gkountela et al., 2013). To determine whether the human germ-
line undergoes more extensive DNA demethylation than the ICM
and to evaluate whether naive hESCs resemble the demethyla-
tion observed in human germline, we performed whole-genome
bisulfite sequencing (WGBS) of the human prenatal germline
genome to create a comprehensive single-base resolution map
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Figure 1. Human Germ Cells Are Distinct
from hESCs

(A) Unsupervised hierarchical clustering of hESCs
and cKIT-expressing germline cells isolated from
human prenatal testes (blue) or ovaries (pink). Day
(d) of prenatal development post-fertilization is
shown.

(B) PCA. Each dot represents a sample. Blue,
male; pink, female germline cells; green, hESCs.
Germline samples separate into three clusters in
PC2, including PGCs and AGCs, which are either
male or female.

(C) Weighted gene co-expression network analysis
of hESC, PGC, and AGC samples showing a hier-
archical cluster tree of co-expression modules.
Each module corresponds to a branch labeled by a
distinct color shown underneath.

(D) Heatmap showing relative expression of 6,583
genes in 4 representative modules across all
samples. For each developmental window, only
the most highly correlated modules are shown with
assigned biological names: hESCs (module 1),
PGCs (module 16), male AGCs (module 24), and
female AGCs (module 2). Representative gene
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of DNA demethylation dynamics of human prenatal germline
cells. This resource is critical not only for understanding the
resetting of epialleles prior to birth in vivo but also for measuring
genome-wide DNA methylation reprogramming in in vitro sys-
tems such as the generation of hESCs in the naive ground state.

RESULTS

We began by establishing transcriptional landmarks of human
prenatal germline development using RNA sequencing (RNA-
seq) of purified germ cells from n = 9 ovaries and n = 6 testes
from 53 to 137 days of life post-fertilization. Human germline
cells were isolated from individual ovaries and testes using fluo-
rescence activated cell sorting (FACS) for the surface receptor
cKIT (Figure S1A). No pooling of samples was performed for
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KLF6 (16), LEF1 (16), NANOS3 (24), BLIMP1 (10), VASA (2), STRAS (2),
ITGA (16) XIST (11) MAGE13 (8), MAGEA11 (8), SYCP2 (2), SYCP3 (2),
MAGEB2 (8), MAGEC2 (8)

ontology terms enriched in the highest correlated
module are shown below, as well as representative
hESC and germ cell-related genes found in the
statistically significant modules for that group. The
specific module is shown in parentheses.

See also Figure S1.

this study. We have previously shown
that germline cells sorted using this
A strategy are 100% pure by single-cell
! RT-PCR (Gkountela et al., 2013). Here,
. we confirmed the purity of human germ-
=  line samples using an expanded panel

Female-AGCs - of germ-cell-expressed genes on single
Caggg;g’gf;‘;’;ss cells, including SOX77, which was posi-
Meiosis tive in almost every BLIMP1, NANOS3

Genes: DAZL (2), double-positive cell (Figure S1B).

RNA-seq of 15 human prenatal germ-
line samples yielded 633 million trimmed
50bp reads, with almost 500 million reads
uniquely mapped to the human genome
(Table S1). RNA-seq was also performed on equivalent numbers
of TRA-1-81-sorted primed hESCs called UCLA1 (n = 2) and H1
(n = 2). Using unsupervised hierarchical clustering, as well as
principle component analysis (PCA), we discovered that all hu-
man cKIT-positive germline cells clustered separately from
TRA-1-81-positive hESCs (Figures 1A and 1B and Table S4).
We note that one female sample (67 days) clustered with the
male cKIT sorted germline cells in unsupervised hierarchical
clustering (Figure 1A), yet clustered together with the younger
germline group composed of male and female germline cells in
PCA (Figure 1B). Similarly, we also found that the 74 day male
germline cells clustered with the older male germline group in un-
supervised hierarchical clustering, but with the younger group in
PCA. Therefore, we speculate that, at around 67 days in females
and 74 days in males, the germline cells are transitioning

DMC1 (2),TEX14 (2),
DPPA3 (2)



between the younger and older stages. Given the distinct clus-
tering in PC2 (Figure 1B), we will refer to the germline cells in
the top quadrant as PGCs and the germline cells in the bottom
quadrant as male or female advanced germline cells (AGCs).

In order to understand the relationships between PGCs and
male and female AGCs, we performed a weighted gene co-
expression network analysis (WGCNA) (Langfelder and Horvath,
2008). This is an unbiased, unsupervised analysis that identifies
co-expression modules corresponding to clusters of co-ex-
pressed transcripts in each group. We identified 39 modules of
co-expressed transcripts with 11 modules significant to PGCs,
5 modules significant to male AGCs, and 14 modules significant
to female AGCs (Figures 1C, 1D, and S1C and Table S4). In the
PGC-specific modules, we identified RNAs associated with em-
bryonic lineage development, including SOX17, the newest tran-
scription factor implicated in human PGC specification (Irie et al.,
2015), as well as other embryonic transcription factors such as
SRY-box-12 (SOX12), Kruppel-like factor 6 (KLF6), and lymphoid
enhancer binding factor 1 (LEF1). In the AGC-specific modules,
we identified meiotic genes such as synaptonemal protein com-
plex 2 (SYCP2), SYCP3, Stimulated by retinoic acid 8 (STRAS),
and DMC1 in female AGCs. In male AGCs, the significantly en-
riched modules included genes such as NANOS2, NANOG,
CD38, NANOS3, PRDM1 and a variety of cancer/testis antigens
(Figure 1D). We performed a pairwise comparison of RNA
expression between PGCs and AGCs and found a significant
enrichment in genes associated with reproductive processes
and genome defense in AGCs relative to PGCs (Figures S1D,
S1E, and S1G). We also discovered RNAs associated with
meiosis and ovarian folliculogenesis that were specific to female
AGCs (Figure S1F). A surprise was the expression of XIST in a
module significant to PGCs and not female AGCs. The RNA-
seq analysis confirmed that XIST RNA was present in both
male and female PGCs, as well as male and female AGCs (Fig-
ure STH). These results demonstrate that, in the germline, XIST
expression is not restricted to females.

