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SUMMARY
In vitro induction of human primordial germ cell-like cells (hPGCLCs) provides an ideal platform to recapitulate hPGC development.

However, the detailed molecular mechanisms regulating the induction of hPGCLCs remain largely uncharacterized. Here, we profiled

the chromatin accessibility and transcriptome dynamics throughout the process of hPGCLC induction. Genetic ablation of SOX15 indi-

cated the crucial roles of SOX15 in the maintenance of hPGCLCs. Mechanistically, SOX15 exerted its roles via suppressing somatic gene

expression and sustaining latent pluripotency. Notably, ETV5, a downstream regulator of SOX15, was also uncovered to be essential for

hPGCLCmaintenance. Finally, a stepwise switch of OCT4/SOX2, OCT4/SOX17, and OCT4/SOX15 binding motifs were found to be en-

riched in closed-to-open regions of human embryonic stem cells, and early- and late-stage hPGCLCs, respectively. Collectively, our data

characterized the chromatin accessibility and transcriptome landscapes throughout hPGCLC induction and defined the SOX15-medi-

ated regulatory networks underlying this process.
INTRODUCTION

The formation of human primordial germ cells (hPGCs) is

critical for establishing the human germline and transmis-

sion of genetic information (Leitch et al., 2013). The recent

development of in vitro differentiation protocols for human

primordial germ cell-like cells (hPGCLCs) from human

pluripotent stem cells (hPSCs) has minimized technical

and ethical limitations inherent in using human tissues.

This system has facilitated our understanding of hPGC

biology, and might eventually provide a source of haploid

germ cells for infertility treatments (Saitou and Miyauchi,

2016). However, the regulatory networks for germ cell

and somatic lineage bifurcation are still unclear and the

establishment of stable hPGCLCs and their furthermatura-

tion remain challenging.

In mammals, primordial germ cells (PGCs) are specified

from early embryonic cells through the sophisticated inter-
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actions between WNT and BMP pathways, which is highly

conserved in humans, monkeys, pigs, andmice (Kobayashi

et al., 2017). It has been reported that the transcription

factors (TFs) BLIMP1 (PRDM1), TFAP2C, and PRDM14 are

general regulators of PGC specification in both mice and

humans (Irie et al., 2015; Sasaki et al., 2015; Sybirna

et al., 2020). However, accumulating evidence indicated

that the germ line specifications are actually quite different

between humans and mice (Irie et al., 2015; Kobayashi

et al., 2017; Kojima et al., 2017; Tang et al., 2015). For

instance, the pluripotency factor SOX2 is essential for

mouse PGC (mPGC) induction, but it is not expressed in

human PGCs (Campolo et al., 2013; Perrett et al., 2008).

Vice versa, SOX17 acts as a key regulator of initial induction

of hPGCLCs, but is dispensable for that in mPGC specifica-

tion (Irie et al., 2015; Kanai-Azuma et al., 2002).

The SOX family member SOX15, which shares a very

similar HMG domain with SOX2 (Kamachi and Kondoh,
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2013), is highly expressed in both hPGCs andmPGCs (Guo

et al., 2015; Sarraj et al., 2003). Interestingly, the develop-

mental defects due to Sox2 deficiency in mESCs can be

rescued by overexpression of Sox15 (Niwa et al., 2016).

Notably, a recent study uncovered the role of SOX15 in

maintaining hPGCLC identity, but how SOX15 regulates

hPGCLC induction is still unclear (Pierson Smela et al.,

2019). Most SOX factors including SOX2, SOX17, and

SOX15 bind to similar CATTGT-like DNA motifs (Hou

et al., 2017; Maruyama et al., 2005). SOX2 and SOX15

also possess the ability to heterodimerize with OCT4 and

bind a canonical SOXOCT motif composed of SOX and

OCT half-sites (CATTGTCATGCAAAT-like) (Chang et al.,

2017). The canonical SOXOCT motif is critical for the

induction and maintenance of pluripotency in mice and

humans (Aksoy et al., 2013a, 2013b; Jauch et al., 2011;

Veerapandian et al., 2018). In addition, a recent study in

seminoma cell lines revealed that the canonical SOXOCT

motifs are bound by SOX17 to regulate pluripotency-

related genes (Jostes et al., 2020). Therefore, it is speculated

that OCT4/SOX17 or OCT4/SOX15 complexes exert over-

lapping regulatory roles in hPGCs or hPGCLCs.

In this study, we investigated the genome-wide chro-

matin changes and transcriptome dynamics in the process

of hPGCLC induction via time course ATAC-seq (assay for

transposase-accessible chromatin using sequencing) and

RNA-seq (RNA sequencing) analyses. We obtained distinct

patterns of CO/OC (closed-to-open/open-to-closed) loci

that underlie the bifurcation of germline and non-germline

lineage. The combined genetic ablation assay and inte-

grated analysis of RNA-seq, ATAC-seq, and CUT&Tag-seq

(cleavage under targets and tagmentation sequencing)

demonstrated that SOX15 was crucial for the maintenance

of hPGCLC identity by simultaneous somatic gene expres-

sion suppression and latent pluripotency preservation.

