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Accurate annotation of accessible chromatin in mouse and

human primordial germ cells
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Extensive and accurate chromatin remodeling is essential during primordial germ cell (PGC) development for the perpetuation of
genetic information across generations. Here, we report that distal cis-regulatory elements (CREs) marked by DNase I-hypersensitive
sites (DHSs) show temporally restricted activities during mouse and human PGC development. Using DHS maps as proxy, we
accurately locate the genome-wide binding sites of pluripotency transcription factors in mouse PGCs. Unexpectedly, we found that
mouse female meiotic recombination hotspots can be captured by DHSs, and for the first time, we identified 12,211 recombination
hotspots in mouse female PGCs. In contrast to that of meiotic female PGCs, the chromatin of mitotic-arrested male PGCs is
permissive through nuclear transcription factor Y (NFY) binding in the distal regulatory regions. Furthermore, we examined the
evolutionary pressure on PGC CREs, and comparative genomic analysis revealed that mouse and human PGC CREs are
evolutionarily conserved and show strong conservation across the vertebrate tree outside the mammals. Therefore, our results
reveal unique, temporally accessible chromatin configurations during mouse and human PGC development.

Cell Research (2018) 28:1077-1089; https://doi.org/10.1038/s41422-018-0096-5

INTRODUCTION

Primordial germ cells (PGCs), the precursors of sperm and eggs,
are established from post-implantation epiblast cells during early
embryogenesis in mammals, and then, they migrate to the
developing gonads, where PGCs undergo meiosis and differenti-
ate into gametes.! Mouse PGCs are specified at around embryonic
day 7.25 (~E7.25). They regain potential pluripotency at early stage
and then initiate extensive epigenetic reprogramming to erase
somatic epigenetic memories, including global DNA demethyla-
tion and reorganization of chromatin modifications.'? At ~E14.5,
female and male PGCs enter meiosis and mitotic arrest,
respectively.>* The trajectory of human PGC development is less
clear than that of mouse PGCs. Recent studies have demonstrated
that an individual embryo simultaneously contains several PGC
subpopulations characterized by distinct transcriptional fea-
tures,>® illustrating the asynchronous and heterogeneous proper-
ties of human PGCs.

Although significant progress has been made toward uncover-
ing the regulatory mechanisms of PGC development, previous
studies have primarily focused on DNA methylation patterns and
transcription analysis.>® It remains to be determined how
chromatin reconfigures and regulates transcription programs
during mouse and human PGC development. Cells of a specific
type or at a particular state possess a unique set of cis-regulatory
elements (CREs), such as promoters, enhancers, insulators and
locus control regions.” CREs are known to regulate developmen-
tally expressed genes and often exhibit spatially restricted activity
patterns,'® but their temporally regulatory activities and global
contributions during mouse and human PGC development remain

poorly understood. Mouse early-stage PGCs have potential
pluripotency by repressing a somatic mesodermal program and
regaining a transcriptional network for pluripotency.>'’ However,
genome-wide mapping of pluripotency transcription factor (TF)
binding sites in PGCs has been impeded owing to the paucity of
PGCs. Following the development of PGCs, female PGCs enter into
meiosis at ~E14.5, while male PGCs undergo mitotic arrest at
around the same stage.” Meiosis and mitotic arrest are distinct
developmental events, but the chromatin conformation difference
between female and male PGCs is still unclear. Moreover, PGC
programs are speculated to be evolutionarily conserved to ensure
the proper transmission of genetic and epigenetic information
across the generations.'>'® Although extensive studies have
proved that changes at the DNA sequence level in regulatory
elements underlie evolutionary differences,'®'*'* the evolutionary
pressure on mouse and human PGC CREs remains enigmatic.

To address these issues, we developed a low-input DNase-seq
method and applied it to mouse and human PGCs across multiple
developmental stages. We show that distal CREs exhibit tempo-
rally restricted activities and mirror the trajectory of PGC
development. Genome-wide binding sites of pluripotency TFs
were accurately located in mouse PGCs. Moreover, female
recombination hotspots could be captured by DNase I-
hypersensitive sites (DHSs) in meiotic female PGCs, while the
chromatin of mitotic-arrested male PGCs is permissive by nuclear
transcription factor Y (NFY) binding in the distal regulatory
regions. Finally, we examined the evolutionary pressure on mouse
and human PGC CREs and uncovered their uniquely conserved
features.
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RESULTS

Mapping accessible chromatin in mouse and human PGCs

To obtain a comprehensive landscape of the accessible chromatin
in mouse and human PGCs, we developed a low-input DNase-seq
method that enables us to estimate data quality before
sequencing (Supplementary information, Fig. S1a, b). We first
verified that DHS maps generated from 300 or 3000 mouse
embryonic stem cells (ESCs) recapitulated the results of the
ENCODE project using 10-20 million ESCs (Supplementary
information, Fig. S1c-f). Next, we screened PGCs using the
fluorescence assisted cell sorting (FACS) method as previously
described.>'® For mouse, Oct4-GFP-positive PGCs from E9.5-E16.5
embryos were collected. For human, we enriched cKIT (also known
as CD117)-positive PGCs from 8-21-week old embryos. In total, we
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determined DHSs in 20 mouse and 13 human PGC samples, 4
mouse and 10 human gonadal somatic cell samples, 2 mouse ESC
samples and 2 mouse epiblast-like cell (EpiLC) samples (Fig. 1a;
Supplementary information, Table S1).