Given that the PGC-specific modules identified enrichment of
genes involved in embryo development genes rather than typical
“reproductive genes,” we hypothesized that human PGCs may
resemble an “indifferent” cell type, such as ICM cells or naive
ground state hESCs, with the reproductive program becoming
dominant after the progression to AGCs. To investigate this,
we performed PCA comparing TRA-1-81-sorted primed hESCs
(H1 and UCLA1), H9 primed and H9 naive ground state hESCs
(Takashima et al., 2014), and ICM cells isolated from human
blastocysts (Yan et al., 2013). We discovered that human germ-
line cells clustered as a single group, distinct from ICM cells, as
well as hESCs in either the primed or the naive ground state (Fig-
ure S1l). Given the unique transcriptional identity of human
germline cells and the discovery that the human germline can
be developmentally grouped into distinct clusters of either
PGCs or AGCs, we next quantified DNA methylation in the hu-
man germline using these developmental landmarks as guides.

DNA methylation was evaluated in the human germline using
WGBS from n = 4 pairs of ovaries and n = 2 pairs of testes. All
analyses were performed on cytosines with > 3 reads per cyto-
sine (Table S2). Three libraries corresponded to the PGC stage,
57 days (female), 59 days (male), and 67 days (female), and three

libraries corresponded to the AGC stage, 113 days (n = 2
females) and 137 days (male). The bisulfite conversion efficiency
estimated from Lambda DNA spike-in was the following: CG =
99.4%; CHG = 98.3%; and CHH = 99.2%. We also compared
our human prenatal germline data to previously published
WGBS datasets of H1, H9, and HSF1 hESCs (Laurent et al.,
2010; Lister et al., 2011; Chen et al., 2011); human ICM and hu-
man embryonic liver (Guo et al., 2014); and naive ground state
hESCs (called H9 naive) and the parental H9 hESC line used
for reversion (called H9 primed) (Takashima et al., 2014).

The average percent of CpG methylation estimated from our
libraries revealed that the human prenatal germline contains
the lowest genome-wide average for CpG methylation reported
in a human genome to date, with the 113 day female AGCs
containing an average of 16.7% CpG methylation. The naive
ground state hESCs were higher at 29.2%, and the ICM
was 40.03% (Figure 2A). In 137 day male AGCs, the average
CpG methylation was quantified as being 41.5%, whereas the
average CpG methylation in the 59 day male PGCs was
30.7%, indicating that, between 59 and 137 days of develop-
ment in males, the genome initiates de novo methylation. An
overview of the bulk CpG methylation level for all samples is
available in Figure S2A.

Next, we evaluated the distribution of DNA methylation at
individual cytosines by plotting cytosine methylation in 10% in-
crements as a fraction of total methylation from 0-1 (0%-100%)
(Figures 2B, S2B, and S2C). In the ICM (Figure 2B), PGCs,
embryonic liver, and male AGCs (Figures S2B and S2C), the dis-
tribution of CpG methylation is bimodal, whereas in the most de-
methylated 113 day female germline sample, the majority of
CpGs (> 0.6) are hypomethylated (0%-20% methylation) (Fig-
ure 2B). Similarly, with reversion of H9 primed hESCs to the naive
ground state, a large fraction of cytosines also become hypome-
thylated; however, an equally large fraction of cytosines exhibit in-
termediate levels of DNA methylation (21%-79%) (Figure 2B).
Given that the female germline cells were progressively demethy-
lating from 57 to 113 days of development, whereas the male
germline cells have initiated de novo methylation, we focused
on the female germline cells for the reminder of the study.

By merging reads from the two female PGC libraries and the
two female AGC libraries to increase depth, we plotted CpG
methylation across entire genome and discovered that methyl-
ation is globally lost along entire chromosomes in PGCs, and
this is further reduced in AGCs. In this analysis, we discovered
that naive hESCs resemble the genome-wide level of PGCs,
but not the ICM (Figure 2C). The metagene plot of CpG methyl-
ation revealed a drop of CpG methylation around transcription
start sites (TSSs) in all samples (Figure 2D), with AGCs averaging
the lowest level of CpG methylation in the gene body and up-
stream and downstream regions, followed by PGCs and naive
hESCs (Figure 2D). In all three cases (AGCs, PGCs, and naive
hESCs), CpG methylation at reference genes was lower than
the ICM (Figure 2D). The metaplot of CpG islands (CGils) revealed
low levels of methylation in all cell types; however, both PGCs
and AGCs show extremely low methylation compared to ICM
and naive hESCs (Figure 2E). Given that CpG methylation is
severely depleted at CGls in the germline, we plotted percent
CpG methylation relative to CpG density and discovered that
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Figure 2. Female AGCs Represent the Most Demethylated Genomic State

(A) Average CpG methylation in human ICM, hESCs, PGCs, AGCs, and embryonic liver (Em. Liver). Age of male (M) and female (F) germline samples in days (d)
postfertilization is shown.