ETV5, a downstream regulator of SOX15, was validated to

be essential for hPGCLC maintenance. Moreover, in late-

stage hPGCLCs, there was a switch toward utilization of
Figure 1. Chromatin accessibility and gene regulation dynamics
(A) Schematic representation of time course ATAC-seq and RNA-seq
represented as ‘‘D,’’ EpCAM+/INTEGRINa6+ cells are represented as DP
INTEGRINa6� cells are represented as SP.
(B and C) PCA of ATAC-seq (B) and RNA-seq data (C). Cell types are lab
(D) Dynamically closed-to-open (CO), open-to-closed (OC), and perm
heatmap. CO, OC, and PO refer to closed in hESCs but open in D6DP, o
respectively.
(E) Violin plots showing the expression levels of all genes with a TS
Wilcoxon rank-sum test was performed. *p < 0.01.
(F and G) Heatmap showing the genome coverage of ATAC-seq signal
(H) Bubble plot showing the top 2 de novo motifs in COs/OCs.
(I) Selected top ranked de novo motifs from CO (left) and OC (right).
(J) Representative genome coverage plots for ATAC-seq and RNA-seq
an OCT4/SOX15, which was distinct from that in human

embryonic stem cells (hESCs) (OCT4/SOX2) and early-

stage hPGCLCs (OCT4/SOX17).
RESULTS

Chromatin accessibility and gene regulation

dynamics during hPGCLC induction

To investigate the dynamic genome regulation during the

induction of hPGCLCs from hESCs, we used a modified

protocol based on a previous study (Mitsunaga et al.,

2017) to obtain EpCAM+/INTEGRINa6+ (DP) and

EpCAM�/INTEGRINa6� (N) cells (Figure S1A). The PGC

marker genes such as TFAP2C and SOX17were upregulated

in EpCAM+/INTEGRINa6+ cells, while somatic genes such

as HOXA1 were upregulated in EpCAM�/INTEGRINa6�

cells (Figure S1B). We further confirmed the protein expres-

sion of OCT4, SOX17, and TFAP2C in embryoid bodies

(EBs) at day 2, 4, and 6 via immunostaining (Figure S1C).

We then performed a time course ATAC-seq and RNA-seq

analysis throughout hPGCLC induction (Figure 1A). Prin-

cipal-component analysis (PCA) revealed a cell-fate bifurca-

tion between EpCAM+/INTEGRINa6+ and EpCAM�/
INTEGRINa6� cells along the trajectory of hPGCLC

induction from day 1 (D1) onward (Figures 1B, 1C, S1D,

and S1E).

We next used our ATAC-seq data to define the chromatin

accessibility dynamics (Figures 1D and S1F) (Li et al., 2017).

We defined the open chromatin peaks in each ATAC library

using macs2 (Zhang et al., 2008) (Figures S1F and S1G) and

grouped the open/closed regions as reported in previous

studies (Li et al., 2017) (Figure 1D; Table S1).We could iden-

tify dynamically CO, OC, and permanently open (PO) re-

gions.Many PO regions were enriched in the proximal pro-

moters (Figure S1H). We then evaluated the gene

expression patterns associated with the dynamic chro-

matin changes throughout hPGCLC induction, and
during hPGCLC induction
library induction during the hPGCLC induction from hESCs. Day is
, EpCAM�/INTEGRINa6� cells are represented as N, and EpCAM+/

eled as described in (A) and two independent replicates are merged.
anently open (PO) chromatin regions are clustered and shown as a
pen in hESCs but closed in D6DP, and PO in both hESCs and D6DP,

S within 10 kb of an ATAC-seq peak for each CO or OC group. The

s on each CO (F) and OC (G) group.

signals for key germ cell genes.
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observed a significant difference in gene expression pat-

terns from D1 onward when compared with hESCs or 4i

stage (Figure 1E). We then evaluated the OC1-5 and CO1-

5 genomic regions in the N cells and found that N cells

failed to close (FC) in OC3-5 and failed to robustly open

in CO2-5 (Figures 1F and 1G).

To understand the mechanisms underlying the global

chromatin dynamics, we measured the enrichment of TF

binding motifs. AP-2gamma, OCT4:SOX17 (compressed

SOXOCT motif) and single SOX15 motifs were enriched

in the CO regions. In contrast, TEAD, OCT4:SOX2 (canon-

ical SOXOCT motif), and ZIC motifs were enriched in the

OC regions (Figure 1H). Interestingly, the compressed

OCT4:SOX17 motif emerged in the chromatin regions

that open early, while the single SOX15motif was specially

enriched at the sites that open later throughout PGCLC in-

duction (CO4 and CO5; Figures 1H, 1I, S1I, and S1J). In

addition, the DP cells exhibited expected stage-specific

open chromatin signals at the TFAP2C, OCT4, SOX17,

and BLIMP1 loci, and the corresponding transcripts were

upregulated (Figure 1J). In summary, we comprehensively

profiled the chromatin accessibility and transcriptome dy-

namics throughout hPGCLC induction, obtaining the spe-

cific CO/OC patterns and the enriched TF binding motifs.

Determination of the regulatory elements underlying

cell-fate bifurcation of germline and non-germline

lineages

Compared with EpCAM+/INTEGRINa6+ cells (DP cells

committing to the germline lineage), EpCAM�/INTEG-

RINa6� cells (N cells uncommitted to the germline lineage)

were enrichedwith the bindingmotifs of representative so-

matic TFs, such as JUN-AP1, JUNB, and GATAmotifs in the

CO regions and pluripotency-associated TFs in the OC re-

gions (Figures S2A–S2D). To elucidate the regulators ac-

counting for the cell-fate bifurcation of germline and
Figure 2. Determination of the regulatory elements underlying c
(A) Venn diagram showing the top 10k common and specific peaks in
(B) Heatmap showing TF motifs significantly enriched in the common
(C) The top binding motifs enriched in day 1-specific peaks.
(D) Venn diagram showing the top 10k common and specific peaks in
(E) Heatmap showing TF motifs significantly enriched for common an
(F) The top binding motifs enriched in D2DP-specific and D2N-specifi
(G) Failed-to-open (FO) and failed-to-close (FC) peaks for D2N, D4N, D
are derived from peaks open in 4i cells yet closed in D6DP cells or peak
motifs significantly enriched in FO and FC peaks in D2N, D4N, D4SP,
(I) Gene expression of TEAD, GATA family, and AP1 family TFs among
(J) Immunofluorescence of JUN, GATA4, and SOX17 in EBs from day 1
zoomed images.
(K and L) Quantification of relative fluorescence intensity of GATA4 (K
ImageJ software. Eight slides of immunostaining from three indepen
formed, ****p < 0.0001.
non-germline lineage, we first focused on the top 10k peaks