We conducted several analyses to validate the DNase-seq data in
PGCs and gonadal somatic cells. First, we demonstrated that the
replicates in each developmental stage had high reproducibility
(Supplementary information, Fig. S2a). Thus, we combined the data
and used the common DHSs from the two replicates with an
additional stringent cutoff requirement of DNase signal FPKM > 3.
Next, we confirmed that genes with promoter DHSs were highly
expressed compared to those without promoter DHSs (Supplemen-
tary information, Fig. S2b), which is consistent with previous studies
in other cell types.”''® Then, we focused on the chromatin
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Fig. 1

Accessible chromatin landscapes in mouse and human PGCs. a Schematic of low-input DNase-seq for probing accessible chromatin in

mouse and human PGCs and gonadal somatic cells. b Genome browser view of DNase signal enrichment at certain representative genes in
mouse and human PGCs and gonadal somatic cells. Shown on the right are normalized DHS signals. ¢ Bar graphs showing the number of
DHSs from PGCs and gonadal somatic cells and their distribution across genomic features. E embryonic day, W week, F female PGCs, M male

PGCs, Soma gonadal somatic cells
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accessibility levels around certain representative genes. The
promoter regions of pluripotency marker genes, such as Dppa3
and Prdm14, were accessible only in mouse early-stage PGCs until
E13.5, whereas germline-specific genes, such as Ddx4 and Sycp3,
were highly accessible in mouse late-stage PGCs (Fig. 1b). In human,
the chromatin around germline marker genes, such as PIWIL2 and
SYCP3, were accessible only in PGCs but not in gonadal somatic cells
(Fig. 1b). Finally, we examined the number and distribution of DHSs
generated in this study. In contrast to promoter regions, where the
quantity of DHSs was relatively constant, the number of distal DHSs
was highly dynamic across developmental stages (Fig. 1c). This result
is in line with the notion that distal regulatory elements show
transient functions in defining cell identity during develop-
ment.'®'?° Taken together, these data suggest that our low-input
DNase-seq approach could map accessible chromatin in mouse and
human PGCs at high resolution.

Distal DHSs mirror the trajectory of PGC development

Accessible chromatin can mark CREs such as proximal promoters
and distal enhancers."®?" Our time-course profiling of DHS signals
showed that the majority of promoters remained constantly
accessible (Supplementary information, Fig. S2c), whereas most
distal DHSs (away from TSS + 1 kb) spanned merely a subset of the
developmental stages examined (Fig. 2a). This result coincides
with the differential distribution patterns of promoter and distal
DHSs (Fig. 1¢), illustrating the rapidly changing activities of distal
regulatory elements during mouse and human PGC development.
Functional annotation of the 2334 mouse and 2669 human distal
DHSs showing constant activities revealed that these common
DHSs were mostly enriched in the apoptosis signaling pathway
(Fig. 2a, b; Supplementary information, Table S2). This result is also
supported by transcription analysis performed in mouse and
human PGCs,%'%2?? suggesting that the elimination of abnormally
developed PGCs through apoptosis may be a general regulatory
mechanism.

Next, we investigated whether the distal regulatory activities of
each sample reflected spatiotemporal relationships by conducting
a hierarchical clustering analysis of distal DHSs. We found that
mouse early-stage PGCs (E9.5-E13.5) were clearly separated from
those at late stages (E14.5-E16.5), and PGCs of the same sex from
adjacent developmental stages were clustered together within
each subgroup (Fig. 2¢). Similar conclusions could also be reached
in human samples (Fig. 2¢). Principal component analyses (PCA) of
distal DHSs further supported the grouping results (Fig. 2d). For
mouse PGCs, the PC1 axis was dominated by differences of
developmental stage, while the PC2 axis showed differences
between meiotic female PGCs and mitotic-arrested male PGCs. For
human samples, PGCs and gonadal somatic cells were separated
along the PC1 axis, and the PC2 axis recapitulated the differential
developmental paths of female and male PGCs. These results
suggest that accessible chromatin marked by DHSs in distal
regulatory regions can mirror the trajectory of PGC development
precisely.

As DHSs are known to be hotspots for transcriptional regulator
binding,”® we wondered whether distal DHSs possessed motifs for
TFs that regulate PGC development. To this end, we conducted a
TF binding motif enrichment analysis. We found that TF motifs
were enriched in a highly stage- and sex-specific manner, and the
motif enrichment coincided with the expression of their
corresponding TFs (Fig. 2e; Supplementary information, Fig. S2d).
For example, motifs for pluripotency TFs, such as the SOX family,
were enriched from E9.5 to E13.5, while the PRDM9 (meiosis-
specific methyltransferase) motif was highly enriched only in
mouse E14.5 and E16.5 female PGCs. Similar observations were
also obtained in the human DNase-seq samples. The motif for
TFAP2C (required for PGC specification) was enriched only in
PGCs, whereas GATA factor (cellular differentiation and organo-
genesis related) motifs were mostly enriched in human gonadal
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somatic cells. These results suggest that temporally restricted
distal DHSs harbor binding motifs for TFs that play vital roles in
defining PGC identity.

Identification of pluripotency transcription factor binding sites in
mouse PGCs

Mouse PGCs are known to have potential pluripotency.®'
However, genome-wide mapping of pluripotency TF binding sites
in PGCs has been impeded by the fact that cross-linking
chromatin immunoprecipitation (X-ChIP)-based methods require
millions of cells,*?> yet only hundreds or thousands of early-stage
PGCs could be collected at a time. Surprisingly, we observed that
core pluripotency TF (OCT4, SOX2 and NANOG) binding sites in
ESCs exactly overlapped the DHSs in mouse PGCs until E13.5
(Fig. 3a). This result is consistent with our previous finding that
motifs for pluripotency TFs were highly enriched in mouse early-
stage PGCs (Fig. 2e; Supplementary information, Fig. S2d). As TF
binding to DNA in place of canonical nucleosomes results in
markedly increased accessibility of the chromatin,?'?® it was
possible to identify pluripotency TF binding sites in mouse PGCs
by examining whether they contained corresponding PGC DHSs.