(B) Distribution of cytosine methylation in ICM and AGCs and H9 primed and H9 naive hESCs. The x axis represents methylation levels binned in ten increments of
10% (i.e., 0%-10%, 10%-20%, etc.). y axis is the fraction of total CG/CHG/CHH.

(C) Average genome-wide levels of CpG methylation across all chromosomes in 1 Mb windows. PGCs, merged reads from 57 and 67 day germline cells; AGCs,
merged reads from 113 day germline cells; H9 primed and H9 naive, merged reads from 3 biological replicates.

(D) Metaplot of CpG methylation at reference genes. TSS, transcription start site; TES, transcription end site.

(E) Metaplot of CpG methylation at CGI.

(F) Correlation between CpG density and methylation for H1 hESCs; PGCs (merged) and AGCs (merged). PGCs, AGCs, Em. (Embryonic), and ICM.

See also Figure S2.
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cytosines with >80% CpG methylation in PGCs and AGCs are
generally located in regions of low CpG density (Figure 2F).

In order to evaluate CpG methylation reprogramming in vivo,
we generated boxplots of cytosine methylation in 5 kb windows
and evaluated the fate of hypermethylated (>80%) and hypo-
methylated (<20%) windows common to ICM and germline cells
(Figures 3A and 3B). We also evaluated these same parameters
in primed hESCs and embryonic liver, where DNA methylation
levels are consistently high (Figures S3A and S3B). The purpose
of this analysis was to determine whether highly methylated cy-
tosines in ICM are erased in the germline and vice versa. In gen-
eral, our results show that hypermethylated windows in the ICM
(n = 8,850) are hypomethylated in PGCs and AGCs. Conversely,
hypermethylated windows in PGCs and AGCs (n = 21) generally
retain some methylation in the ICM (Figure 3A). Analysis of hypo-
methylated windows in ICM and germline cells reveals similarly
low methylation levels in both cell types (Figure 3B). This is in
contrast to hESCs and embryonic liver, which on average main-
tained highly methylated cytosines at these windows. Taken
together, these data demonstrate that the most hypermethylated
windows of the ICM exhibit demethylation in the germline,
whereas hypermethylated germline windows are only partially
demethylated in the ICM. Therefore, methylation reprogramming
in vivo involves greater reliance on the germline.

In order to identify regions of variable methylation in ICM,
PGCs, and AGCs, we evaluated methylation in 5 kb windows
common to the datasets shown (n = 565,299) (Figures 3C and
S3C). As expected, we discovered that most methylation vari-
able regions in ICM, PGCs, and AGCs were hypomethylated
relative to embryonic liver and primed hESCs. However, we
also identified variable regions that were more methylated in
AGCs than in PGCs (Figure S3C). To probe this further, we calcu-
lated statistically significant (p < 0.05) differentially methylated
regions (DMRs) with a >80% methylation difference in 200 bp
windows (n = 1,049,420 windows analyzed total). This analysis
yielded 3,445 DMRs between PGCs and AGCs, with a false dis-
covery rate of < 0.001% (Figure 3D). We discovered that 3,255
DMRs lose methylation (94.5%) and 190 DMRs (5.5%) gain
methylation in AGCs relative to PGCs. The hypomethylated
DMRs were associated with 1,899 genes, and the hypermethy-
lated DMRs were associated with 118 genes (Table S4). Analysis
of intragenic genomic features containing hypo- and hyperme-
thylated DMRs revealed particular enrichment at DMR-contain-
ing CGls located within exons, splice sites, promoters, and
3’ UTRs (Figures 3E and 3F). We also evaluated cytosine methyl-
ation at imprinting control centers (ICCs) for two paternally meth-
ylated imprinted genes, H19 and MEG3, and two maternally
methylated imprinted genes, PEG3 and KCNQ1 (Figure S3D).
Our results show that, consistent with previous data (Gkountela
etal., 2013), there is an almost complete loss of cytosine methyl-
ation at ICCs in AGCs relative to PGCs.

In order to determine whether DMRs between PGCs and
AGCs correlated with changes in gene expression, we com-
pared the RNA-seq of female germline cells at the equivalent
ages to the germline cells used for WGBS (Figure 3G). This com-
parison revealed 12 DMR-associated genes that were also
differentially expressed. All 12 genes were hypomethylated in
AGCs relative to PGCs, and 2/12 were associated with meiosis

(TEX14 and SYCE2). Taken together, our data reveal a remark-
able and pervasive loss of DNA methylation in human PGCs
and AGCs during prenatal life that has almost no relationship
to changes in gene expression. Our results unexpectedly show
that the female germline undergoes locus-specific changes in
intragenic DNA methylation at exons, splice sites, and pro-
moters, as well as small amounts of de novo methylation in the
background of a demethylated genome.