from hESC, 4i, and D1 libraries and intersected the

peaks from each library to obtain the specific and common

peaks (Figure 2A). Interestingly, the top significantly

enriched motifs over D1-specific peaks (2,480 peaks)

are JUN-AP1/AP1, EOMES, AP-2alpha/AP-2gamma, and

GATA binding motifs (Figures 2B, 2C, and S2E). It is well

known that EOMES and TFAP2C (AP-2gamma) play critical

roles in hPGCLC induction (Kojima et al., 2017); however,

it is still unknown that, if the AP1 and GATA family TFs are

essential for this process. We next compared the top 10 kb

peaks from D1, D2DP, and D2N libraries and found

that the D2DP-specific peaks were enriched with AP2,

OCT4:SOX17, SOX17, and SOX15 motifs, while the D2N-

specific peaks were enriched with GATA motifs (Figures

2D–2F and S2F).

To examine the failure to commit to the germline

lineage, we determined the loci that failed to open (FO)

and FC in the mid and late stages, in which all EpCAM�/
INTEGRINa6� and EpCAM+/INTEGRINa6� (SP) cells were

compared with the EpCAM+/INTEGRINa6+ cells (Fig-

ure 2G). Of note, the FO loci were significantly enriched

with AP2, OCT4, OCT4:SOX17, SOX17, SOX15, and EBF

motifs, while the FC loci were enriched with AP1 and

TEAD motifs (Figure 2H). Consistently, somatic lineage

genes such as GATA, AP1, and TEAD family members

were upregulated in N cells (Figure 2I). Next, we found

that the day 1 EBs exhibited a higher proportion of

GATA4-positive cells than that of SOX17-positive cells by

immunostaining (Figures 2J, S2G, and S2H). Notably, there

was no difference for GATA4 expression between SOX17-

positive and -negative cells in day 1 EBs, while the

SOX17-positive cells exhibited significantly lower GATA4

expression than that of SOX17-negative cells from day 2

(Figures 2J and 2K). Although the AP1-JUNmotifs were en-

riched in D1-specific open regions, JUN protein cannot be
ell-fate bifurcation of germline and non-germline lineages
hESCs, 4i cells, and day 1 cells.
and specific peaks in hESCs, 4i cells, and day 1 cells defined in (A).

day 1, D2DP, and D2N cells.
d specific peaks in day 1, D2DP, and D2N cells defined in (D).
c peaks.
4SP, and D6N cells compared with D6DP cells are shown. These peaks
s closed in 4i cells yet open in D6DP cells. (H) Heatmap showing TF
and D6N cells.
DP and N cells as well as 7-week hPGCs (Irie et al., 2015).
to day 6, Scale bar, 50 mm. The dotted boxes enclose representative

) or JUN (L) for SOX17-positive and -negative cells measured by the
dent experiments were used. Two-tailed Student’s t test was per-
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Figure 3. Transcriptional determinants during the induction of hPGCLCs from hESCs
(A) Schematic representation of candidate genes identification.
(B) Heatmap showing the expression of selected modules in which genes are specifically expressed in DP cells. Module eigengenes score
(kME score > 0.7) was used to set the threshold to obtain candidate genes. The red, yellow/blue, and green modules were assigned to day 1-
activated (D1 act.), day 2-activated (D2 act.), and day 4-activated (D4 act.) groups.

(legend continued on next page)
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detected until day 2 (Figure 2J). Interestingly, a mutually

exclusive expression pattern between JUN and SOX17

was identified (Figures 2J and 2L), suggesting the potential

antagonism between JUN and SOX17.

Transcriptional determinants during the induction of

hPGCLCs from hESCs

In contrast to EpCAM�/INTEGRINa6� (N) cells, the Ep-

CAM+/INTEGRINa6+ (DP) cells were on a trajectory toward

gonadal hPGCs (Figure S3A). To evaluate the key transcrip-

tional regulators that control hPGCLCs, we annotated all

genes with a transcription start site (TSS) within 20 kb of

the CO1-5 regions (3,130 genes) and constituently opened

PO regions (6,355 genes) from Figure 1D. From this, we ob-

tained 4,202 union genes from the CO and PO regions after

removing lowly expressed genes (Figure 3A). We clustered

the genes usingweighted gene correlation network analysis

(WGCNA) (Langfelder andHorvath, 2008) and obtained 16

modules across hPGCLC induction (Figure S3B; Table S2).

Thesemodules showed distinct patterns of gene expression

and gene ontology (GO) (Figures 3B, 3C, and S3C–S3F).

Based on the expression patterns, we assigned the

WGCNA-identified modules: red as day 1 activated (D1

act.), yellow/blue as day 2 activated (D2 act.), and green

as day 4 activated (D4 act.) (Figure 3B). GO analysis showed

that nucleic acid metabolism-related terms were enriched

in genes highly expressed from hESCs to D1 (Figures S3C

and S3D), while genes in D1, D2, and D4 act. modules

were related to terms such as ‘‘stem cells division’’ and

‘‘WNT signaling related’’ (Figure 3C; Table S2). Conversely,

genes highly expressed in N cells were enriched in GO

terms associated with somatic differentiation (Figures S3E

and S3F; Table S2).

To find the critical genes involved in the induction of

hPGCLCs, we first focused on the D1 act. genes that

showed the similar expression patterns to SOX17.

