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SUMMARY

Developmental regulatory genes have both acti-
vating (H3K4me3) and repressive (H3K27me3) his-
tone modifications in embryonic stem cells (ESCs).
This bivalent configuration is thought to maintain
lineage commitment programs in a poised state.
However, establishing physiological relevance has
been complicated by the high number of cells
required for chromatin immunoprecipitation (ChIP).
We developed a low-cell-number chromatin immu-
noprecipitation (low-cell ChIP) protocol to investi-
gate the chromatin of mouse primordial germ cells
(PGCs). Genome-wide analysis of embryonic day
11.5 (E11.5) PGCs revealed H3K4me3/H3K27me3
bivalent domains highly enriched at developmental
regulatory genes in a manner remarkably similar to
ESCs. Developmental regulators remain bivalent
and transcriptionally silent through the initiation of
sexual differentiation at E13.5. We also identified
>2,500 ‘‘orphan’’ bivalent domains that are distal to
known genes and expressed in a tissue-specific
manner but silent in PGCs. Our results demonstrate
the existence of bivalent domains in the germline
and raise the possibility that the somatic program is
continuously maintained as bivalent, potentially
imparting transgenerational epigenetic inheritance.
INTRODUCTION

Pluripotency is dependent on the maintenance of a proper

epigenetic landscape (Gaspar-Maia et al., 2011; Orkin and

Hochedlinger, 2011). Bivalent domains, which are defined by

the paradoxical coexistence of a permissive histone mark

(H3K4me3) and a repressive mark (H3K27me3), are thought to

play an important role in pluripotency by keeping developmental
C

genes in a silenced statepoised for activation upondifferentiation

(Azuara et al., 2006; Bernstein et al., 2006). In support of this

model, bivalent domains have been shown to be present prefer-

entially at developmental regulatory genes in undifferentiated

embryonic stem cells (ESCs) and several adult tissues in vivo

including sperm, testis, the cerebellum, and the hematopoietic

compartment (Mikkelsen et al., 2007;Cui et al., 2009, 2012;Ham-

moud et al., 2009).The moderate derepression of developmental

regulators in eed mutant ESCs, which have reduced levels of

H3K27me3, further supports this model (Azuara et al., 2006;

Boyer et al., 2006). However, it has recently been proposed that

the concomitant presence of H3K4me3 andH3K27me3 at devel-

opmental genes in ESCs is an in vitro artifact resulting from sub-

optimal culture conditions (Hong et al., 2011; Marks et al., 2012).

In addition, direct evidence for bivalency in the developing

mammalian embryo is limited and conflicting due to technical

difficulties associated with the low amounts of material available

(Alder et al., 2010; Dahl et al., 2010; Rugg-Gunn et al., 2010). The

universal nature of bivalency has been further questioned due to

conflicting reports from nonmammalian species, with bivalent

domains demonstrated to exist in zebrafish (Vastenhouw et al.,

2010) but not detected in Xenopus or Drosophila embryos

(Akkers et al., 2009; Schuettengruber et al., 2009). We therefore

lack a clear understanding of whether bivalency exists in embry-

onic cells in vivo and how it relates to pluripotency.

Of particular interest to pluripotency are primordial germ cells

(PGCs), the embryonic precursors of the germline. PGCs have a

transcriptional profile similar to ESCs (Qin et al., 2012), including

the silencing of developmental regulators, and can give rise to

pluripotent stem cells when cultured in vitro. However, unlike

ESCs, PGCs are unipotent and unable to contribute to chimeras.

Additionally, PGCs are thought to undergo a period of ‘‘epige-

netic erasure’’ or reprogramming via global removal of both

DNA methylation and histone modifications that may prevent

transmission of epimutations (Greer and Shi, 2012; Seisenberger

et al., 2013). Due to the low number of PGCs present during

development, nearly all evidence for this model is from immuno-

fluorescence (IF)-based methodologies that lack gene level

resolution and have shown conflicting results (Seki et al., 2007;
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Hajkova et al., 2008; Kagiwada et al., 2013). To characterize the

chromatin state of PGCs, we developed a low-cell-number chro-

matin immunoprecipitation (low-cell ChIP) protocol for the anal-

ysis of histone marks using less than 10,000 cells per IP without

the need for carrier chromatin or preamplification. Using this

technique, we performed ChIP sequencing (ChIP-seq) and

ChIP-quantitative PCR (ChIP-qPCR) to show that bivalent

domains are present at developmental regulatory genes at mul-

tiple stages of PGC development.

RESULTS

Low-Cell ChIP Protocol
We developed a low-cell ChIP protocol by using a magnetic-

bead-based capture with key improvements over existing

approaches (O’Neill et al., 2006; Acevedo et al., 2007; Dahl

and Collas, 2008; Adli and Bernstein, 2011; Shankaranarayanan

et al., 2011), including reduced handling of material for crosslink-

ing, improvements to sonication reproducibility, and no require-

ment for carrier DNA or DNA preamplification (see Experimental

Procedures). We validated the protocol using a transgenic

mouse ESC line expressing an N-terminal myc-tagged H3.3 his-

tone, due to technical simplicity and the availability of genome-

wide data (Goldberg et al., 2010). ChIP was performed for

myc-H3.3 and a control immunoglobulin G (IgG) with decreasing

amounts of chromatin starting from 2.5million to 12,500 cells per

IP (Figure S1A). qPCR was used to interrogate the enrichment

status of 15 different loci representing six categories of genomic

regions. Importantly, 11 of the 12 loci expected to be bound by

H3.3 (Goldberg et al., 2010) were as least 10-fold more enriched

for myc-H3.3 compared to IgG, demonstrating the specificity

and low background of the assay. Additionally, the relative

enrichment between loci remains stable independent of starting

cell number, demonstrating the robustness and sensitivity of the

assay (Figure S1B). We envision that this protocol will be broadly

useful to characterize the chromatin state of rare stem and pre-

cursor cell populations in vivo.