Given these dynamic changes in the human germline, we also
re-examined CpG methylation in the mouse germline (Seisen-
bergeretal., 2012). We remapped the dataset to the mm9 mouse
genome, with all analyses performed on cytosines with >3 reads
per cytosine (Table S3). Similar to the human study, we mapped
methylation 5 kb windows common to the dataset shown (n =
499,541) and identified variably methylated regions (Figure 3H).
We found that the female mouse germline also undergoes
modest gains in cytosine methylation, particularly between
E13.5 and E16.5 (Figure 3H), which can be quantified as an in-
crease from 4.68% at E13.5 to 9.13% at E16.5 (Figure S3E).
The hypo- and hyper-methylated DMRs between female germ-
line cells at E13.5 and E16.5 revealed particular enrichment at
CGl-containing DMRs in exons, splice sites, promoters, and
3'UTRs (Figure S3G). These are the same intragenic regions ex-
hibiting DMRs in the human germline between PGCs and AGCs.

Given that the human germline does not demethylate by
113 days of life to the epigenetic ground-state levels quantified
for the mouse genome at E13.5, we hypothesized that some re-
gions of the genome are resistant to demethylation, therefore
persisting in the globally demethylated genome. To identify
these sites, we evaluated common 200 bp windows in ICM,
PGCs, and AGCs containing at least 6 CpG sites (n = 67,817
windows). Using a cutoff of >50% average CpG methylation
in each 200 bp window, we identified 1,471 persistently methyl-
ated regions in all three samples (Figure 3l). Analysis of genomic
features containing persistent methylation identified enrichment,
particularly at exons. CGl-containing persistent regions ex-
hibited a further enrichment at exons, as well as in 3'UTRs, pro-
moters, and splice sites (Figure 3l). To identify genes associated
with persistently methylated regions, we used the genomic re-
gions enrichment of annotations tool (GREAT) (MclLean et al.,
2010). We restricted our analysis to the identification of genes
with persistent methylation within gene bodies or + 5kb of the
TSS. This uncovered 585 genes (Table S4). These genes are
not necessarily repressed in PGCs and represent diverse mech-
anisms, including chromatin remodeling (SETDB1, SETD1A,
UHRF1, and Chromodomain helicase 6 [CHD6)), cell adhesion
(CDH4 and CDH12), and map kinase signaling (MAPK8 and
MAPK10).

In the mouse germline, persistently methylated regions are
associated with murine-specific endogenous retroviruses
(ERV) known as intracisternal particle A (IAP) (Rebollo et al.,
2012). IAP sequences do not exist in the human genome; there-
fore, we evaluated DNA demethylation at ERVs, as well as LINEs.
For this analysis, we evaluated methylation in the human germ-
line cells, as well as hESCs (naive and primed), ICM, and embry-
onic liver. Our results show that demethylation of all transposons
as an aggregate follows the trend for the genome average
(Figure 4A). Some specific examples include HERVK, HERV1,
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40

20

CpG Methylation level (%) >

o

280% methylation in ICM

2

80% methylation in germline

Sa= B

-
A @ ® ©
S © o ©

»N
o

7%35Q%

CpG Methylation level (%)

o

<£20% methylation in ICM

<20% methylation in germline

CpG Methylation level (%) 00

3

100 - - —1 =100
: ! H 3

80 : E 2 80

60 E — § 60
; : : . k]

40 i ; [ > 40
! == : : : s

20 ; E ] = 20
B =R
- i . 8

o

“H

=

IcM H9 H1 PGCs AGCs Em. ICM H9 H1 PGCs AGCs Em. ICM H9 H1 PGCs AGCs Em. IcmM H9 H1 PGCs AGCs Em.
Liver Liver Liver Liver
ICM versus others D PGCs versus AGCs E
L B Hypomethylated DMR
x H fH PGCs —» AGCs
o o
Sl sl Intergenic H
Splice site £
3'UTR
£ Intron
£
@® Exon *k
w
5'UTR I DMR
= Promoter: %%  HE DMR-CGI
D— , — 0.1 1 10 100
3 £ I 8% 8% 32 5 5 :'} % Fold enrichment
= -
hESCs &2 <= £ o - B
AGCs
F Hypermethylated DMR H E6.5 versus others I Persistently
PGCs —» AGCs methylated regions
Intergenic: Intergenic )
Splice site Splice site = ¥
3'UTR 3'UTR - ) k%
[
§ Intron g Intron .
it
g Exon % 8 Exon 1% ) *
m m JxX
5'UTR 1 bMR S5'UTR [ Persistent
Promoter‘?** [ DMR-CGI Promoter 3%% [] Persistent-CGl
0.1 1 10 100 - 0.1 1 10 100
Fold enrichment T TR TR T Fold enrichment
© o o = ®n B
oy o e e
w w
G Hypo- DE Hyper- DE