PCAT14, a long non-coding RNA, was activated from day

1 and exhibited high expression and specific open regions

in hPGCLCs (Figures 3D, 3E, and S3G). But PCAT14
(C) Gene ontology (GO) analysis of the genes in the D1 act., D2 act.,
(D) Heatmap showing the expression pattern of representative D1 ac
(E) Selected genomic views showing the ATAC-seq signals and TFAP2
et al., 2019) for PCAT14 in the indicated samples. The specific open
(F) The percentages of TFAP2C-EGFP(+) cells of floating embryoids o
induction at the indicated days via the 4i method. Results of four in
(G) Heatmap showing the overall expression of all TFs from the D1/
hPGCLCs and hPGCs are highlighted.
(H) Selected genomic views showing the ATAC-seq signals and TFAP2C
The specific open regions with TFAP2C binding are marked with a gra
(I) The percentages of EpCAM+/INTEGRINa6+ cells of floating embry
duction at the indicated days via the 4i method. Results of six independ
performed, ***p < 0.001.
knockout (KO) exhibited no obvious effect on the induc-

tion of hPGCLCs (Figures 3F and S3H–S3J). Then we inter-

sected genes in D1, D2, and D4 act. groups with a database

of TFs (Hu et al., 2019) and 53 unique TFs were identified.

In detail, SOX17, BLIMP1, and TFAP2C were activated at

day 1, whileNFKB2, SOX15, ETV4,NANOG, ETV5,HIVEP1,

and TFCP2L1 were activated from day 2 or day 4 (Fig-

ure 3G). All the TFs highlighted in Figure 3G showed signif-

icant expression levels in DP cells (hPGCLCs) like that in

hPGCs, but were downregulated in N cells. Notably, there

were specific open regions at the loci of SOX15 in DP cells

from day 2 (Figure 3H), which were consistent with the

gene expression pattern. In addition, the specific open re-

gions of SOX15 genome loci showed the enrichment of

TFAP2C peaks (Figure 3H). To confirm if SOX15 was essen-

tial for the induction of hPGCLCs from hESCs, we gener-

ated SOX15 KO hESC clones and confirmed the absence

of the SOX15 protein (Figures S4A and S4B). The resulting

SOX15 KOs were karyotypically normal and expressed plu-

ripotency marker genes (Figures S4C and S4D). Interest-

ingly, we found that the proportion of hPGCLCs was

dramatically decreased on D6 and D8 in the SOX15 KO

lines (Figures 3I, S4E, and S4F), indicating that SOX15

might be crucial for the maintenance of hPGCLC identity.

In addition, genetic ablation of SOX15 also led to a decrease

of EpCAM+/INTEGRINa6+ cells from D4 in the iMeLC sys-

tem (Figures S4G–S4I). And SOX15 KO had no obvious ef-

fect on the cell-proliferation and apoptosis status of

hPGCLCs (Figures S4J–S4M).

Absence of SOX15 in hPGCLCs derails the germline

fate and initiates a somatic lineage program

To obtain a comprehensive insight into the roles of SOX15

throughout hPGCLC induction, we evaluated the impact

of the SOX15 KO on the transcriptome via time course

RNA-seq. Intriguingly, PCA showed that the divergence

between the SOX15 wild type (WT) and KO started at D2

(Figure 4A). In support of this, the number of differentially

expressed genes (DEGs) increased from day 2 onward
and D4 act. groups as defined in (B).
t. genes.
C chromatin immunoprecipitation sequencing (ChIP) signals (Chen
regions from day 1 are marked with a gray box.
f WT (black) and PCAT14 knockout (KO) lines (green) upon hPGCLC
dependent experiments were shown (n = 4).
D2/D4 act. modules. Key genes with relatively high expression in

ChIP signals (Chen et al., 2019) for SOX15 in the indicated samples.
y box.
oids from WT (black) and SOX15 KO lines (green) upon hPGCLC in-
ent experiments were shown (n = 6). Two-tailed Student’s t test was
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Figure 4. Absence of SOX15 in hPGCLCs derails the germline fate and initiates a somatic lineage program
(A) PCA of the RNA-seq data of WT and SOX15 KO samples. Cell types are indicated by different colors. The green color shows the diverted
pathway of SOX15 KO cells. Results of three independent experiments were shown and the replicates are represented by triangles, squares,
and circles.

(legend continued on next page)
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(Figure 4B; Table S3). Among the late-stage (day 6) DEGs,

we noticed that pluripotency genes were downregulated;

however, a range of somatic genes were upregulated in

SOX15�/� hPGCLCs relative to the control (Figures 4C–

4E; Table S3). qPCR further validated the aberrant upregu-

lation of somatic genes (GATA4, GATA6, HOXA1, and

HOXB1) and the de novo DNA methyltransferases

(DNMT3A) (Figures 4F and 4G). These data support the

notion that SOX15 is essential for maintaining the germ

cell identity of late-stage hPGCLCs.

Among the affected genes in SOX15�/� hPGCLCs, we

found that several pluripotency-associated genes (such as

TFCP2L1) were downregulated (Figure 4C). Thus, we next

attempted to see if the naive stem cell-specific gene

TFCP2L1 (Wang et al., 2019) was also involved in hPGCLC

induction; however, TFCP2L1 KO did not impact the in-

duction of hPGCLCs (Figures S5A–S5H).

SOX15might act as a downstream regulator of TFAP2C

To identify the upstream regulator of SOX15, we first

compared the expression of hPGC and pluripotency-asso-

ciated marker genes in the SOX15�/�, SOX17�/�,
TFAP2C�/�, and BLIMP1�/� cells throughout hPGCLC in-