A similar overlap pattern with PGC DHSs was also observed for
OCT4 binding sites in EpiLCs** (Fig. 3b, ¢) but not in the more
developmentally advanced epiblast stem cells (EpiSCs) (Fig. 3b),
which represent a primed pluripotency state?” Thus, we
combined the OCT4 binding sites in ESCs and EpiLCs to represent
the OCT4 occupancy pool. By examining which OCT4 binding sites
contain corresponding PGC DHSs at a specific stage, we identified
the OCT4 binding sites in mouse PGCs during development. We
further compared the OCT4 binding sites in PGCs between
adjacent developmental stages and found a dramatic decrease
during the E13.5-to-E14.5 transition (Fig. 3d). The same dynamic
pattern was also observed for SOX2 and NANOG binding sites
identified in mouse PGCs (Fig. 3d). The rapid removal of core
pluripotency TFs from their occupancy regions in E14.5 PGCs
accords with the fact that female and male PGCs enter meiosis
and mitotic arrest at this stage, respectively.””* Next, we
correlated pluripotency TF binding sites with nearby genes and
investigated whether the expression levels of the associated
genes were coincident with this rapid loss process. Interestingly,
genes associated with the binding sites that lost the occupancy at
E14.5 were significantly downregulated only in females but not in
males (Fig. 3e; Supplementary information, Fig. S3a). The possible
explanation may be that the transcripts of the associated genes
are not immediately degraded in mitosis-arrested male PGCs upon
the removal of pluripotency TF occupancy. Collectively, these
results demonstrate that key characteristics of PGCs during
development could be directly and immediately reflected by the
reconfiguration of accessible chromatin.

To obtain an overview of the dynamic patterns of core
pluripotency TF binding sites during mouse PGC development,
we combined the OCT4, SOX2 and NANOG binding sites identified
in PGCs. There were two waves of decrease: a minor decrease in
these binding sites was observed from E10.5 to E12.5, and the
most significant decline occurred during the E13.5-to-E14.5
transition (Fig. 3f). Moreover, we further examined whether the
removal of core pluripotency TFs from their binding sites was
accompanied with changes in chromatin patterns by mapping the
H3K27ac modifications of E16.5 male PGCs (Supplementary
information, Table S1). Compared to the day 6 (d6) primordial
germ cell-like cells (PGCLCs), which acquire epigenetic properties
similar to those of PGCs at ~E9.5," the H3K27ac enrichment level
around the core pluripotency TF binding regions dramatically
decreased in E16.5 male PGCs (Fig. 3g). This result further
confirmed the accuracy of our identification.

The binding sites of PRDM14, a PR domain-containing
transcriptional regulator pivotal for PGC specification and main-
tenance,® were also identified using similar methods
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(Supplementary information, Fig. S3b, c). Most PRDM14 binding
sites in PGCs showed co-occupancy with core pluripotency TFs
(Supplementary information, Fig. S3d). This result is consistent
with its critical role in reacquisition of potential pluripotency in
mouse PGCs.>?® As loss of Prdm14 caused a decrease in Dppa3
expression and PGC death,”® a PRDM14 and core pluripotency TF
colocalized region we identified may be responsible for Dppa3
activation in mouse PGCs (Supplementary information, Fig. S3e).

Female recombination hotspots can be captured by DHSs

As mouse female PGCs enter into meiosis at ~E14.5, homologous
recombination preferentially occurs in specialized sites called
meiotic recombination hotspots.?’> Male recombination hotspots
could be determined by DMC1 (DNA meiotic recombinase 1) ChiIP-
seq (single-stranded DNA sequencing (SSDS)) in postnatal
spermatocytes.®® However, female recombination hotspots are
not known, due to the paucity of PGCs. The exact position of
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regions in d6 (day 6) PGCLCs and E16.5 male PGCs. The difference is statistically significant by Wilcoxon rank sum test (***P < 0.001)

recombination hotspots depends on the activity of a histone H3
methyltransferase, PR domain-containing 9 (PRDM9),%%3'-33 and
our motif analysis indicates that PRDM9 signals are highly
enriched only in E14.5 and E16.5 female PGCs (Fig. 2e). Moreover,
four known crossover recombination hotspots identified in
pedigrees®* were found to exactly overlap with E14.5 and E16.5
female PGC DHSs (Fig. 4a). Based on these observations, we asked
whether recombination hotspots where double-stranded breaks
(DSBs) occur tend to be friable and can be captured by DHSs.
To address the above question, we used spermatocyte hotspots
(denoted as DMC1-hotspots) determined in C57BL/6J (B6) mice as
coordinates to examine whether female PGCs have DHSs at the
same positions. After a genome-wide examination, we observed
that 6330 E14.5 and 5386 E16.5 female PGC-specific DHSs (Fs-
DHSs) were colocalized with DMC1-hotspots, whereas only 244
E12.5 and 374 E13.5 Fs-DHSs were colocalized with DMC1-
hotspots (Fig. 4b). As meiotic recombination occurs only in female
PGCs, male PGC-specific DHSs (Ms-DHSs) and female-male
common DHSs (F&M-DHSs) were rarely colocalized with DMC1-
hotspots (Fig. 4b). This result indicates that recombination
hotspots could be marked only by the E14.5 and E16.5 Fs-DHSs.

Cell Research (2018) 28:1077 - 1089

To further verify this result, we took advantage of DMC1-hotspots
from strains having different Prdm9 alleles from B6. As expected,
E14.5 and E16.5 Fs-DHSs were colocalized with DMC1-hotspots in
a strain-specific manner (Supplementary information, Fig. S4a),
and loss of Prdm9 led to aberrant overlap between Ms-DHSs and
DMC1-hotspots (Supplementary information, Fig. S4b). Further
examinations showed that the Fs-DHSs colocalized with DMC1-
hotspots were enriched around the centers of DMC1-hotspots
(Supplementary information, Fig. S4c), and the majority of these
Fs-DHSs marked only one DMC1-hotspot (Supplementary informa-
tion, Fig. S4d). These results indicate that the high overlap
between Fs-DHSs and DMC1-hotspots was not random. Moreover,
similar proportions of Fs-DHSs were colocalized with DMC1-
hotspots when we retained DHSs with FPKM >3 or 1 (Supple-
mentary information, Fig. S4e). Collectively, these results indicate
that female recombination hotspots in PGCs tend to be DNase I-
hypersensitive, and with spermatocyte DMC1-hotspots as coordi-
nates, we identified the precise locations of female-male
homologous recombination hotspots.