Methylated Genes

PPEF1, MCF2L, LDB2,
LAMB4, DNAH3, TEX14,
CXorf58, NID1, HAP1,
TUBA3D, SYCE2, GPC3

Figure 3. Methylation Reprogramming In Vivo Is Dynamic in Human and Mouse
(A) Boxplots showing fate of highly methylated CpGs (>80% CpG methylation) in ICM (left) and germline cells (right). For ICM, n = 8,850 hypermethylated
windows of 5 kb were identified. For PGC and AGC, we identified n = 21 hypermethylated 5 kb windows.
(B) Boxplots showing hypomethylated windows (<20% CpG methylation) in ICM (left) and germline cells (right). For ICM, n = 64,787 windows, and for germline
cells n = 95,479 5 kb windows were identified.
(C) Heatmaps showing methylation variable regions in 5 kb windows with >80% methylation difference in ICM (n = 9,072, FDR = 2.28%) relative to other samples.
(D) Heatmap of differentially methylated regions between PGCs and AGCs using 200 bp windows (n = 1,049,420) with 3,456 DMRs (3,445 merged DMRs)
(FDR < 0.001%) identified (0.33% of the total number of windows).
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HERVL, LINE 2 (L2), L3, and L4 (Figures S4A-S4C). However, we
were able to identify unique methylation differences among ICM,
germline cells, and naive hESCs when the repetitive elements
were classified into subfamilies. For example, HERVK9-Int and
HERVK11-Int subfamilies showed persistent methylation in
ICM, PGCs, and AGCs and pronounced demethylation in the
H9 naive cells (Figure 4B). Additional transposons that showed
pronounced demethylation in the H9 naive hESCs relative to
ICM and germline cells are the L1 class of transposons (Fig-
ure 4C). For example, we found relatively high DNA methylation
levels across the transposon body of young L1 Homo sapiens
specific (LTHS), as well as the immediate descendants L1PA2
and L71PA3in ICM and in germline cells. However, in the H9 naive
cells, CpG methylation was the lowest of all cell types with a
pronounced hypomethylated valley at the 5’ end of LTHS and
L1PA2. The hypomethylated valley was almost completely
resolved by the next descendant L1PA3, yet even by L1PAS,
the H9 naive hESCs still have the lowest levels of methylation
at this transposon subclass relative to the other cell types. This
suggests that reversion of H9 hESCs to the naive state leads
to efficient targeting (or failed protection) of this transposon fam-
ily for demethylation (Figure 4C).

Despite these dynamic changes in DNA methylation at spe-
cific transposon subclasses, the median expression of all trans-
posons is low (FPKM less than 1.0), and in most cases, the high-
est expressing transposons of each subclass (the transposons in
the upper quartiles of expression) are reduced between PGCs
and AGCs (as shown for HERVK), and similarly are reduced be-
tween primed and naive hESCs (as shown for HERVK, L1HS, and
L1PA) (Figure 4D). Previous studies revealed that increased
HERVH expression is associated with the naive state (Wang
et al., 2014b), and consistent with this, we find that the upper
quartiles of HERVH expression are greater in the naive hESCs
relative to the primed state (Figure S4D). A similar example in
the germline is the expression of L1HS, where both the median
and upper quartiles of L71HS expression are higher in AGCs rela-
tive to PGCs (Figure 4D). Although L7HS tends to be hyperme-
thylated in the germline relative to the genome average for
PGCs and AGCs (Figure 4C), the median CpG methylation for
L71HS is lower in AGCs relative to PGCs (Figure 4E). Similarly
for HERVH, CpG methylation at this transposon subclass is
reduced in naive hESCs relative to primed, which is consistent
with the increase in expression (Figure S4D). However, these ex-
amples, although important, appear to be exceptions to the rule,
as the majority of transposons exhibit no change or lower
expression in the more demethylated cell types (Figure 4E).

Given the highly demethylated state in human germline cells
from 57-113 days of development, we examined the RNA-seq

dataset for clues to the mechanisms that may maintain DNA hy-
pomethylation in the germline. We found that RNAs encoding
DNA methyltransferase 1 (DNMTT), its co-factor UHRF1, and
the de novo methyltransferases DNMT3A, DNMT3B, and
DNMT3L are all expressed in human germline cells (Figure 5A).
This is different to the mouse germline where Uhrf1, Dnmt3a,
and Dnmt3b RNAs are repressed (Kurimoto et al., 2008). Using
immunofluorescence, we discovered that, despite detectable
levels of RNAs, the UHRF1 and DNMT3A proteins are below
the limit of detection in the majority of germline cells of both
sexes, whereas hESCs express both proteins (Figures 5B-5G
and 5l). This indicates that the maintenance and de novo
methylation machinery are largely disabled in the human
germline. Furthermore, we discovered that TET CYTOSINE
DIOXYGENASE 1 (TET1), TET2, and TET3 are all expressed
by human germline cells, with TETT RNA increasing as male
and female PGCs progress to AGCs (Figure 5H).

In mouse germline cells, loss of DNA methylation is accompa-
nied by a global loss of histone H3 lysine 9 dimethylation
(H3K9me2) (Hajkova et al., 2008). The RNA-seq analysis
revealed that the enzymes responsible for H3K9me2 and
H3K9me3 (EHMT2 and SETDB1, SUV39H1, and SUV39H2) are
all expressed in PGCs and AGCs (Figure 5A). However, using
immunofluorescence, we discovered that H3K9me2 is depleted
from PGCs and is subsequently found in AGCs in a punctate
pattern. In contrast, H3K9me3 is localized in a punctate pattern
in the human germline at all stages of development (Figures
S5B-S5E). Global loss of DNA methylation and H3K9me2 in
mouse PGCs occurs downstream of Prdm14 (Yamaji et al.,
2008). Using immunofluorescence, we found that PRDM14 pro-
tein is localized to the nucleus of human PGCs (Figure S5A),
although the RNA levels of PRDM14 are very low compared to
undifferentiated hESCs (Figure 5A). Taken together, the human
germline at 57 days of development is extremely demethylated,
has disabled its DNA methylation machinery, and has increased
expression of TET1. Furthermore, we show that H3K9me3 is a
stable silencing mark that can be identified in the germline at
all stages of development.