duction (Kojima et al., 2017) (Figures S6A and S6B). We

found that, at day 2, SOX17�/� cells exhibited the complete

loss of expression of early hPGC and pluripotency-associ-

ated marker genes, while TFAP2C�/� cells maintained

lower levels of SOX17 and BLIMP1 until day 2. Compared

with SOX17�/� and TFAP2C�/� cells, the BLIMP1�/� cells

expressed SOX17 at similar levels to WT until day 2 and

maintained higher levels of pluripotency and hPGC-associ-

ated markers until day 4 (Figure S6B). Notably, SOX15

expression was not activated in both SOX17�/� or

TFAP2C�/� cells, while it was indistinguishable in

BLIMP1�/� cells. This implies that SOX15 might be the

downstream regulator of SOX17 and TFAP2C but not

BLIMP1. To further test whether SOX15 expression is

dependent on SOX17 or TFAP2C, we analyzed the up-

and downregulated genes in hPGCLCs using the RNA-seq
(B) Bar plot showing the number of differentially expressed gene
(padj < 0.05, log2 fold change [FC] > 0.5 or > 1).
(C) Scatterplot showing the DEGs in SOX15�/� DP cells at day 6. The SO
fold change > 0.5).
(D) GO terms enriched in DEGs in SOX15�/� DP cells (log2 fold chang
(E) Line plots showing gene expression dynamics of the indicated ge
(F and G) qPCR of the indicated genes in EpCAM+/INTEGRINa6+ cells o
SOX15�/� hESCs, respectively. Relative expression levels are shown n
dependent replicates. Two-tailed Student’s t test was performed, *p
(H) Heatmap showing the GO terms enriched in the upregulated gen
TFAP2C�/� cells (day 4). The gene numbers here are from Figure S6.
(I) Line plots showing the gene expression of the downstream genes
(J) Western blot analysis of SOX11 protein in day 5 SOX15�/� embryo
data: SOX15�/� (day 2, day 4, or day 6), SOX17�/� (day

2), and TFAP2C�/� and BLIMP1�/� (day 4), compared

with their controls (Kojima et al., 2017) (Figures S6C–

S6H; Table S4). Interestingly, we observed that several ca-

nonical pathways such as ATF2 and AP1 were significantly

enriched in commonly upregulated genes in SOX15�/� and

TFAP2C�/� at day 4 and day 6, but not genes in SOX15�/�

and BLIMP1�/� (Figure S6I). Furthermore, SOX15�/� cells

and TFAP2C�/� cells shared many somatic lineage-related

GO terms in the upregulated genes (Figure 4H). In addition,

the downregulated genes shared with TFAP2C�/� or

BLIMP1�/� had only a few significant associated GO terms

(Figure S6J).

To establish the direct relationship between SOX15 and

TFAP2C as well as BLIMP1, we examined the target genes

of BLIMP1, BLIMP1/TFAP2C, and TFAP2C, respectively

(Kojima et al., 2017). We found that the targets of BLIMP1

and BLIMP1/TFAP2C were not affected in SOX15�/� cells

(Figure S6K); however, TFAP2C target genes associated

with mesoderm differentiation were significantly upregu-

lated in SOX15�/� hPGCLCs (Figure 4I). Notably, chro-

matin immunoprecipitation sequencing analysis showed

that TFAP2C can bind to several proximal elements at the

SOX15 locus, supporting the notion that TFAP2C might

be an upstream regulator of SOX15 (Figure 3H) (Chen

et al., 2019). Western blot results further demonstrated

that SOX11, a shared marker gene of mesoderm and ecto-

derm lineages, was upregulated in SOX15�/� cells (Fig-

ure 4J). Together, these results suggest that SOX15 might

act as a downstream regulator of TFAP2C to exert its

functions.

The suppression of somatic gene expression mediated

by SOX15 is associated with chromatin accessibility

To determine how SOX15 exerts its roles in somatic gene

expression suppression during hPGCLC induction, we per-

formed ATAC-seq in WT and SOX15�/� hPGCLCs. PCA

analysis demonstrated that SOX15�/� hPGCLCs cells

diverged from the hPGCLC trajectory from day 4 onward
s (DEGs) during the induction of hPGCLCs from SOX15�/� hESCs

X15�/� upregulated and downregulated genes are color coded (log2

e > 0.5).
nes.
f day 4 embryoids (F) and day 6 embryoids (G) derived from WT and
ormalized to GAPDH. Error bars indicate mean ± SD from three in-
< 0.05, **p < 0.01.
es (day 4 and day 6) in SOX15�/� cells shared with BLIMP1�/� or

regulated by TFAP2C.
ids relative to the control. Tubulin was used as an inner control.

Stem Cell Reports j Vol. 16 j 1245–1261 j May 11, 2021 1253



Figure 5. The suppression of somatic gene expression mediated by SOX15 is associated with chromatin accessibility
(A) PCA plot showing ATAC-seq analysis of the hPGCLC induction under the normal and SOX15 KO states. Two independent replicates are
merged.
(B) Heatmap of ATAC-seq signals in the indicated samples over shared-open chromatin regions constituting 41,140 peaks, SOX15�/� FO
regions constituting 11,439 peaks, and SOX15�/� FC regions constituting 3,555 peaks.
(C) Bar plot showing the percentage of genomic features from FO, FC, and shared regions.
D) Top 2 de novomotifs from shared, FO, and FC genomic regions. The name of the motifs with respective p value and percentage are shown
on each motif.
(E) Venn diagram showing the intersection of nearby genes from FO, FC, or shared regions that shared with the downregulated and up-
regulated genes in day 6 SOX15�/� cells, respectively. Log2 fold change > 0.5.

(legend continued on next page)
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(Figure 5A). We also combined the D4 and D6 ATAC-seq

data and clustered them into three categories, shared-

open, FO, and FC (Figure 5B). The open chromatin regions

of shared, FC, and FO groups were highly enriched around

the distal and intergenic regions (Figure 5C). Of note, we

discovered the top TF binding motifs of each category

(shared-open, AP2 and SOX15; FC, FOXA1:AR and

TEAD2; FO, OCT4:SOX2) (Figure 5D).