To rule out context dependency and gender bias caused by
spermatocyte DMC1-hotspots, we took advantage of PRDM9
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Fig. 4 Identification of female meiotic recombination hotspots using PGC Fs-DHSs. a Genome browser view of DHS signal enrichment at the
positions of four known crossover recombination hotspots. b Bar plot shows the number of Fs-, Ms- and F&M-DHSs colocalized with
spermatocyte DMC1-hotspots. ¢ Bar plot shows the number of Fs-, Ms- and F&M-DHSs colocalized with PRDM9 Affinity-seq peaks. d Bar charts
showing the number of female recombination hotspots identified by DMC1-hotspots colocalized with Fs-DHSs (FPKM > 3, n = 6735; FPKM > 1,
n=10,966) and those identified by PRDM9 Affinity-seq peaks colocalized with Fs-DHSs (FPKM > 3, n = 5689; FPKM > 1, n = 9470). Right insets
show the genome browser view of DHS signal enrichment at a representative female-specific hotspot (top) and a representative female-male
homologous hotspot (bottom). e The H3K4me3 signal density profiles of E13.5 and E14.5 female PGCs at E14.5 female recombination hotspots
(left, female-male homologous hotspots; right, female-specific hotspots). f Functional annotation of E14.5 and E16.5 Fs-DHSs excluding
hotspot-linked DHSs. g Model illustrating the number of female recombination hotspots captured by DHSs. Strong hotspots were defined as
DHS signal with FPKM > 3, and weak hotspots were defined as DHS signal with 3> FPKM > 1. Fs female PGC-specific, Ms male PGC-specific,
F&M female-male PGC common

Affinity-seq, which could detect PRDM9 binding sites in vitro and DMC1-hotspots (442, FPKM = 3; 1245, FPKM = 1) were defined as
quantitate its relative affinities.3® By using PRDM9 Affinity-seq hotspots unique to female PGCs (Fig. 4d). These results indicate
peaks as unbiased recombination hotspot coordinates, we found that combining in vitro PRDM9 Affinity-seq with low-input DNase-
that PRDM9 peaks had high overlap with E14.5 and E16.5 Fs-DHSs seq could provide an alternative way to identify female
but not Ms-DHSs or F&M-DHSs (Fig. 4c). Strikingly, of the 5689 recombination hotspots, which bypasses the difficulties in direct
hotspots identified by PRDM9 peaks overlapping with Fs-DHSs, pull-down of DMC1 from the limited quantity of PGCs. Although
5247 were previously identified by comparing DMC1-hotspots both spermatocyte DMC1-hotspots and PRDM9 Affinity-seq peaks
with Fs-DHSs (Fig. 4d; Supplementary information, Fig. S4f). When could be combined with Fs-DHSs to identify female hotspots and
we retained DHSs with FPKM = 1, 8255 female PGC hotspots could yielded consistent results (Fig. 4d; Supplementary information,
be detected by both methods independently (Fig. 4d). As in vitro Fig. S4g), the coordinates provided by PRDM9 Affinity-seq were
Affinity-seq is sexually independent, Fs-DHSs overlapping with not limited to determine female-male homologous hotspots but
in vitro PRDM9 Affinity-seq peaks but not with spermatocyte also female-specific hotspots. Furthermore, in vitro PRDM9
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Affinity-seq can be easily performed in different mouse strains and hotspots were recognized as strong hotspots (FPKM = 3), while
even other species. 4321 homologous hotspots were relatively weak (3 >FPKM = 1);

Since PRDM?9 binds to recombination hotspots and adds methyl 442 and 803 hotspots were classified as strong and weak female-
groups to H3 on nearby nucleosomes,>**! we further mapped the specific hotspots, respectively (Fig. 4g).
H3K4me3 modifications of E14.5 female PGCs (Supplementary
information, Table S1). The results revealed that H3K4me3 signals The chromatin of mitotic-arrested male PGCs is permissive
were highly enriched at female-male homologous and female- through NFY binding
specific hotspots in E14.5 but not E13.5 female PGCs before they During mouse fetal development, E14.5 female PGCs initiate
entered meiosis (Fig. 4e; Supplementary information, Fig. S4h). meiosis, whereas male PGCs undergo mitotic arrest and remain

Moreover, functional annotation of E14.5 and E16.5 Fs-DHSs quiescent for the remaining embryonic period.® Although late-
revealed that Fs-DHSs excluding hotspot-linked DHSs are enriched stage (E14.5-E16.5) female and male PGCs are characterized by
in meiosis-related regulatory functions (Fig. 4f; Supplementary distinct developmental signatures, the numbers of DHSs in female
information, Table S2), whereas DHSs marking recombination and male PGCs were equivalent (Fig. 1c). Since thousands of
hotspots have no meiosis-related regulatory activities, which is female DHSs were identified to mark female recombination

consistent with their self-destructive nature during meiosis.>® hotspots, an excess of DHSs in quiescent male PGCs raised the
We applied a similar analysis to human 21 W PGCs. The results possibility that distinct chromatin configurations may be present

showed that more Fs-DHSs overlapped with spermatocyte DMC1- in mitotic-arrested male PGCs.

hotspots (PRDM9, and PRDM9g)*” than Ms-DHSs (Supplementary Interestingly, we observed that motif signals for the TF NFY in

information, Fig. S4i), and some representative motifs for human E14.5 and E16.5 male PGCs were significantly higher than those in
spermatocyte DMC1-hotspots were highly enriched in 21 W Fs- female PGCs (Fig. 2e). NFY is known as a nucleosome-like TF
DHSs but not in Ms-DHSs (Supplementary information, Fig. S4j). capable of promoting chromatin accessibility through its
However, due to the heterogeneity and long developmental sequence-specific (CCAAT) DNA binding3®*° To determine
period of human PGCs (Supplementary information, Fig. S4k),"¢ whether NFY may participate in shaping the chromatin conforma-
genome-wide identification of human female recombination tion of mitotic-arrested male PGCs, we used the motif analysis tool
hotspots using PGC DHSs requires further investigations. HOMER* to identify NFY binding sites as NFY-DHSs in PGCs