Genome-wide Analysis of H3K4me3 and H3K27me3
in PGCs
To investigate the presence of bivalent domains in PGCs, we

used a transgenic Oct4:GFP mouse line to isolate PGCs (GFP+)

and the surrounding somatic cells (GFP�) by fluorescence-acti-

vated cell sorting (FACS) at different stages of development as

previously reported (Yoshimizu et al., 1999). Using our low-cell

ChIP protocol, we performed ChIP-seq for H3K4me3 and

H3K27me3 in two biological replicates of E11.5 PGCs, obtaining

a total of approximately 386million reads and between 15 and 32

million uniquely mappable reads after filtering per ChIP library

(Table S1). The two biological replicates in our ChIP-seq libraries

show very strong correlation, with Pearson correlation coeffi-

cients of 0.978 for H3K4me3 and 0.996 for H3K27me3 (Figures

1A and S2A; Table S1), indicative of the high reproducibility of

the protocol. Furthermore, all IPs are enriched for signal over

input as assessed using CHANCE (Table S1) (Diaz et al., 2012).

We identified H3K4me3-only regions, H3K27me3-only

regions, and bivalent domains in both E11.5 PGCs (this study)

and ESCs (Mikkelsen et al., 2007) using ChromHMM (Ernst
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and Kellis, 2012). The overall distribution of these histone marks

is similar between PGCs and ESCs, except for an increase in

H3K27me3-marked DNA in PGCs (Figure S2B), which is in

agreement with IF data (Seki et al., 2005, 2007; Kagiwada

et al., 2013). Genes marked only with H3K27me3 in PGCs

(Table S5) are involved in cell motility (Figure S2C), which may

be a consequence of PGCs having just completed their migra-

tion to the gonads at E11.5.

Bivalent Genes in PGCs Are Enriched for Developmental
Regulators
We next focused on bivalent regions. Consistent with their

association with gene promoters, bivalent domains largely occur

at transcriptional start sites (TSSs) in both E11.5 PGCs and ESCs

(Figure S2D). E11.5 PGCs and ESCs have a similar distribution

and a highly significant overlap of genes marked as bivalent

(p < 2.2 3 10�16, Figures 1B, 1C, and S2E). Similarly to what

has been described for ESCs (Bernstein et al., 2006), the 2,715

genes marked as bivalent in PGCs and ESCs are strongly

enriched for regulators of early development (Figure 1D). We

note that while this manuscript was under review, Ng et al.

reported a ChIP-seq data set for several histone marks in

PGCs, including H3K4me3 and H3K27me3 (Ng et al., 2013).

However, the authors did not analyze bivalency in detail and

the low signal for H3K4me3 in E11.5 PGCs in that study

precludes a direct comparison with our work (Figure S2A).

Therefore, we sought to validate our data using ChIP-qPCR in

independent biological samples of PGCs. ChIP-qPCR at 12

genes representing eight developmental pathways confirmed

that all are bivalently marked in PGCs, with bivalency defined

as enrichment above a background of 10% (Table S4) for both

H3K4me3 and H3K27me3 and a maximum 2-fold difference in

enrichment between the two marks (Figure 1E). These bivalent

regulators include transcription factors that are important for

the specification of the three somatic germ layers, such as

Pax6, Nkx2.2, MyoD, brachyury (T), Gata6 and FoxA1, and Hox

genes such as HoxA3 and HoxB9. This is notable because

ESCs are pluripotent and expected to maintain these genes in

a poised transcriptional state for activation upon differentiation,

but PGCs are unipotent and will not express any of these devel-

opmental regulators until after fertilization, in the next generation.

In fact, the Hox cluster has been shown to be silenced as part of

the early specification of PGC precursors at E7.25 (Saitou et al.,

2002). A comparison of the expression pattern of genes bivalent

in PGCs and ESCs demonstrates that these genes are transcrip-

tionally repressed in ESCs and PGCs, but subsets are active in

select lineage-restricted cell types such as mouse embryonic

fibroblasts (MEFs), bone marrow, or brain tissue (Figure 1F).

Taken together, the results of our genome-wide analysis reveal

that the mouse embryonic germline in vivo is remarkably similar

to cultured ESCs with regards to the presence of bivalent chro-

matin at silenced developmental regulatory genes.

PGCs Are Enriched for Bivalency at Developmental
Genes Compared to the Surrounding Soma
We next compared the chromatin landscape of PGCs to the

surrounding soma. Using ChIP-qPCR, we examined the 12

previously tested developmental regulators plus Pou5f1/Oct4



Figure 1. Bivalent Genes in E11.5 PGCs Are

Enriched for Developmental Regulators

(A) Sample UCSC Genome Browser view of ChIP-

seq signal for two biological replicates of E11.5

PGCs and for ESCs.

(B) E11.5 PGCs and ESCs have a similar number of

genesmarked by only H3K4me3, only H3K27me3,

or both.

(C) Overlap of genes marked by H3K4me3 and

H3K27me3 in E11.5 PGCs and ESCs, p < 2.2 3

10�16 using Fisher’s exact test.

(D) Top five biological process gene ontology

terms as determined using DAVID for genes

marked as bivalent in both PGCs and ESCs.