We next extracted the day 6DEGs around the shared, FO,

and FC open chromatin regions, respectively. There were

53 downregulated genes and 76 upregulated genes for FO,

15 downregulated genes and 28 upregulated genes for FC,

and 393 downregulated genes and 729 upregulated genes

for shared-open regions (Figure 5E). Among the unique

genes for shared-open regions, we observed that the heart

development (i.e., somatic mesoderm)-related genes were

upregulated, while double-strand break repair via homolo-

gous recombination-related genes were downregulated in

SOX15�/� hPGCLCs (Figure 5F; Table S5). This result indi-

cates that the genes nearby were still affected by the

absence of SOX15, albeit no change of these shared-open

chromatin regions. Due to the limited number of DEGs,

we combined the common genes near shared regions of

FO or FC regions for further analysis. GO analysis of genes

near the FO and FC regions revealed that the downregu-

lated genes were enriched in DNA replication and pluripo-

tency-related GO terms, while the upregulated genes were

enriched inheart development-relatedGOterms (Figure5F;

Table S5). In addition, we combined the genes in similar

GO terms of shared, FC, as well as FO groups and found

that the downregulated or upregulated genes of these GO

terms in SOX15�/� cells exhibited differential expression

patterns throughout hPGCLC induction (Figures 5G and

5H). Overall, loss of SOX15 in hPGCLCs disturbed the

genes near the unchanged chromatin open regions or re-

sulted in aberrant chromatin changes, both ofwhichmight

further induce the observed cell-fate bifurcation to somatic

lineages.

SOX15 exerts its function in hPGCLCmaintenance by

directly suppressing somatic gene expression and

sustaining latent pluripotency

To find the target genes bound by SOX15, we first estab-

lished SOX15-33Flag-P2A-EGFP-Puro knockin cell lines

and obtained day 4 EpCAM+/INTEGRINa6+ (DP) cells to

perform CUT&Tag assays (Figures 6A, S7A, and S7B)

(Kaya-Okur et al., 2020). SOX15 peaks were mainly en-

riched around the proximal and distal promoter regions
(F) GO analysis for upregulated and downregulated genes nearby sha
(G and H) Boxplots (with the median and 25th and 75th percentiles
representing the GO terms of DNA repair, DNA replication, and cell cyc
the GO terms shown in (F) and key genes are indicated.
(Figure 6B). Next, we performed de novo motif search on

SOX15 peaks. Interestingly, we found AP2-gamma, KLF4,

and OCT4:SOX2 on the top enriched motif list, indicating

that the AP2-gamma (TFAP2C) and KLF4 might also bind

near the SOX15-bound regions (Figure 6C). For the extin-

guishment of SOX2 in hPGCLCs, the OCT4:SOX2 motifs

regions should be bound by OCT4/SOX17 or/and OCT4/

SOX15. By overlaying the enrichment of ATAC-seq signals

on top 10k SOX15 peaks, we found four different signals

clusters. Interestingly, cluster 4 (5,177 regions) showed a

stronger signal specific to DP cells (Figure 6D). Moreover,

the chromatin accessibility status near SOX15 peaks were

dramatically decreased in D4 SOX15 KO DP cells (Fig-

ure 6E). Surprisingly, the relative ATAC signals on D2 for

SOX15 peaks were highly enriched in both WT and

SOX15 KO DP cells; however, the ATAC signal for SOX15

peaks were only remained enriched in WT DP cells on D4

and D6 (Figure S7C). These results indicate that SOX15

might exert its function by regulating chromatin accessi-

bility and thereby target gene expression.

Then, we searched for D6 DEGs around the top 10k

SOX15 peaks. About 602 upregulated genes and 427 down-

regulated genes were obtained (Figure 6F). GO analysis of

these genes revealed that the upregulated genes were en-

riched in the terms associated with somatic lineage differ-

entiation, while the downregulated genes were enriched

for the DNA repair and pluripotency-related terms (Fig-

ure 6G; Table S6). Moreover, SOX15 peaks were detected

at the proximal regulatory elements of several pluripo-

tency-related genes, such as PRDM14, NANOG, ETV4, and

ETV5 (Figures 6G and S7D) (Kalkan et al., 2019; Murakami

et al., 2016; Sybirna et al., 2020). These results suggest that

SOX15might be involved inmaintaining the latent plurip-

otency of hPGCLCs (Leitch and Smith, 2013). In support of

this, the regulatory elements bound by SOX15 of these

genes showed decreased ATAC signals in day 4/6 SOX15

KO DP cells compared with that in WT DP cells, which

were consistent with the downregulated expression of

these genes (Figures 6G–6I and S7D). These results indi-

cated that SOX15 exerted its functions in maintaining

the identity of hPGCLCs through dual effect-simultaneous

suppression of somatic gene expression and the retention

of latent pluripotency.

Given the fact that PRDM14 and NANOG are implicated

in the induction of PGCLCs (Murakami et al., 2016; Syb-

irna et al., 2020), we then investigated whether ETV5 was

also involved in the maintenance of hPGCLCs by acting

as a direct target of SOX15. To this end, the expression
red, FO, and FO regions, respectively, as shown in (E).
) and heatmap showing the expression patterns of specific genes
le (G), or heart development (H). The symbols #, *, and^ represent

Stem Cell Reports j Vol. 16 j 1245–1261 j May 11, 2021 1255



(legend on next page)

1256 Stem Cell Reports j Vol. 16 j 1245–1261 j May 11, 2021



pattern of ETV5 was first evaluated, and we found that

ETV5 was downregulated in D4 SOX15 KO DP cells (Fig-

ure S7E). Then, ETV5 hESC KO clones (TFAP2C-EGFP

knockin) were generated and the absence of the ETV5 pro-

tein was confirmed (Figures S7F and S7G). The resulting

ETV5KOs can be induced into hPGCLCswith decreased ra-

tio of hPGCLCs compared withWTcontrol (Figures 6J, 6K,

S7G, and S7H). These data proved that ETV5, which acted

as a downstream regulator of SOX15, was essential for

hPGCLC maintenance.