Using spermatocyte DMC1-hotspots and in vitro PRDM9 (Fig. 5a). The number of NFY-DHSs was relatively stable in the
Affinity-seq peaks as coordinates, for the first time, we identified promoter regions of E12.5-E16.5 female and male PGCs (Supple-
12,211 recombination hotspots in mouse female PGCs. Based on mentary information, Fig. S5a, b). In contrast, the number of distal
the strengths of the DHS signals, 6735 female-male homologous NFY-DHSs precipitously declined in female PGCs but increased in
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male PGCs from E13.5 to E14.5 (Fig. 5a-c). Mouse PGCs are known
to undergo extensive epigenetic reprogramming during develop-
ment, including reduction of H3K9me2 and elevation of
H3K27me3 modifications."”'? To understand whether histone
modifications may participate in this process, we mapped the
H3K27me3 modifications in E14.5 PGCs (Supplementary informa-
tion, Table S1). The results revealed that H3K27me3 were highly
enriched at distal NFY binding sites in female PGCs (Fig. 5d), which
is consistent with the fact that female PGCs lost many distal NFY-
DHSs at E14.5 (Fig. 5a). These results indicate that the chromatin
could be opened through NFY binding in distal regulatory regions
even though late-stage male PGCs were arrested in mitosis.

To further uncover the regulatory activity of NFY-DHSs in PGCs,
we examined the expression levels of genes associated with NFY-
DHSs. With NFY occupancy in promoter regions, the expression
levels of genes were significantly higher than those without
promoter NFY-DHSs across all stages in male PGCs (Supplemen-
tary information, Fig. S5c), which is in line with the notion that NFY
acts as a transcriptional activator via its promoter-proximal
binding.*’*> However, genes associated with E14.5-gained distal
NFY-DHSs in male PGCs were repressed compared to those
associated with the lost or maintained distal NFY-DHSs (Fig. 5e).
Consistently, the promoter regions of these repressed genes
showed relatively low DHS signals (Supplementary information,
Fig. S5d) and high H3K27me3 enrichment (Supplementary
information, Fig. S5e). Notably, such a unique expression pattern
of distal NFY-DHS associated genes could be observed only during
the E13.5-to-E14.5 transition in male PGCs (Fig. 5e; Supplementary
information, Fig. S5f). Further examination revealed that these
repressed genes associated with E14.5-gained distal NFY-DHSs
were subsequently activated in postnatal spermatogonial stem
cells (S5Cs)* (Fig. 5f), and they were enriched in RAS signaling
pathways that play crucial roles in SSC self-renewal and
maintenance®*® (Supplementary information, Fig. S5g and
Table S2). Together, these findings suggested that the chromatin
of mitotic-arrested male PGCs is permissive through NFY binding
in distal regulatory regions and ready for reconfiguration in
subsequent developmental stages.

Evolutionary pressure on PGC CREs

The developmental programs of germline are speculated to be
evolutionarily conserved because they transmit genetic and
epigenetic information across generations and maintain the
continuance of the species.>” Our time-course profiling of
accessible chromatin in mouse and human PGCs with consistent
methodology provides an opportunity to examine the evolu-
tionary pressure on PGC CREs using comparative genomic
measurements. We first demonstrated that DHS signals from
mouse and human PGC orthologous regions were well correlated
between stages in each species (Fig. 6a), and PCA of DHSs in
orthologous regions recapitulated the differential developmental
paths of mouse and human PGCs (Supplementary information,
Fig. S6a). To obtain a more accurate depiction of the evolutionary
conservation between species, we further compared the DHS
signals of the 59,754 mouse and human PGC orthologous regions,
and 40,571 of them exhibited comparable chromatin accessibility
levels. We asked whether orthologous regions showing similar
DHS signals possessed conserved regulatory activities in mouse
and human PGCs by allocating nearby genes to these orthologous
DHSs. The functional annotations of associated genes in mouse
and human PGCs were both enriched for fundamental functions
(Fig. 6b; Supplementary information, Table S2). Notably, DNA
repair was highly enriched in both species (Fig. 6b), indicating that
DNA damage response is an evolutionarily conserved mechanism
to preserve the genomic integrity of mouse and human PGCs. The
high conservation of the 40,571 PGC orthologous sites was further
confirmed by their high phastCons*® scores and numerous
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overlaps with the most highly constrained phastCons elements
(Supplementary information, Fig. Séb, c).

Distal CREs marked by DHSs were demonstrated to be highly
diverse during mouse and human PGC development (Fig. 2a),
evolutionary differences of PGC CREs were expected across stages
or between genders within species. Based on the evolutionary
distances reflected in the vertebrate tree,'®'®% we first verified
that our evolutionary analysis of CREs from mouse forebrain, liver
and heart was consistent with previous findings based on P300
binding®® or H3K27ac enrichment'® (Supplementary information,
Fig. Séd). Strikingly, unlike these three tissues, in which the
evolutionary conservation levels of CREs gradually decline during
embryogenesis, the conservation of mouse PGC CREs exhibited a
contradictory tendency during fetal development. In particular,
the CREs of late-stage female PGCs (E14.5_F and E16.5_F) showed
the maximum evolutionary conservation levels, whereas the CREs
of early-stage PGCs (E9.5 and E10.5) were the least conserved, and
intermediate CRE conservation levels were observed in the rest of
the stages examined (Fig. 6¢). We speculated that, as mouse PGCs
gradually developed into gametes, they became increasingly
evolutionarily conserved to ensure the proper delivery of genetic
information. However, the evolutionary conservation of human
PGC CREs was relatively irregular (Fig. 6d). Analysis of ENCODE
DNase-seq data from human tissues such as brain and heart
spanning a longer time course also showed disordered states
(Supplementary information, Fig. S6e), which may be explained by
the heterogeneity of human embryogenesis.>®