(E) Validation of ChIP-seq using ChIP-qPCR

enrichment for H3K4me3 and H3K27me3 in E11.5

PGCs for a subset of bivalent genes representing

regulators of the three germ layers. Data are mean

percentage of input ±SD of enrichment. The

dotted line represents level of background

enrichment.

(F) Heatmap showing expression of the subset of

genes marked as bivalent in both PGCs and ESCs

in indicated cell types. EBs, embryonic bodies;

MEFs, mouse embryonic fibroblasts; L.V. Brain,

lateral ventricles of adult brain. Blue indicates

downregulation; red indicates upregulation.

See also Figures S1 and S2 and Tables S1, S4,

and S5.
in ESCs and E11.5 soma (Figures 2A and 2B). Twelve of these

developmental regulators are bivalent in both E11.5 PGCs and

ESCs. However, in the soma most of these genes have stronger

enrichment for either H3K4me3 or H3K27me3 and only four

genes are bivalent (Figures 2B and 2C). These data indicate

that developmental regulators of all somatic lineages exist in a

bivalent state in ESCs and PGCs but not in somatic cells in vivo

(Figure 2D), suggesting that this distribution of bivalent domains

is a distinguishing characteristic of pluripotency-associated cells

both in vitro and in vivo.

Developmental Regulators Remain Bivalent in PGCs
during the Initiation of Sexual Differentiation
E11.5 PGCs are sexually indifferent and capable of giving rise to

pluripotent stem cells when cultured in vitro. After E11.5, PGCs

initiate the process of sexual differentiation and express sex-

specific genes by E13.5. Furthermore, E13.5 PGCs can no longer

give rise to pluripotent stem cells (Labosky et al., 1994). We

therefore sought to investigate whether the process of sexual
Cell Reports 3, 1777–178
differentiation and concomitant loss of

the ability to give rise to pluripotent stem

cells affects the bivalent chromatin state

of PGCs. Using low-cell ChIP-qPCR, we

examined eight representative develop-

mental genes through a time course of

PGC development from E11.5 to E13.5.

In agreement with previously published

data (Qin et al., 2012), somatic devel-

opmental genes, including HoxA11,

HoxB9, Pax6, Nkx2.2, T, MyoD, Gata6,
and FoxA1, are expressed at very low to undetectable levels

from E11.5 through E13.5 (Figure 3). Interestingly, these devel-

opmental regulators remain bivalent in PGCs throughout this

time period (Figure 3). In contrast, germline-specific genes,

such as Dazl, Dppa3, and Vasa, are enriched for only

H3K4me3, coinciding with their transcriptional activation (Fig-

ure S3). Taken together, these data indicate that somatic devel-

opmental regulators remain bivalent in the mouse embryonic

germline from E11.5 through initiation of sexual differentiation

at E13.5.

Orphan Bivalent Domains Are Silent in PGCs and
Transcribed in a Tissue-Specific Manner
Surprisingly, we identified a large number of ‘‘orphan’’ bivalent

domains that cannot be associated with any annotated pro-

moter or gene in the RefSeq database and are distal to anno-

tated genes by a median distance of 13 kb (Figure 4A). From

a total of 9,132 bivalent domains in E11.5 PGCs, 2,886 are

orphan, and many are also bivalent in ESCs (Table S2). Bivalent
4, June 27, 2013 ª2013 The Authors 1779



Figure 2. PGCs Are Enriched for Bivalent

Developmental Regulators Compared to

Surrounding Somatic Cells at E11.5

(A) ChIP enrichment for H3K4me3 and H3K27me3

in ESCs at the indicated genes. Data are mean

percentage of input ±SD of enrichment. The

dotted line represents level of background

enrichment.

(B) ChIP enrichment for H3K4me3 and H3K27me3

in E11.5 soma at the indicated genes as described

in (A). Data are mean percentage of input ±SD of

enrichment.

(C) The ratio of H3K4me3 to H3K27me3 log2
transformed for the indicated gene for ESCs,

E11.5 PGCs, and E11.5 soma. The gray area

indicates a ratio less than 2 and greater than

0.5. Genes where enrichment for either H3K4me3

or H3K27me3 is not above background are lighter

in color.

(D) The log2 of the H3K4me3/H3K27me3 ratio was

calculated as in (C) (log2 Rcell type) for all genes

examined independent of enrichment over back-

ground. The differences between cell type ratios

were calculated as follows: DPGC = jlog2RPGC –

log2RESCj, and Dsoma = jlog2Rsoma – log2RESCj for
each gene. Box plots represent the distribution

of the differences. Whiskers show the highest

and lowest value. Statistical significance was

assessed using the Wilcoxon matched-pairs

signed rank test (one-sided), **p = 0.001. ND, not

determined.

See also Figure S1 and Table S4.
domains are known to have a strong association with unmethy-

lated CpG islands (CGIs) (Ku et al., 2008). We found that 1,413

(49.0%, p value < 1 3 10�5) of the orphan bivalent domains in

PGCs map to experimentally defined unmethylated CGIs (Illing-

worth et al., 2010). We next investigated the expression status

of the regions containing orphan bivalent domains. If the orphan

bivalent domains were similar to bivalent genes (Figure 1F), they

would be silent in PGCs and expressed in somatic tissues.