A stepwise OCT4:SOX motifs switch throughout

hPGCLC induction

To further study the stage-specific role of SOXs andOCT4/

SOXs in the induction of hPGCLCs, we performed a

focused analysis of SOX motifs in open chromatin. First,

we defined peaks in DP (top 10k peaks from day 2/4/6

DP libraries), N (peaks from day 2/4/6 N libraries), and E

(peaks from early stage: hESCs, 4i, and day 1 libraries)

groups and intersected the peaks to obtain specific peaks

in each group (Figure 7A). The DP-specific ATAC signals

(4,049 peaks) were enriched in hPGCLCs and gonadal

hPGCs (Chen et al., 2018), while the N-specific ATAC sig-

nals (6,968 peaks) were not found in hPGCLCs and hPGCs

(Figure S7I). These DP-specific regions showed an enrich-

ment of known single SOX or OCTSOX motifs (Figures

7B and 7C). Notably, SOX2 and OCT4:SOX2 motifs (ca-

nonical SOXOCT motifs) were enriched in DP-specific re-

gions (Figures 7B and 7C), which was not consistent with

the absence of SOX2 in hPGCLCs (Figure 7D). This

prompted us to ask if the SOX2 and OCT4:SOX2 motifs

sites in DP group were engaged by SOX17 or SOX15 to

form an OCT4/SOX17 or OCT4/SOX15 heterodimer.

Notably, co-immunoprecipitation results in HEK293 cells

showed that there was an interaction between OCT4 and
Figure 6. SOX15 exerts its function in hPGCLC maintenance by dire
pluripotency
(A) Schematic representation of the SOX15 CUT&Tag analysis workflo
(B) Bar plot showing the percentage of genomic feature distribution
(C) The top binding motifs enriched in SOX15 peaks.
(D) Heatmap of ATAC-seq signals in the indicated samples over the t
(E) Pileup of the ATAC-seq signals over the top 10k SOX15 peaks regi
(F) Heatmap showing the expression patterns of upregulated or downre
cells.
(G) GO analysis for the upregulated or downregulated genes as descri
(H) Heatmap showing the expression patterns of downregulated plur
(I) Selected genomic views showing the ATAC-seq signals, TFAP2C ChI
ETV5 genome loci in the indicated samples. The specific open regions w
cells compared with those in DP cells are marked with a gray box.
(J) Bright-field (BF) and fluorescence (TFAP2C-EGFP) images of floatin
(K) The percentages of TFAP2C-EGFP(+) cells of floating embryoids from
via the 4i method. Results of six independent experiments are shown (
0.001.
SOX15 or SOX17 (Figures S7J and S7K). In addition, over-

expression of Sox15 can rescue the defects that result from

the absence of Sox2 in mESCs (Niwa et al., 2016). It is

known that SOX17 heterodimerize with OCT4 to bind a

compressed motif (OCT4:SOX17), which lacks a single

base pair between the SOX and OCT half-sites compared

with the canonical motifs (OCT4:SOX2) (Figure 7C),

while SOX15 can heterodimerize with OCT4 on canonical

elements (Chang et al., 2017), albeit there is no direct ev-

idence to demonstrate the presence of OCT4:SOX15 mo-

tifs so far. Molecular modeling results further showed

that human OCT4-SOX15-DNA complex shared a similar

overall fold with mouse OCT4-SOX2-DNA complex (Fig-

ure 7E). Based on this evidence, the OCT4:SOX2 motifs

enriched in the DP-specific group and SOX15 CUT&Tag

peaks (Figure 6C) were most likely to be OCT4:SOX15

motifs.

To determine if the predicted OCT4:SOX15 motifs was

functionally relevant, we first extracted 1,595, 68, and 3

ATAC-seq peaks including OCT4:SOX15 motifs sites in the

shared, FO, and FC groups, respectively (Figure S7L). Next,

we searched the DEGs around the predicted OCT4:SOX15

binding motif sites in SOX15�/� DP cells. GO analysis of

genes around the shared regions showed that the 123 upre-

gulated genes in SOX15�/� DP cells were enriched in terms

such as ‘‘extracellular matrix organization,’’ while the 66

downregulated genes were enriched in terms such as ‘‘cell

fate commitment’’ (Figures 7F and 7G; Table S6). Notably,

the downregulated genes included PRDM14 and NANOG,

which are critical for the latent pluripotency of germline.

Based on these results, we established a model that sup-

ports a stepwise switch of OCT/SOX heterodimerization

preferences, from OCT4/SOX2 in pluripotent cells, to

OCT4/SOX17 in early-stage cells, and then to a putative

OCT4/SOX15 binding module in the late stage
ctly suppressing somatic gene expression and sustaining latent

w in hPGCLCs.
of SOX15 peaks.

op 10k SOX15 peaks.
ons in the indicated cells.
gulated genes around the top 10k SOX15 peaks in day 6 SOX15 KO DP

bed in (F).
ipotency-related genes in SOX15 KO DP cells.
P signals (Chen et al., 2019), and SOX15 signals at the PRDM14 and
ith SOX15 signals and decreased ATAC-seq signals from day 4 KO DP

g embryoids from WT and ETV5�/� lines at day 6. Scale bar, 200 mm.
day 6 WT (black) and ETV5 KO lines (green) upon hPGCLC induction

n = 6). Two-tailed Student’s t test was performed, *p < 0.05, ***p <
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Figure 7. A stepwise OCT4:SOX motifs switch throughout hPGCLC induction
(A) Venn diagram showing the common and different peaks in DP, N, and E groups.
(B) Bar plot representing the percentage of known OCTSOX motifs enriched in DP/N/E-specific open chromatin regions.
(C) Known SOX and OCT motifs with respective TF binding sequences.
(D) Line plot showing the gene expression of SOX2, SOX15, SOX17, and OCT4 in E (hESC, 4i, day 1), DP, and N cells.
(E) Ribbon diagrams showing the similarity between the structure of known mouse OCT4-SOX2-DNA complex (PDB: 6HT5) and the predicted
modeled structure of human OCT4-SOX15-DNA complex.
(F) Heatmap showing the expression pattern of upregulated or downregulated genes around putative OCT4:SOX15 binding motif sites,
which belong to the ‘‘Shared’’ group as described in Figure 5B, in day 6 SOX15 KO DP cells.
(G) GO analysis for the upregulated or downregulated genes as described in (F).
(H) Schematic showing the roles of SOX15, ETV5, and the key motifs during the induction of hPGCLCs.
(Figure 7H). This model describes the critical roles of