Next, we concentrated on the evolutionary differences across
tissues and cell types within species. Interestingly, we found that
CREs in mouse E14.5 and E16.5 female PGCs were more
evolutionarily conserved than those in forebrain outside the
placental mammals (Fig. 6¢). Similarly, CREs in human PGCs are
more conserved than those in brain outside the mammals
(Fig. 6d). The possible explanation may be that PGCs, as ancestors
of gametes, are generally more conserved on a longer time scale,
while brain became highly conserved to maintain its complex
functions and structures within the mammal clade. Since
thousands of E14.5 and E16.5 female DHSs were found to mark
female recombination hotspots (Fig. 4g), we speculated that the
high evolutionary conservation of late-stage female PGCs (E14.5_F
and E16.5_F) was attributable to meiotic regulatory elements
marked by DHSs but not hotspot-linked DHSs. Furthermore,
meiosis occurs in all sexually reproducing single-celled and
multicellular eukaryotes,®® whereas recombination hotspots are
short-lived and self-destructive during meiosis.*® To verify our
assumption, we examined the phastCons constraint of female
recombination hotspots captured by DHSs. We found that the
conservation levels of female recombination hotspot-linked DHSs
were even lower than those of the least conserved E9.5 and E10.5
PGC CREs (Fig. 6e, f). Consistently, male spermatocyte recombina-
tion hotspots had very low evolutionary conservation, irrespective
of mouse strain, compared to Prdm9~~ B6, which had aberrant
hotspots in highly conserved promoter regions®® (Supplementary
information, Fig. S6f). All these evidence indicates that the strong
conservation of mouse late-stage female PGCs results from
meiotic regulatory activities marked by DHSs but not from
recombination hotspot-linked DHSs.

DISCUSSION

We present time-course profiles of accessible chromatin in mouse
and human PGCs at a high resolution. The DHS maps obtained
from PGCs across multiple stages of the mammalian lifespan
provide insights into chromatin conformation and cell fate
regulation during PGC development. Distal CREs, such as
enhancers, insulators and locus control regions, have long been
found to associate with developmentally expressed genes. Here,
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we demonstrate that distal CREs marked by DHSs in PGCs show
temporal activity patterns, highlighting the rapidly changing
activities of distal regulatory elements during mouse and human
PGC development.

We believe that DHS maps could provide a scaffold, on which
combining data from TF ChIP-seq, histone modification experi-
ments or other approaches enables accurate annotation of
accessible chromatin during PGC development. Using core
pluripotency TF binding sites from ESCs and EpiLCs as an
occupancy pool, we accurately identified the binding sites of
pluripotency TFs in mouse PGCs. We demonstrated that these
binding sites had two waves of decrease during mouse PGC
development: a minor decrease was observed from E10.5 to E12.5,
and the most significant decline occurred during the E13.5-to-
E14.5 transition (Fig. 3f). Following PGC development, late-stage

Cell Research (2018) 28:1077 - 1089

female PGCs enter meiosis. Meiotic recombination in the male
occurs in spermatocytes, and the recombination hotspots of that
process can be determined by DMC1 ChIP-seq.2%>° However, the
same method could be hardly applied to the female, owing to the
limited cell number of PGCs. One of our most surprising results is
that mouse female recombination hotspots can be captured by
DHSs, and identification of hotspots in female PGCs could be
achieved by combining low-input DNase-seq with in vitro PRDM9
Affinity-seq, bypassing direct pull-down of DMC1. Low-input
DNase-seq could map DHSs using a small number of cells at a
high resolution, and in vitro PRDM9 Affinity-seq only requires
genomic DNA independent of cell type;*® therefore, combining
low-input DNase-seq with PRDM9 Affinity-seq is most likely the
only applicable solution to identify female recombination hotspots
in human and other species. In contrast to meiotic female PGCs,
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male PGCs enter into mitotic arrest at around the same stage and
stay quiescent for the remaining embryonic period.> We prove
that NFY may act as a bifunctional TF in mitotic-arrested male
PGCs depending on its occupancy position in mitotic-arrested
male PGCs. NFY-DHSs can pre-open the chromatin of mitotic-
arrested male PGCs in the distal regulatory regions, leaving them
ready for reconfiguration in subsequent developmental stages.

In sexually reproducing organisms, germ cells provide the
enduring link between the generations, transmitting the genetic
and epigenetic information required to construct a new organism.
The evolutionary pressures on mouse and human PGC cis-
regulatory activities reveal that evolutionary differences exist
between species, across tissues and among developmental stages,
consistent with previous studies in other models.'®**°" Distinct
evolutionary features of mouse late-stage female PGC CREs and
hotspot-linked DHSs suggest that evolutionary examinations
should not remain limited to the cellular scale but also be
evaluated across genomic features within cells.

Due to the scarcity of PGCs, X-ChIP-based methods for mapping
the genomic occupancy of TFs, such as pluripotency TFs and the
meiotic recombination protein DMC1, have been impeded until
now. Our accurate annotation of PGC accessible chromatin not
only unveiled the chromatin landscapes in mouse and human
PGCs, but also provided an alternative way to overcome these
limitations. In particular, combining low-input DNase-seq with
other approaches will help to advance many aspects of chromatin
characterization.

MATERIALS AND METHODS

No statistical methods were used to predetermine sample size.
The experiments were not randomized, and the investigators were
not blinded to allocation during experiments and outcome
assessment.

All animal maintenance and experimental procedures were
performed in accordance with the University of Health Guide for
the Care and Use of Laboratory Animals and were approved by
the Biological Research Ethics Committee of Tongji University.
Mouse were housed under a 12-h light/dark cycle under
pathogen-free conditions at 22 + 2 °C and fed with free access
to standard mouse chow and tap water. The donors in this study
were pregnant women who underwent medical termination of
pregnancy. All of the patients signed informed consents and
voluntarily donated the fetal tissues for this study. The experi-
ments conducted in this study were approved by the Shanghai
First Maternity and Infant Hospital.