Indeed, only 23 (0.80%) orphan bivalent domains show signs

of transcription in an RNA-seq data set from E11.5 PGCs (Sei-

senberger et al., 2012). Analysis of CAGE tag clusters showed

that 927 of the 1,413 (65.6%, p value = 5.78 3 10�168) orphan

bivalent domains with CGIs are expressed in at least 1 of 22

tissue types (Figure 4B; Table S3) (Kawaji et al., 2009). Similarly,

461 of the 1,473 (31.3%, p value = 3.61 3 10�35) orphan

bivalent domains without CGIs are expressed in at least 1 of

22 tissue types (Figure 4B; Table S3). Furthermore, both classes

of orphan bivalent domains (with or without CGI) display

highly tissue-specific expression (Figure 4C), more so than biva-

lent developmental regulators (p value = 1.1 3 10�141, 2.3 3

10�72 respectively), with a preferential activation in brain

regions (Figure 4E). Interestingly, we found bivalent domains

in PGCs at 300 noncoding RefSeq genes and 179 putative

noncoding RNAs inferred from chromatin state (Guttman

et al., 2009) and expression data (Carninci et al., 2005) (Figures

4D and S2F). These data suggest that, similar to protein-coding

developmental regulators, some noncoding RNAs are biva-

lent in the germline and poised for activation upon lineage

commitment.
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DISCUSSION

In this work, we describe an optimized ChIP protocol suitable

for low numbers of cells and its use to examine the genome-

wide and gene-specific distribution of H3K4me3 and

H3K27me3 in mouse PGCs. We report that developmental reg-

ulatory genes remain bivalent and transcriptionally silent in vivo

in PGCs, but not in adjacent somatic cells, throughout E11.5–

E13.5, in a manner highly similar to cultured ESCs. In addition

to developmental genes, we identify some �3,000 orphan biva-

lent domains that are enriched for CGIs and are expressed in a

tissue-specific manner. Some of the bivalent domains identified

here correspond to noncoding RNAs that we speculate may

have developmental functions, similar to bivalent genes,

although this remains to be determined. The findings presented

here represent strong evidence for the existence of bivalent

domains in the embryonic germline and raise a number of

important questions.

Do bivalent promoters escape the epigenetic reprogramming

reported to occur in PGCs from E8.5–E13.5? Our data support

the suggestion that H3K27me3 may act as a potential mecha-

nism to compensate for the loss of DNA methylation or

H3K9me2/3 in midgestation PGCs (Sasaki and Matsui, 2008).

It is also possible that the loss of certain histone marks observed

by IF may occur primarily at abundant repetitive sequences of

the genome and mostly spare unique genes, such as develop-

mental regulators. The application of the low-cell ChIP protocol

reported here should help answer this question for other histone

marks and time points.
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Figure 3. Developmental Regulators Remain Bivalent and Transcriptionally Repressed during Sexual Differentiation in the Germline

Developmental genes remain bivalent and transcriptionally silent from E11.5 to E13.5 in both the male and female germline. ChIP enrichment for H3K4me3 and

H3K27me3 in E11.5–13.5 PGCs at the indicated genes is represented as the mean percent of input ±SD for at least two biological replicates. Transcription was

measured with qRT-PCR for the indicated genes and represented as a percent of the housekeeping gene L7 ±SD. At all stages of PGC development analyzed,

somatic developmental genes have a similar level of enrichment for H3K4me3 and H3K27me3 and very low expression. See also Figures S1 and S3.
Does the germline continuously maintain the somatic program

in a bivalent state until activation in the next generation? It is

unclear why such a large set of important developmental regula-

tors would remain bivalent in the developing germline, but not in

somatic cells. The hypothesis that bivalency maintains develop-

mental genes in a transcriptionally poised state is intuitive in

pluripotent cells that activate these genes upon differentiation,

such as ESCs (Azuara et al., 2006; Bernstein et al., 2006) or

the epiblast (Rugg-Gunn et al., 2010). The presence of bivalent

domains in PGCs may contribute to preventing expression of

the somatic program in the germline. Our observations suggest

that developmental regulators may be kept in a repressed but

accessible state in the germline for activation postfertilization,

in the next generation. The transmission of bivalency through

the germline could provide a substratum for epigenetic inheri-

tance. Surprisingly, recent work indicates that the sperm

genome maintains a residual level of nucleosomes, and that

these are enriched for H3K4me3/H3K27me3 bivalent marks at

developmental regulators (Hammoud et al., 2009). It will be inter-
C

esting to determine whether bivalency is detected at other

stages of germline development and in oocytes. Functional

studies of regulators of bivalency in PGCs should provide impor-

tant insights into these questions.

EXPERIMENTAL PROCEDURES

Isolation of PGCs

All experiments with mice followed guidelines of the UCSF institutional animal

care and use committee. Male B6 mice homozygous for a transgenic Oct4D

PE:GFP reporter were crossed with Swiss-Webster females. The gonadal

regions from multiple embryos were isolated and pooled prior to enzymatic

dissociation for FACS.

Low-Cell ChIP-qPCR

Cells were pooled into batches of �50,000 cells and crosslinked in 1% form-

aldehyde (Sigma F8775-25ml) in PBS for 5 min at room temperature and

quenched with 125 mM glycine. For each IP, 11 ml of protein A Dynabeads

(Life Technologies 1001D) were preincubated with 2.4 mg of either anti

H3K4me3 (Diagenode pAb003-050), H3K27me3 (Millipore 07-449), or IgG

(Abcam ab46540) in ChIP lysis buffer. Crosslinked cells were lysed in Lo-Bind
ell Reports 3, 1777–1784, June 27, 2013 ª2013 The Authors 1781



Figure 4. Orphan Bivalent Domains Overlap

CpG Islands and Show Tissue-Specific

Expression

(A) Distances of genic (assigned to gene, dark gray

bars) and orphan PGC bivalent domains (white

bars) to nearest gene, with transparent overlay.