DISCUSSION

The human germline and pre-implantation embryos are excellent
in vivo models for quantifying both global and local sites of DNA
demethylation and identifying loci that escape demethylation
during nuclear reprogramming (Guo et al., 2014; Smith et al.,
2014). In the human germline, global demethylation leads to a
dramatic loss of almost all CGI methylation, which is consistent
with the finding that persistently methylated cytosines tend to

(E and F) (E) Enrichment analysis of hypomethylated DMRs and (F) hypermethylated DMRs at indicated genomic features. Enrichment is accepted if fold
enrichment is >1.0. DMRs and CGl-containing DMRs (DMR-CGl) are shown. *p < 0.05 and **p < 0.01.

(G) Correlation of hypo- (left) and hyper-methylated (right) DMRs with differentially expressed (DE) genes reveals limited to no overlap.

(H) Heatmaps showing methylation-variable regions in 5 kb windows with >80% methylation difference in E6.5 mouse epiblast (n = 499,541 total, variable n = 2,515)

FDR = 0.1%. Female (F).

(1) Identification of genomic features with persistent methylation (>50% CpG methylation in 200 bp windows with > 6 CpG sites per window). n = 67,817 windows
meeting this criteria were in common between datasets resulting in the identification of n = 1,471 persistently methylated windows (2.17%). For (C) (D), and (H),
darker color indicates higher CpG methylation, and white indicates absence of CpG methylation. FDR, false discovery rate estimated from simulated methylomes

(see Experimental Procedures).
See also Figure S3.
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Figure 4. Demethylation of Transposable Elements in Naive hESCs In Vitro Is Less Restrained Than Germline Cells and ICM

(A) Metaplot of all transposons irrespective of type exhibit DNA demethylation similar to the genome average.

(B) Metaplots of CpG methylation across HERVK9-int and HERK11-int retrotransposons, showing that CpG methylation in PGCs and AGCs is comparable to ICM
with H9 naive cells exhibiting the lowest levels of CpG methylation.

(C) Metaplots of CpG methylation for LTHS, L1PA2, L1P3, and L1PA8. Naive hESCs exhibit the lowest levels of CpG methylation at this subfamily (area within the
dashed gray line). This is particularly dramatic at the younger elements such as the Homo-sapiens-specific L1THS and the closely related L1PA2.

(D) Boxplots showing average RNA expression of transposons in PGCs, AGCs, ICM, H9 naive, and H9 primed hESCs as indicated. Average transposon
expression is less than 1.0 FPKM.

(E) Boxplots showing CpG methylation of all transposons, HERVK, L1HS, and L1PA elements in PGCs, AGCs, ICM, and H9 naive and H9 primed hESCs.
See also Figure S4.

occur in regions of low CpG density, making WGBS a critical
approach for identifying these sites. Furthermore, loss of CpG
methylation in general does not correlate with gene expression
changes in the germline. Instead, the RNA-seq reference map
suggests that a common germline program distinguishes germ-
line cells from other closely related demethylated cell types such
as the ICM and naive hESCs, which is independent of the meth-
ylated state.

Recently, it was found that SOX17 is required for human PGC
specification (Irie et al., 2015). We also show that human germ-
line cells are enriched in SOX77 in the PGCs stage. However,
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based upon the expression of developmental transcription mod-
ules, we propose that PGC identity involves a relatively indif-
ferent germline program that gives way to the expression of
the sex-specific germline program upon transition to the
advanced germline state, between 67 and 93 days in females
and between 74 and 98 days in males. Similar to the mouse,
we show that activation of the mature germline program does
not depend solely on DNA demethylation but rather relies on
additional genome-wide epigenetic reprogramming events.
Recently, we showed that loss of H3K27me3 (Gkountela et al.,
2013) is one such major epigenetic event in the human germline
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Figure 5. Protein Expression of UHRF1 and DNMT3A in Human Germline

(A) Heatmap showing normalized expression of indicated genes in PGCs, AGCs, hESCs, H9 primed, H9 naive, and ICM. M, male; F, Female.

Note that DNMT3L is enriched in the H9 naive cells relative to the rest of the datasets, whereas SOX2 and UHRF1 are enriched in H9 primed cells.

(B, C, F, G, and |) Representative immunofluorescence micrographs of UHRF1 (B, C, and I) and DNMT3A (F, G, and I) with germline markers cKIT or VASA in
prenatal testes (B and F) and ovaries (C and G) at the developmental stage indicated in days and with pluripotency marker OCT4 in UCLA1 hESCs (l). Arrows
indicate UHRF1 or DNMT3A signal.

(D and E) Quantification of UHRF1 in cKIT+ or VASA+ germ cells in testes (D) and ovaries (E) at the developmental ages indicated days (d).