Mouse and human PGC collection

Male mice homozygous for the Oct4-EGFP transgene in the
C57BL/6J background were crossed with wild-type C57BL/6J
females. When a copulatory plug was evident around noon, that
time was counted as E0.5. PGCs were isolated from E9.5, E10.5,
E12.5, E13.5, E14.5, and E16.5 embryos. Male and female samples
were collected separately starting from E12.5, as gonads can be
distinguished morphologically from E12.5 based on the presence
or absence of testicular cords. Gonads were treated with 0.25%
trypsin-EDTA for 10 min at 37 °C, and then, trypsin was inactivated
by addition of 15% fetal bovine serum (FBS)/DMEM. Cells were
filtered through 40 um cell strainers to obtain a single-cell
suspension for FACS (FACSAria Il SORP, BD Bioscience).

Human PGCs and gonadal somatic cells were isolated as
previously described.®> In addition to isolating CD117 (BD
PharMingen #555714, clone YB5.B8)-positive PGCs, we also
collected CD117-negative cells as gonadal somatic cells by FACS.

Cell culture

The R1 ESCs were cultured on mitomycin-C-treated MEFs in ESC
medium containing DMEM supplemented with 15% (v/v) FBS, 1
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mM L-glutamine, 0.1 MM mercaptoethanol, 1% nonessential
amino acid stock, penicillin/streptomycin, nucleosides and 1000
U/mL LIF. EpiLCs were induced by plating 1.0 x 10° ESCs on a 12-
well plate coated with human plasma fibronectin (16.7 mg/mL) in
N2B27 medium containing activin A (20 ng/mL), bFGF (12 ng/mL),
and KSR (1%).

Low-input DNase-seq
FACS-sorted cells were first washed in 0.5% bovine serum albumin
in phosphate-buffered saline (BSA-PBS, Sigma) solution to avoid
potential contamination. After washing, fresh cells were collected
in 1.5 mL tubes and resuspended in 45 L lysis buffer (40 mM Tris-
HCl, pH 7.5, 10 mM NaCl, 6 mM MgCl,, 6 mM CaCl,, 0.1% NP40)
and then incubated on ice for 5 min to release the nuclei. DNase |
(10,000 U/mL, Roche, 04716728001) was added to a final
concentration of 30 U/mL and incubated at 37 °C for exactly 5
min. DNase | concentrations to achieve optimal smearing sizes
may differ for each cell line and therefore should be determined
empirically for each cell type. After DNase | digestion, the reaction
was terminated immediately by adding 50 pL Stop Buffer (40 mM
Tris-HCl, pH 7.5, 10 mM NaCl, 0.5% SDS, 10 mM EDTA) containing
1 uL Proteinase K (20 mg/mL, Life Technologies). After incubation
at 55°C for 1h, DNA was purified by extraction with phenol-
chloroform and precipitated by ethanol in the presence of
glycogen (20 mg/mL, Roche, 10901393001) for >3 h at -20 °C.
Sequencing libraries were generated using the KAPA Hyper
Prep Kit for the Illlumina platform (kk8504), following the
manufacturer’s instructions. To assess library complexity, we chose
agarose gel electrophoresis instead of SPRI bead-based methods
for size selection. Because DHSs are not binary, only the smearing
pattern samples under appropriate digestion were ideal for
generating high-quality DNase data. DNA fragments of 150-300
bp were extracted from the agarose gel for a second PCR
amplification. The DNA was eluted in 15 uL of elution buffer (2.5
mM Tris, pH 7.6, 0.05 mM EDTA) and quantified by a Qubit dsDNA
HS assay kit (ThermoFisher Scientific, Q32854) and Agilent High
Sensitivity assay kit (Agilent Technologies). The libraries were
sequenced on an lllumina HiSeq 2500 with a single-end 50 bp
protocol.

ULI-NChIP-seq

The ULI-NChIP procedure was performed as previously
described.>® Approximately 3000 PGCs were used per reaction.
One microgram of histone H3K4me3 antibody (Cell Signaling
Technology, #9727), histone H3K27me3 antibody (Diagenode,
C15410069) or histone H3K27ac antibody (Active Motif, #39133)
was used for each immunoprecipitation reaction. The sequence
libraries were generated using the KAPA Hyper Prep Kit according
to the manufacturer’s instructions. The libraries were sequenced
on an lllumina HiSeq 2500 with a single-end 50 bp protocol at
Berry Genomics Co., Ltd.

DNase-seq data analysis

Sequencing reads were first trimmed of low-quality and adaptor
sequences using cutadapt (v1.12)*> and then mapped to the
mouse genome (mm10) or human genome (hg38) using bowtie
(v1.2)** with the parameters: -v 1 -m 1 --mm --no-unal. Uniquely
mapped reads were kept for further analysis using SAMtools
(v1.6).>> The DHS peaks were identified based on the above
retained alignment results by the tool Hotspot (v4)*® with FDR <
0.01. The DHS peaks from biological replicates were merged using
‘bedtools merge’ from bedtools (v2.27.0)>” and only the over-
lapping peaks were retained. The signals of the DHS peaks were
calculated and normalized as FPKM (fragments per kilobase per
million uniquely mapped fragments) using ‘multiBamSummary
—centerReads’ from deepTools (2.5.4)°% then divided by the
uniquely mapped fragments and the length of the peak. To
identify more reliable DHS peaks, we further filtered out peaks
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with RPKM < 3. The retained peaks were used for the analysis in
this study.

RNA-seq data analysis

RNA-seq data of mouse PGCs were obtained from published
works (see Supplementary information, Table S3). Sequencing
reads were first trimmed similarly to those in the DNase-seq data
analysis and then mapped to the annotated mouse transcripts
(UCSC mm10) using Hisat2 (v2.1.0)*° with the parameters: —-dta-
cufflinks --no-unal. Mapped reads were subsequently assembled
into transcripts guided by the UCSC gtf annotation files using
Cuffdiff (v2.2.1).°° The expression level of each gene was
quantified with normalized FPKM. For human PGC RNA-seq data,
we directly used the gene expression levels provided by the
published works.>®

Histone modification ChIP-seq data analysis

Sequencing reads were trimmed and then mapped to the mouse
genome (mm10) similarly to those in the DNase-seq data analysis.
Uniquely mapped reads were kept for further analysis using
SAMtools (v1.6).>> Genome-wide histone modification signals
were calculated using a 25-bp window and normalized to the
uniquely mapped fragments using ‘bam Coverage’ from deep-
Tools (2.5.4).>% The distribution of a histone modification signal
relative to the center of a set of DHS peaks was calculated as
follows: the distances to the peak center were binned in 10-bp
intervals. The sum of the histone modification signals in the same
bin was normalized by the number of DHS peaks.