Distances are presented as the log base 10 of the

genomic length in base pairs from bivalent

domains to either their nearest gene, with bivalent

domains upstream of their nearest gene assigned

negative distances after logarithm. Bivalent

domains occurring within a gene were assigned a

genomic length of 1. TSSs were defined as the

starting positions of RefSeq genes.

(B) Number of orphan bivalent domains in E11.5

PGCs with characteristics of transcription start

site activity: occurring in unmethylated CpG

islands (CGI) identified using CAP-seq (Illingworth

et al., 2010), with a CAGE expression tag in 1 or

more of 22 tissue types (Kawaji et al., 2009), or

both.

(C) Distributions of the tissue-specificity scores of

CAGE tag cluster expression in orphan bivalent

domains with CGI in PGCs, orphan bivalent

domains without CGI in PGCs, bivalent RefSeq

genes, and all RefSeq genes. Whiskers indicate

either 1.5 times the interquartile range (IQR) from

the box or the extreme data points if those points

are within 1.5 IQR. The p values are from the Wil-

coxon rank sum test.

(D) UCSC Genome Browser view of an orphan

bivalent domain in PGCs and ESCs (Mikkelsen

et al., 2007) that overlaps a CGI (Illingworth et al.,

2010) and a putative noncoding RNA (Guttman

et al., 2009). RNA-seq data indicate this region is

transcriptionally silent in PGCs (Seisenberger

et al., 2012) and ESCs (Marks et al., 2012), while

CAGE tag data indicate expression in the hippo-

campus.

(E) Hierarchical clustering of tissues based on the

binary (on or off) expression status of CAGE tag

clusters in regions marked as orphan bivalent

domains in PGC. Yellow means expression and

blue mean no expression.

See also Tables S2 and S3.
microfuge tubes (Eppendorf 022431021) followed by a 40 min sonication in a

BioRuptor sonicator (Diagenode UCD-200) set to high power, 7 min ON,

15 min OFF, changing ice/water slurry every 10 min.

Lysate was diluted in lysis buffer and cleared of debris. Cleared lysate from

�50,000 cells was divided into four equal aliquots, and one aliquot used for

input. The remaining three aliquots (equivalent to �12,500 cells each) were

used for IP of H3K4me3, H3K27me3, and IgG. Lysates were incubated with

preformed bead/antibody overnight at 4�C with mixing. The chromatin/

bead/antibody complexes were washed sequentially with lysis buffer three

times, DOC buffer once, and TE buffer once, followed by a transfer to a fresh

PCR tube. Chromatin was eluted using elution buffer (1% SDS, 0.1 M

NaHCO3). IP and input samples were treated with RNaseA followed by Pro-

teinase K treatment. Crosslinking was reversed by incubating overnight at

65�C while shaking. DNA purification was done using a QiaQuick PCR Purifi-

cation Kit (QIAGEN 28104). E11.5 ChIP data are representative of three to

seven biological replicates except for Dnmt3b, which was technically repli-

cated. Additional PGC data represent a minimum of two biological replicates

except for male E12.5, which was technically replicated. All primers are listed

in Table S4. A full protocol is located in the Extended Experimental

Procedures.
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ChIP material was obtained and processed as described above with the

following modifications. Cells were crosslinked in 0.25% formaldehyde

(Thermo Scientific 28906) in PBS for 10 min at room temperature prior to

quenching with 125 mM glycine. Crosslinked material was sonicated using a

Covaris sonicator for 12 min at duty 5%, intensity 3, and bursts 200. Two ali-

quotsof E11.5PGCs, consistingof 104,000 and97,000cells,wereeachdivided

equally toperformChIP forH3K4me3,H3K27me3,andan input control. IP-DNA

and inputs were purified using aMinElute PCR Purification Kit (QIAGEN 28004)

and libraries generated using the ThruPLEX-FDPrep Kit (Rubicon Genomics

R40048) with 20 cycles of amplification for IP-DNAand 15 cycles for input DNA.

ChIP-Seq Analysis

Reads from each ChIP-seq library were filtered to retain only unique

sequences (Table S1). Reads were aligned to the mm9/NCBI build 37 mouse

genome using bowtie and reads mapping only once were retained. Data for

ESCs were handled in the same manner, obtained from GEO (accession num-

ber GSE12241) (Mikkelsen et al., 2007). To call and compare bivalent domains

between the PGC and ESC data sets, a 13 state segmentation of the genome

was generated using ChromHMM (v.1.06) (Ernst and Kellis, 2012). The four



samples (PGC H3K4me3, PGC H3K27me3, ESC H3K4me3, ESC H3K27me3)

were treated as distinct marks from a single cell type to allow a direct and

unbiased comparison of the genome segmentation in PGCs and ESCs.

K-means clustering was used to group the state emission parameters for

each sample into two groups (‘‘on’’ or ‘‘off’’), and these were used to classify

each of the 13 ChromHMM segmentation states as ‘‘bivalent,’’ ‘‘H3K4me3

only,’’ ‘‘H3K27me3 only,’’ or ‘‘none’’ for each cell type. Data from the replicate

PGC libraries were pooled together for this analysis. H3 ChIP-seq data from

the Mikkelsen data set was used as control for the ESC samples.

All gene set analysis is based on themm9RefSeq gene set. To ensure a con-

servative segregation of bivalent domains associated with regulation of anno-

tated genes from orphan bivalent domains, genes were considered bivalent if

an H3K4me3/H3K27me3 enriched region fell in the range 0.2 kb upstream of

the TSS through the transcription end site (TES) of any isoform of the gene.