(D) In testes for quantification in cKIT+, 14 optic fields were counted at the PGC stage from n = 4 testes. For the AGC stage, 23 optic fields were counted fromn =3
testes at 87-95 days and 28 optic fields from n = 4 testes at 105-119 days of development. For quantification in VASA+, 12 optic fields were counted at the
PGC stage from n = 4 testes. For the AGC stage, 22 optic fields were counted from n = 3 testes at 87-95 days, and 25 optic fields from n = 4 testes were counted at
105-119 days of development.

(E) In ovaries for quantification in cKIT+, 14 optic fields were counted at the PGC stage from n = 3 ovaries. For the AGC stage, 13 optic fields were counted from
n = 3 ovaries at 70-95 days, 9 optic fields from n = 3 ovaries at 105-116 days, and 8 optic fields from n = 2 ovaries at 126-130 days of development. For
quantification in VASA+, 13 optic fields were counted at the PGC stage from n = 3 ovaries. For the AGC stage, 15 optic fields were counted from n = 3 ovaries at
70-95 days, 8 optic fields from n = 3 ovaries at 105-116 days, and 8 optic fields from n = 2 ovaries at 126-130 days of development.

(H) Expression levels of TET1-3 in prenatal testes and ovaries from 53 days to 137 days (n= number of samples at each developmental stage). For immuno-
fluorescence microscopy, nuclei were counterstained with DAPI (blue). Scale bars, 10 um. In (D), (E), and (H), data are represented as mean + SEM. Days (d), neg
(negative).

See also Figure S5.

that is temporally linked to the transcriptional transition of
PGCs to AGCs reported in this study. Based on our germline
methylome analysis, we propose that global hypomethylation,
as well as depletion of H3K9me2 during the PGC stage, sets
the epigenetic stage for germline sex-specific maturity, with
loss of H3K27me3 allowing differentiation to the advanced
stages. Notably, XIST non-coding RNA is expressed in both
male and female germline at all stages, even before global loss
of H3K27me3 from the nucleus, indicating that XIST may be

non-silencing in the germline, similar to what was reported for
human blastomeres (Okamoto et al., 2011). Future work using
fluorescence in situ hybridization for X-linked genes, together
with single-cell imaging, will be required to confirm whether
XIST is indeed expressed from both X chromosomes and
whether, similar to mouse, human female PGCs begin with an
inactive X that subsequently undergoes X reactivation.

In mice, PGCs are specified from brachyury-positive cells
emerging through the primitive streak (Aramaki et al., 2013). In
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contrast, sox77/SOX17 is considered a marker of definitive
endoderm and hemogenic endothelium in the mouse and human
(Choi et al., 2012; D’Amour et al., 2005; Nakajima-Takagi et al.,
2013). This raises a critical question as to the germ layer origin
of PGCs in humans. Our data support the hypothesis that the hu-
man germline is not set aside in the ICM of human blastocysts, as
the transcriptome and methylome of PGCs are distinct from ICM.
Instead, our data show that the transcriptome of germline cells
(but not the methylome) is closer to primed hESCs relative to
hESCs in the naive state or ICM. Human ESCs do not exist in
the embryo (they are in vitro cell types); therefore, the closer tran-
scriptional relationship of germline cells to primed hESCs may be
due to expression of RNAs involved in embryo development
(Takashima et al., 2014). In future studies, our reference map
of the human germline transcriptome can be used to uncover
the transcriptional relationship between human PGCs and the
earliest germ layers in order to address this question.

In the current study, we used the RNA-seq and WGBS data of
naive hESCs cultured in t2iL+Go (Takashima et al., 2014). How-
ever, there are multiple approaches for generating naive hESCs
beginning with the first report using naive human stem cell media
(NHSM) to the more recent media called 5i/L/FA (Gafni et al.,
2013; Chan et al., 2013; Valamehr et al., 2014; Ware et al.,
2014; Takashima et al., 2014; Theunissen et al., 2014). PCA of
the published transcriptomes indicates that all approaches
generate naive cell types slightly different from each other, with
5iL/FA closest to t2iL+Go (Theunissen et al., 2014). We focused
on the t2iL+Go naive hESCs for our study because it was the only
dataset to include both WGBS and RNA-seq on the same
sequencing platform. Our results indicate that reversion to the
naive state in t2iL+Go creates an in vitro cell type that is more de-
methylated compared to the ICM it is hypothesized to represent.
We found that a consistent occurrence in this media was the
unbridled demethylation at young L1 transposable elements
L1HS and L1PA2. The more restrained demethylation at these
features in ICM and germline suggests that the mechanisms
either targeting or preventing demethylation at these discreet
sites are different in vivo relative to reversion in vitro. Alterna-
tively, the HERV expression pattern in the naive hESCs and
especially the elevated HERVH family levels could serve as a
cellular identity marker in naive hESCs, essential for safeguard-
ing self-renewal (Wang et al., 2014a; Goke et al., 2015). In future
studies, it will be critical to determine whether the other naive
medias, or reversion of other cell types in the same media, ac-
quire a similar demethylated state as H9 in t2iL+Go. We show
that our reference map of human germline cells combined with
the work in the human pre-implantation embryo will be critical
for interpreting future reversion strategies to the naive state.