TF ChIP-seq data analysis and peak calling

TF ChIP-seq data were taken from published works (see
Supplementary information, Table S3). For three samples (OCT4
for mouse ESC and EpiLC, and PRDM9 for mouse in vitro
experiments), sequencing reads were trimmed and then mapped
to the mouse genome (mm10) similarly to those in the DNase-seq
data analysis. Uniquely mapped reads were retained for further
analysis using SAMtools (v1.6).>> MACS2 (v2.1.1)°' was used to
perform peak calling with P-value < 0.01. For other samples (OCT4
for mouse EpiSC, SOX2 and NANOG for mouse ESC, PRDM14 for
mouse PGC, and DMC1 for different mouse strains), we directly
used the peaks provided by the published works.

Motif enrichment and analysis in DHS peaks

Taking the coordinates of DHS peaks in BED format as an input
file, the tool Homer (v4.9)*° was applied to identify the enriched
motifs in the peaks with the parameters: -size 150 -mask. The
enrichment of the identified motifs was plotted in heatmaps.
Additionally, we scanned each DHS peak using the tool Homer
with the parameters: -size 150 -mask -find NFY_motif in the NFY-
DHSs analysis. Note that “NFY_motif” is the motif matrix of the
transcription factor NFY provided in Homer. Thus, the DHS peaks
were categorized into two groups: containing or not containing
the NFY motif.

Functional annotation of DHS peaks

To predict the function of dynamic DHS during PGC development,
the tool GREAT®® was applied to annotate the potential functions
of the following DHS peak sets: distal peaks common in male
and female mouse PGCs from E12.5 to E16.5; distal peaks
common in male and female human PGCs from 8 to 21 W; E14.5
and E16.5 female-specific DHS peaks that did not overlap
hotspots; orthologous regions with similar DHS signals in both
mouse and human. Significant enrichment was defined as a
Bonferroni-corrected binomial P-value < 0.05. KEGG pathway analy-
sis for male distal DHS peaks (away from TSS=+1kb) containing
the NFY motif at E14.5 but not at E13.5 was performed with DAVID
(P-value < 0.05).5
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Dynamic analysis of DHS peaks

We compared DHS peaks between two adjacent stages and then
classified them into three states by ‘bedtools intersect’ from
bedtools. Here, “gained” means that the DHS peak existed in the
next stage but was not detected in the previous stage, while “lost”
is the reverse situation, and “maintained” means that the DHS
peak existed in both stages with at least 30% overlap.

Conservation estimation of DHS peaks throughout vertebrate
evolution

Orthologous DHS peaks between species were identified as
described previously."®'® In brief, pairwise genome alignments
(“over” chain files) were downloaded from the UCSC Genome
Browser database between mouse (mm10) and human (hg19) to
the following genomes: mouse (mm10), rat (rn6), human (hg38),
elephant (loxAfr3), opossum (monDomb5), chicken (galGal5), frog
(xenTro3), zebrafish (danRer11), chimp (panTro5) and platypus
(ornAna1). Based on these chain files, DHS peaks were mapped
between species using the liftOver tool with -minMatch =0.5 as
the homology cutoff. A DHS peak was two-way orthologous if the
two-way mappings satisfied the following: mapping from query to
target species (e.g, mouse — human) was unique, and the
reciprocal mapping from target species back to query (e.g.,
human — mouse) was also unique. Only such two-way orthologous
DHS peaks were retained for further evolution-related analysis.

The DHS signals in the two-way orthologous DHS peaks
between mouse and human were recalculated in mouse and
human, respectively. The pairwise Spearman correlations between
the signals in these DHS peaks were calculated. We further
compared the DHS signals in the two-way orthologous regions. If
the mouse DHS signals in an orthologous region were 3 times
higher than those of human, we identified that DHS as a mouse-
specific peak. Human-specific DHS peaks in orthologous regions
were defined using the same standard. The remaining ortholo-
gous regions that had comparable DHS signals (<3-fold in either)
were termed mouse and human conserved sites.

To examine the evolutionary history of DHS peaks, we defined
the fraction of DHS peaks conserved throughout vertebrate
evolution as their degree of conservation. A DHS peak was
conserved if it was two-way orthologous. Then, we overlaid the
estimated divergence times of species provided by the published
studies®* ¢ to estimate the proportion of DHS peaks conserved
throughout vertebrate evolution.

DNase-seq data for different mouse and human tissues and cell
lines were downloaded from the ENCODE project (see Supple-
mentary information, Table S3). The DHS peaks provided by the
ENCODE project were directly used in this study. Similarly, two-
way orthologous DHS peaks were identified and retained for the
evolutionary analysis described above.

The per-base phastCons*® scores and phastCons elements for
multiple alignments of vertebrate species were downloaded from
the UCSC Genome Browser database. To assess conservation, we
computed the fractions of phastCons elements that overlapped
mouse- and human-specific DHS peaks and orthologous DHSs
between mouse and human, respectively, and calculated the
exactly phastCons scores on these regions. We also do the similar
analysis on PGC DHSs, female hotspot DHSs and other mouse
male recombination hotspots.

Data and software availability
The accession number for all sequencing data (DNase-seq and
ChlIP-seq) reported in this paper is GEO: GSE109770. You can also
visit our processed data without downloading any files: http://
wukong.tongji.edu.cn/new_home/sjshen/PGC_CR_
data_availability.html.

All analyses were performed based on custom shell, python and
R code, and available upon request.
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