H3K4me3/H3K27me3 enriched regions occurring outside the range from

0.2 kb upstream of the TSS through the TES of any isoform of a gene were

called orphans. Genes were considered H3K4me3-only if no isoforms were

bivalent and if any isoform had H3K4me3-only regions falling in the window

from �0.2 kb upstream to 0.2 kb downstream of the TSS. Similarly, genes

were considered to be H3K27me3-only if they were neither bivalent nor

H3K4me3-only and if any isoform had regions of H3K27me3-only occurring

in the ±0.2 kb window. Analysis of enrichment for Gene Ontology terms was

done using DAVID (Huang et al., 2009).

CAGE Analysis

CAGE tag cluster locations in mm9 and tags per million (tpm) values for 22

tissue types were obtained from FANTOM 4 (Kawaji et al., 2009). To assess

the statistical significance of the accumulation of CAGE tags, the probability

pi of observing a CAGE tag within 200 bp of each orphan bivalent domain

was first estimated based on CAGE tag representation in the region Xi contain-

ing the bivalent domain extended 10 kb in each direction. Let Yi be the indica-

tor random variable that indicates whether the observed bivalent domain in Xi

had a detectable CAGE tag cluster within 200 bp. Assuming that Yi are inde-

pendent Bernoulli random variables with probability pi, the sum of Yi is approx-

imately normal with mean Sipi and variance Sipi(1-pi), via the Lyapunov central

limit theorem (see Extended Experimental Procedures).

Tissue-Specificity Calculation

For each CAGE tag cluster, tissue specificity score was computed based on

the Jensen-Shannon divergence between the relative abundance of tpm

values across the tissue types and the extreme distribution of being expressed

in only one tissue type where the tag cluster has the greatest expression value

(Cabili et al., 2011).
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Isolation of PGCs
Male B6 mice homozygous for a transgenic Oct4DPE:GFP reporter were crossed with Swiss-Webster females. Morning of the

vaginal plug was counted as E0.5. The gonadal regions including (for E11.5) or excluding (for E12.5 and E13.5) the dorsal aorta

were dissected from embryos and sexed by gonad morphology for E12.5 and later embryos. Tissue from multiple embryos were

pooled and dissociated in 0.5mg/ml trypsin and 2mg/ml DNase-I, filtered through 40mm cell strainers, and cell sorted using a

FACS-Aria. GFP positive and negative cells were collected as PGCs and soma control respectively.

Low Cell ChIP-qPCR
Cells were pooled into batches of �50,000 cells and cross-linked in 1% formaldehyde (Sigma F8775-25ml) in PBS for 5min at room

temperature, quenched with 125mMglycine and centrifuged in a swing bucket carrier at 490 g for 10min at 4C. The supernatant was

removed and pellets were frozen at �80C for up to 6 months. For each IP, 11ml of protein A Dynabeads (Life Technologies 1001D)

were pre-incubated with 2.4mg of either anti H3K4me3 (Diagenode pAb003-050), H3K27me3 (Millipore 07-449), or IgG (Abcam

ab46540) for 2 hr at 4C with end-over-end rotation in ChIP lysis buffer (50 mM HEPES/KOH pH 7.5, 300 mM NaCl, 1 mM EDTA,

1% Triton X-100, 0.1% Deoxycholate (DOC), 0.1% SDS, 1x fresh protease inhibitor (Roche 11697498001)). Pellets of cross-linked

cells were thawed and lysed in a 1.5ml Lo-Bind microfuge tube (Eppendorf 022431021) with 120ml of lysis buffer on ice for 5 min fol-

lowed by 40 min sonication in a BioRuptor sonicator (Diagenode UCD-200) set to high power, 7’’ ON, 15’’ OFF, changing ice/water

slurry every 10 min.

Lysate was cleared by 2 rounds of dilution in 400ml of lysis buffer, centrifugation at 12,000 g for 10 min at 4C and collection of the

supernatant. Cleared lysate from �50,000 cells was divided into four equal aliquots and one aliquot used for Input which was stored

at 4C. The remaining three aliquots (equivalent to �12,500 cells each) were used for IP of H3K4me3, H3K27me3 and IgG. Lysates

were incubated with preformed bead/antibody complexes in a PCR tube with �200ml total volume of lysate buffer overnight at 4C

with mixing. The chromatin/bead/antibody complexes were washed sequentially with 180ml ice-cold lysis buffer three times, once

with 180ml ice-cold DOC buffer (10 mM Tris pH 8, 0.25 M LiCl, 0.5% NP-40 (Sigma NP40S-100ml), 0.5% DOC, 1 mM EDTA), and

once with 180ml ice-cold TE buffer, followed by a transfer to a fresh PCR tube. Chromatin was eluted using 2 successive rounds

of incubation in 150ml elution buffer (1% SDS, 0.1M NaHCO3) for 20 min at room temperate with mixing, and eluates pooled.

IP and Input samples were treated with 0.2 mg/mL RNaseA in 200mM NaCl, 10mM EDTA, 40mM Tris pH 6.5 and incubated for

30 min at 37C. RNaseA was inactivated with 0.67mg/ul Proteinase K treatment at 55C for 3 hr on a shaker followed by reversal of

the cross-linking by incubating overnight at 65C while shaking. DNA purification was done using an QiaQuick PCR Purification Kit

(QIAGEN 28104), and quantitative PCR performed using SYBR FAST qPCR kit Master Mix (Kapa KK4604) on an ABI 7900HT.