Global demethylation at transposable elements in general
does not lead to transcriptional activation, raising an important
question as to the mechanisms by which active transposons
are silenced in the human germline during prenatal life, given
the depletion of repressive chromatin marks such as H3K9me2
and H3K27me3 (Gkountela et al., 2013). The finding that LTHS
transposons are highly methylated at all stages of germline
development relative to the older and extinct L71PA ancestors
could indicate that methylation is employed as a first line of de-
fense by the germline for the transcriptional repression of L1HS.
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This is supported by the finding that a small decrease in methyl-
ation between PGCs and AGCs is associated with a median
increase in LTHS expression in AGCs. One purpose for the main-
tained DNA methylation at young potentially active transposons
could be to facilitate C-T mutations and transposon extinction. In
support of this, extinct L 7PA ancestors have progressively fewer
CpG nucleotides as a result of C-T conversion than the younger
active elements (Walser et al., 2008). Alternatively, active trans-
posons that escape demethylation may impact silencing of sur-
rounding genomic regions leading to positional effects in vivo.
The primed to naive reversion and ultralow methylation at the
5’end of L1HS could be used as a tractable model to test this.

In the current study, we did not distinguish between 5mC and
5hmC in the human germline genome. In the mouse germline,
5mC is rapidly oxidized to 5hmC in a very discreet window be-
tween E10.5to E12.5 (Hackett et al., 2013), which is now referred
to as stage Il germline DNA demethylation (reviewed by Lee
et al.,, 2014; Vincent et al., 2013; Yamaguchi et al., 2013). In
contrast, stage | DNA demethylation (which occurs from E7.5
to E9.5) removes around 50% of methylated CpGs from the
genome using a Tet-independent mechanism (Vincent et al.,
2013). Given that the human germline has already completed
stage | DNA demethylation by 57 days of life (the equivalent of
E9.5 in mice), we hypothesize that the removal of DNA methyl-
ation between 57 and 113 days also involves oxidation to
5hmC at discreet loci. Indeed, in previous studies, we could
simultaneously identify both 5mC and 5hmC during DNA deme-
thylation (Gkountela et al., 2013), indicating that conversion of
5mC to 5hmC is heterogeneous both at individual loci and also
at individual cells within a gonad. Given that we continue to
see DNA demethylation from 67 to 113 days, our study suggests
that stage Il demethylation in humans takes months (rather
than days) and that re-methylation at discreet genomic features
occurs before demethylation is complete. Notably, the small
amount of re-methylation in female mouse germline cells be-
tween E13.5 and E16.5 at intragenic CGl-containing DMRs is
conserved in humans. However, unlike mice, it temporally over-
laps with the final stages of demethylation. Therefore, given the
protracted stage Il demethylation in the human germline relative
to the mouse, the analysis of 5hmC in future studies should
involve analysis of 5hmC and 5mC in the same gonad or alterna-
tively single-cell 5hmC analysis within the one gonad when the
technology becomes available.

Taken together, the RNA-seq and WGBS reference maps of
the human germline described here provide a critical reference
for in vivo DNA demethylation beyond the methylated state at-
tained in the human blastocyst (Guo et al., 2014; Smith et al.,
2014). Specifically, we have identified methylated regions in
the human germline that are targeted for deeper demethylation
in H9 naive hESCs, suggesting that these transposons should
be carefully monitored in naive hESC cultures with extended cul-
ture. We also discovered dynamic locus-specific maintenance
and de novo DNA methylation in a background of extreme global
genome demethylation, a phenomenon also reported in human
embryos in which a number of loci are seen to escape DNA de-
methylation (Smith et al., 2014). Thus, global DNA demethylation
is a complex process in which global and local mechanisms work
together to shape the epigenome.



EXPERIMENTAL PROCEDURES

RNA-Seq Data Analysis

Differential gene expression analysis was performed using the packages DE-
Seq (Anders and Huber, 2010) and edgeR (Robinson et al., 2010) in R (http://
www.R-project.org). Raw read counts (GEO accession number GSE63392)
were used and modeled based on a negative binomial distribution. We filtered
out genes with RPKM < 1 in both groups. The multiple testing errors were
corrected by the false discovery rate (FDR). In addition to the FDR of < 0.05,
we considered differentially expressed genes as having >2-fold difference.
Thus, in summary, we considered genes as differentially expressed if (1) the
FDR was less than 0.05; (2) the expression ratio between two time points
was >2 X; (3) the maximal RPKM value for at least one group in the comparison
was >1; and (4) there was agreement between DESeq and edgeR. See also the
Supplemental Experimental Procedures.

Weighted Gene Co-expression Network Analysis

To understand which gene networks determine gene expression difference
between cell populations at a systems level, we performed WGCNA (Lang-
felder and Horvath, 2008). This unsupervised and unbiased analysis identified
distinct co-expression modules by clustering transcripts with the similar
expression pattern across samples. To further understand the cell population
specificity of the modules, we correlated the identified module eigengenes
with traits represented as the theoretical expression patterns for all cell popu-
lations in a binary fashion.

Genome-wide DNA Methylation Profiles

The raw data have been deposited to GEO (accession number GSE63392).
Bisulfite converted reads were aligned to the reference genome (hg19) 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 esti-
mated 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 cyto-
sine at a specific locus. We only included cytosines that are covered by at least
three reads. The resulting methylation profiles from germ cells covered up to
77% of the cytosines genome wide (see Table S2).
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