SOX15 in the maintenance of hPGCLC identity via sup-

pressing somatic gene expression and sustaining latent

pluripotency.
1258 Stem Cell Reports j Vol. 16 j 1245–1261 j May 11, 2021
DISCUSSION

Here, time course ATAC-seq and RNA-seq analyses were

performed to resolve the dynamics of genome regulation



in both hPGCLCs andnon-hPGCLCs. In addition, we iden-

tified the involvement of SOX15 in maintaining the iden-

tity of hPGCLCs. Further studies showed that SOX15

exerted its functions in hPGCLCs by suppression of

somatic gene expression and retainment of latent pluripo-

tency. Among the SOX15-mediated regulatory networks

underlying latent pluripotency preservation, ETV5 was re-

vealed to be critical for hPGCLC maintenance by acting as

a downstream regulator of SOX15. Finally, a stepwise

OCT4:SOX motifs switch was uncovered to have potential

functions throughout hPGCLC induction. Based on our

data and the accumulated evidence, we propose a model

that SOX15 is involved in facilitating the establishment

of hPGCLC regulatory networks (Figure 7H).

The analysis for chromatin dynamics of both hPGCLCs

and non-hPGCLCs from hESCs revealed that several TF

motifs as ‘‘accelerators’’ (AP2, OCT4:SOX17, and SOX15)

or potential ‘‘suppressors’’ (GATA, AP1, and TEAD) of

hPGCLC induction. However, it is noteworthy that GATA

and AP1 motifs are not only enriched in non-hPGCLCs

(Figures S2B and S2C), but also in the regions over D1-spe-

cific peaks, in which the EOMESmotif is also enriched (Fig-

ure 2C). Therefore, it would be appealing to validate the

functions of GATA and AP1 in the induction of hPGCLCs,

which might provide new insights into the cell-fate bifur-

cation of germline and somatic lineage.

SOX17 and TFAP2C exert their functions in hPGCLC in-

duction in an interdependent manner, and TFAP2C has a

decisive role in the somatic lineage suppression to main-

tain the hPGCLC identity (Kobayashi et al., 2017; Kojima

et al., 2017); growing evidence shows that TFAP2C is

involved in the activation of OCT4 naive enhancers and

the prevention of hPGCLCs from somatic lineages (Chen

et al., 2018, 2019; Pastor et al., 2018). Consistent with these

findings, our genome-wide analysis revealed that the

hPGCLCs were enriched with TFAP2C motif elements as

well as SOX17, SOX15, and OCT4/SOX motif elements,

coinciding with the suppression of the somatic transcrip-

tome. Moreover, we found that removal of SOX15 destabi-

lizes hPGCLCs after day 4. A recent study demonstrates

that the absence of SOX15 derails the germline fate of

hPGCLCs and reactivation of SOX15 could rescue the

hPGCLC identity in the SOX15�/� cell line (Pierson Smela

et al., 2019); however, the detailed mechanisms of SOX15

in hPGCLCs are still unclear. Combined with ATAC-seq

and CUT&Tag-seq analysis, we discovered that SOX15

played critical roles in the maintenance of hPGCLC iden-

tity by suppression of somatic gene expression and retain-

ment of latent pluripotency.

In this study, a stepwise switch of the OCT4:SOXmotif is

uncovered throughout hPGCLC induction, in which

OCT4/SOX2, OCT4/SOX17, and predicted OCT4/SOX15

motifs are enriched in open regions of hESCs, and early-
and late-stage hPGCLCs, respectively. Further analysis

demonstrated that the predicted OCT4/SOX15 binding

motif is most likely to be functionally relevant, as exempli-

fied by the involvement in the suppression of somatic gene

expression. Previous studies reveal that the proper downre-

gulation of SOX2 in the initial induction of hPGCLCs is

possibly dependent on EOMES, but not SOX17 (Kojima

et al., 2017). Coincident with the suppression of SOX2,

the emergence of SOX17 expression from the early stage

is mainly controlled by EOMES (Kojima et al., 2017). In

this regard, it would be interesting to know the mecha-

nisms regulating the shift from OCT4/SOX2 (pluripotent

cells) to OCT4/SOX17 (early-stage hPGCLCs) and then to

OCT4/SOX15 (mid- to late-stage hPGCLCs).

Collectively, this work characterizes the chromatin acces-

sibility and transcriptome dynamics from hESCs to

hPGCLCs or to non-hPGCLCs, providing novel insights

into in vitro human germ cell induction, as exemplified

by the critical role of SOX15 in the maintenance of

hPGCLC identity by suppressing somatic gene expression

and retaining latent pluripotency.
EXPERIMENTAL PROCEDURES

Induction of 4i hESCs and hPGCLCs
hPGCLCs were generated from hESCs based on a previously re-

ported protocol (Mitsunaga et al., 2017) with slight modifications.

Further information is provided in the supplemental experimental

procedures.

Statistical analysis
Statistical analyses were performed usingGraphPrism6.0 software.

All values are depicted as themean ± SD. The statistical parameters,

such as statistical analysis, n values, and statistical significance, are

shown in the figure legends. Statistical significance is presented in

the figures as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and

not significant (ns, p > 0.05) (Student’s t test) unless stated other-

wise. The other statistical tests for DEG analysis, GO analysis,

and motif discovery are implemented as part of the respective

computational framework of the above websites and tools.

Data and code availability
The accession number for the ATAC-seq, RNA-seq and CUT&Tag-

seq data reported in this paper is Gene Expression Omnibus

(GEO): GSE143345.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.03.032.
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