E11.5 ChIP data are representative of 3-7 biological replicates expect for Dnmt3b which was technically replicated. Additional

PGC data represent a minimum of 2 biological replicates except for male E12.5 which were technically replicated. All primers

used are listed in Table S4. A step-by-step protocol is available upon request.

Low Cell ChIP-Seq
ChIP material was obtained and processed as described above with the following modifications. Two aliquots of E11.5 PGCs, con-

sisting of 104,000 and 97,000 cells, were each divided equally to perform ChIP for H3K4me3, H3K27me3, and an input control. Cells

were cross-linked in 0.25% formaldehyde (Thermo Scientific 28906) in PBS for 5min at room temperature prior to quenching with

125mM glycine. Cross-linked material was sonicated using a Covaris sonicator for 120 at Duty 5%, Intensity 3, and Bursts 200.

IP-DNA and Inputs were purified using a MinElute PCR Purification Kit (QIAGEN 28004) and libraries generated using the

ThruPLEX-FDPrep Kit (Rubicon Genomics R40048) with 20 cycles of amplification for IP-DNA and 15 cycles for Input DNA.

ChIP-Seq Analysis
Tocorrect for potential amplification biases, reads fromeachChIP-Seq librarywere first filtered to retain only reads possessing unique

sequences (Table S1). Retained reads were aligned to the mm9/NCBI build 37 mouse genome using bowtie (v0.12.7), allowing up to

10 mappings per read and suppressing all mappings for any reads with more than 10 valid alignments by using the optional param-

eters: -k 10 -m10–best –strata. Readsmapping only once to the genomewere used in later analysis. Data for ESCswere handled in the

same manner, obtained from GEO (accession GSE12241) (Mikkelsen et al., 2007). To compute correlation between biological

replicates, the mouse genome was first segmented into non-overlapping 500-bp bins. For each bin and each ChIP-Seq library, the

number of reads with starting positions occurring in the bin was determined. In each library comparison, all genomic bins containing

read starting position counts of zero for both biological replicateswerediscarded, andPearson’s correlation (TableS1)was calculated

across the values of the remaining bins. Signal-to-Noise (SNR) was calculated using CHANCE. P-values (Table S1) represent the

probabilities of observing the given SNR or less in ENCODE data. The p-values indicate the H3K4me3 libraries do not differ greatly

from ENCODE data. Note that CHANCE does not have a feature to compare mouse H3K27me3 data with ENCODE.

To call and compare bivalent domains between the PGC and ESC data sets, a 13-state segmentation of the genome was gener-

ated using ChromHMM (v1.06) (Ernst and Kellis, 2012). The four samples (PGC H3K4me3, PGC H3K27me3, ESC H3K4me3, ESC

Cell Reports 3, 1777–1784, June 27, 2013 ª2013 The Authors S1



H3K27me3) were treated as distinct marks from a single cell type to allow a direct and unbiased comparison of the genome segmen-

tation in PGCs and ESCs. K-means clustering was used to group the state emission parameters for each sample into 2 groups

(‘‘on’’ or ‘‘off’’), and these were used to classify each of the 13 chromHMM segmentation states as ‘‘bivalent,’’ ‘‘H3K4me3 only,’’

‘‘H3K27me3 only,’’ or ‘‘none’’ for each cell type. Data from the replicate PGC libraries were pooled together for this analysis. H3

ChIP-Seq data from the Mikkelsen data set was used as control for the ESC samples. A stringent threshold value of 10�6 Poisson

tail probability was used to binarize the histone modification data into background and robust ChIP-enriched regions.

All gene set analysis is based on the RefSeq gene set downloaded from the refGene table of the mm9 mouse assembly on the

UCSC Genome Browser on January 24, 2013. Parent gene/isoform relationships were determined using the ‘‘name’’ and

‘‘name2’’ fields in the refGene table. To ensure a conservative segregation of bivalent domains associated with regulation of anno-

tated genes from orphan bivalent domains, genes were considered bivalent if an H3K4me3/H3K27me3 enriched region fell in the

range 0.2 kb upstream of the transcription start site through the transcription end site of each gene’s longest isoform. Similar

gene ontology terms and overlap between PGCs and ESCs were found when bivalent genes were defined by a bivalent domain

occurring ± 0.2kb from a RefSeq TSS (data not shown). H3K4me3/H3K27me3 enriched regions occurring outside the range from

0.2kb upstream of the transcription start site through the transcription end site of a gene’s longest isoform were called orphans,

with a median distance of 13kb to the nearest gene. Genes were considered H3K4me3-only if no isoforms were bivalent and if

any isoforms had H3K4me3-only regions falling in the window from�0.2 kb upstream to 0.2 kb downstream of the transcription start

site. Similarly, genes were considered to be H3K27me3-only if they were neither bivalent nor H3K4me3-only and if any isoforms had

regions of H3K27me3-only occurring in the +/� 0.2kb window. Analysis of enrichment for Gene Ontology terms was done using

DAVID (Huang et al., 2009).

CAGE Analysis
CAGE tag cluster locations in mm9 and tags per million (tpm) values for 22 tissue types were obtained from FANTOM 4 (Kawaji et al.,

2009). We found that 927 out of 1413 (65.6%) orphan bivalent domains with CGI contained detectable CAGE tags within 200 bp in at

least one tissue type. Similarly, 461 out of 1473 (31.3%) orphan bivalent domains without CGI also expressed CAGE tags within

200 bp in at least one tissue type. To assess the statistical significance of the accumulation of CAGE tags, the orphan bivalent

domains were extended by 10kb in each direction, and a Bernoulli process with probability pi was associated to each extended

domain Xi as follows: Xi is scanned with a running window of width equal to the size of the original bivalent domain, and a binary

random variable is assigned at each scan position, with value 1 if the window has a detectable CAGE tag within 200 bp in any tissue

type or value 0 otherwise; the average of these binary random variables then provides an estimate of pi for this region. Let Yi be the

indicator random variable that indicates whether the observed bivalent domain in Xi had a detectable CAGE tag cluster within 200 bp.

Assuming that Yi are independent Bernoulli random variables with probability pi, the sum of Yi is approximately normal with mean Sipi

and variance Sipi(1-pi), via the Lyapunov central limit theorem. This computation yielded a z-score of 27.6 (p-value = 5.783 10�168)

for orphan bivalent domains with CGI and a z-score of 12.3 (p-value = 3.61 3 10�35) for orphan bivalent domains without CGI.

Tissue Specificity Calculation
For each CAGE tag cluster, tissue specificity score was computed based on the Jensen-Shannon divergence between the relative

abundance of tpm values across the tissue types and the extreme distribution of being expressed in only one tissue type where the

tag cluster has the greatest expression value (Cabili et al., 2011).

qRT-PCR Analysis
3000 PGCs were isolated by FACS as above and sorted directly into RLT buffer (QIAGEN). RNA was purified using the RNeasy kit

(QIAGEN 74104). cDNAwas generated using a High Capacity cDNAReverse Transcriptase kit (ABI 4368814) and relative quantitative

PCR was performed using L7 as a reference gene. Similar results were obtained using H2A or Ubb as a reference gene. All primers

used are listed in Table S4.
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Figure S1. ChIP Enrichment Is Specific and Constant Independent of Starting Cell Number, Related to Figures 1, 2, and 3

(A) The low cell ChIP protocol has a low background and is consistent across 3 orders of magnitude of cell numbers. ChIP efficiency for myc and an IgG control in

an H3.3-myc transgenic ESC line is represented as a percent of input. Enrichment is shown for 2 biological replicates of 2.5x106, 2.5x105, 1.25x104 cells/IP, and

1 replicate of 2.5 x104 cells/IP. Error bars express standard deviation of enrichment.

(B) The data shown in (A) normalized to locus 1 shows the stability of enrichment independent of the number of starting cells. Positive and negative control regions

were chosen based in part on Goldberg et al., 2010. Locus 1, TES Actb; locus 2, TFBS TF5-4; locus 3, TFBS TF5-2; locus 4, TFBS Oct4-43; locus 5, TFBS

Nanog-34; locus 6, TFBSOct4-4; locus 7, TSSNnat; locus 8, TSSGrb10; locus 9, TSS Vamp7; locus 10, GBNnat; locus 11, GBGrb10; locus 12, GB polrmt; locus

13, major satellite repeat; locus 14, minor satellite repeat; locus 15, chr8 gene desert. TES, transcriptional end site; TFBS, transcription factor binding site; TSS,

transcriptional start site; GB, gene body; RE, repeat element; and GD, gene desert. H3.3 is expected to be enriched at TFBS, TSS, TES and GB, but not RE or GD

(Goldberg et al., 2010).
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Figure S2. Analysis of H3K4me3- and H3K27me3-Marked Genes in PGCs and ESCs, Related to Figure 1

(A) UCSCGenomeBrowser view of ChIP-Seq signal for 2 biological replicates of E11.5 PGCs from this study, ChIP-Seq signal for E11.5 PGCs from a recent study

(Ng et al., 2013), and RNA-Seq signal for E11.5 PGCs (Seisenberger et al., 2012) at Prdm1(Blimp1), a germline marker expressed at E11.5.

(B) Genome-wide comparison of chromatin states in E11.5 PGCs and ESCs, presented at the base level as a bipartite graph. The area of each node is proportional

to its genomic space in base pairs, with the exception of the ‘‘None’’ nodes, which are half as big as their true size. Colored arrows indicate the relative basewise

composition of the PGC chromatin states in terms of the ESC chromatin states.

(C) Top biological process gene ontology terms (level 3) as determined using DAVID for genes marked by H3K27me3 only in PGCs only.

(D) Distances of all bivalent domains to nearest TSS for ESCs (white bars) and PGCs (dark gray bars) with transparent overlay. Distances are presented as the log

base 10 of the genomic length in base pairs from bivalent domains to their nearest TSS, with bivalent domains upstream of their nearest TSS assigned negative

distances after logarithm. Bivalent domains overlapping their nearest TSS were assigned a genomic length of 1. TSSs were defined as the starting positions of

RefSeq genes. Bins in the histogram include their lower endpoint but exclude their higher endpoint.

(E) Venn diagram representing all possible overlaps of genes marked by H3K4me3 and H3K27me3 in E11.5 PGCs and ESCs.

(F) Most bivalently marked RefSeq genes are protein-coding, but some non-coding genes are bivalently marked as well. Including longer, multi-exon genes as

well as single-exon genes predominantly composed of microRNAs and snoRNAs.
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Figure S3. Germline Specific Genes are Transcriptionally Active and Enriched for H3K4me3, Related to Figure 3

Genes expressed in the germline are enriched for H3K4me3 over H3K27me3. ChIP enrichment for H3K4me3 and H3K27me3 in E11.5-13.5 PGCs at the indicated

genes. Data represents the mean percent of input ± SD for at least 2 biological replicates. Transcription wasmeasured with qRT-PCR for the indicated genes and

represented as a percent of the housekeeping gene L7 ± standard deviation. ND; no data.
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