


Cell Reports

The TFAP2C-Regulated OCT4 Naive Enhancer
Is Involved in Human Germline Formation

Di Chen,'-° Wanlu Liu,2?° Jill Zimmerman,' William A. Pastor,'-'° Rachel Kim,2 Linzi Hosohama,' Jamie Ho,’

Marianna Aslanyan,’ Joanna J. Gell,*° Steven E. Jacobsen,’-23.6.7 and Amander T. Clark-2.3.8.11.*

1Department of Molecular Cell and Developmental Biology, University of California, Los Angeles, Los Angeles, CA, USA

2Molecular Biology Institute, University of California, Los Angeles, Los Angeles, CA, USA

3Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell Research, University of California, Los Angeles, Los Angeles, CA, USA
4Department of Pediatrics, Division of Hematology-Oncology, Los Angeles, CA 90095, USA

5David Geffen School of Medicine, Los Angeles, CA 90095, USA

8Department of Biological Chemistry, University of California, Los Angeles, Los Angeles, CA, USA
“Howard Hughes Medical Institute, University of California, Los Angeles, Los Angeles, CA, USA
8Jonsson Comprehensive Cancer Center, University of California, Los Angeles, Los Angeles, CA, USA

9These authors contributed equally

10Present address: Department of Biochemistry, McGill University, Montreal, QC H3G 1Y6, Canada

11Lead Contact
*Correspondence: clarka@ucla.edu
https://doi.org/10.1016/j.celrep.2018.12.011

SUMMARY

Human primordial germ cells (hPGCs) are the first
embryonic progenitors in the germ cell lineage, yet
the molecular mechanisms required for hPGC for-
mation are not well characterized. To identify regula-
tory regions in hPGC development, we used the
assay for transposase-accessible chromatin using
sequencing (ATAC-seq) to systematically charac-
terize regions of open chromatin in hPGCs and
hPGC-like cells (hPGCLCs) differentiated from hu-
man embryonic stem cells (hESCs). We discovered
regions of open chromatin unique to hPGCs and
hPGCLCs that significantly overlap with TFAP2C-
bound enhancers identified in the naive ground state
of pluripotency. Using CRISPR/Cas9, we show that
deleting the TFAP2C-bound naive enhancer at the
OCT4 locus (also called POU5F1) results in impaired
OCT4 expression and a negative effect on hPGCLC
identity.

INTRODUCTION

Germ cells transmit genetic and epigenetic information from one
generation to the next and are critical for fertility. Germ cell
specification begins in the embryo with the formation of primor-
dial germ cells (PGCs), and this remarkable event has been
studied in a range of animal models, including insects, crickets,
spiders, worms, fish, frogs, rodents, and non-human primates
(Clark et al., 2017; Extavour and Akam, 2003; Leitch et al.,
2013b; Magnusdéttir and Surani, 2014; Nakamura and Exta-
vour, 2016; Raz, 2003; Sasaki et al., 2016; Schwager et al.,
2015; Williamson and Lehmann, 1996). The challenge with
studying mechanisms involved in early human PGC (hPGC)
development is that these cells are specified at the time of em-
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bryo implantation, a time that is inaccessible for research. Given
this, the mouse model has traditionally been used to extrapolate
mechanistic information on PGC formation across all mammals,
including humans.

Recent work suggests that humans have evolved a new tran-
scription factor network for inducing hPGC formation centering
on the transcription factor SRY Box 17 (SOX17) (Irie et al.,
2015). The discovery of SOX17’s role in hPGC development
began with 4 inhibitor (4i) cultured human pluripotent stem cells
(hPSCs) and the differentiation of hPGC-like cells (hPGCLCs)
in vitro. It is now appreciated that almost all hESC and human
induced pluripotent stem cell (hiPSC) lines tested to date are
capable of APGCLC formation. Therefore, hPSCs have emerged
as an important model for uncovering new mechanistic insight
into hPGC development. Indeed, using CRISPR/Cas9 gene edit-
ing approaches, critical roles for PRDM1, EOMESODERMIN
(EOMES), and TFAP2C have also been identified in hPGC devel-
opment (Chen et al., 2017; Irie et al., 2015; Kojima et al., 2017;
Sasaki et al., 2015).

hPSCs can be cultured in either the naive or primed states of
pluripotency. Ground-state naive pluripotent stem cells are
different from 4i and primed pluripotent stem cells in that
they are more similar to the pre-implantation epiblast (Gu
et al,, 2016; Pastor et al., 2016; Theunissen et al., 2014,
2016; Weinberger et al., 2016), whereas primed pluripotent
stem cells represent a post-implantation epiblast state (Naka-
mura et al., 2016). Mammalian PGCLCs can be differentiated
from naive ground-state mouse or hPSCs by first re-priming
through epiblast-like cells (EpiLCs) followed by aggregate
differentiation (Hayashi et al., 2011, 2012; von Meyenn et al.,
2016). When starting from primed hESCs or hESCs cultured
in 4i, hPGCLCs are consistently generated from a partially
differentiated gastrulation-like intermediate called either incip-
ient mesoderm-like cells (iMeLCs) (Sasaki et al., 2015) or mes-
endoderm precursors (pre-ME) (Kobayashi et al., 2017). In all
cases, hPGCLC formation from these early progenitors is
induced in three-dimensional aggregates in the presence of
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Figure 5. The OCT4 NE Is Involved in hPGCLC Formation

(A) Flow cytometry of aggregates at day 4 of differentiation from H1 hESC line genetically modified to express GFP from the OCT4 locus (OCT4-GFP). hPGCLCs
(ITGA6/EPCAM double-positive cells) are also positive for GFP. In contrast, non-hPGCLCs are GFP negative. Most OCT4-GFP-positive cells are positive for
ITGA6/EPCAM. Three biological replicates were performed.

(B) Summary of OCT4-GFP-positive cells during aggregate differentiation from days 1 to 4. The GFP-positive gate was set according to the GFP gate from (A).
Two biological replicates were performed.

(C) Screenshot of ATAC-seq and TFAP2C ChIP-seq signals showing three enhancers at the POU5F1 locus (encoding OCT4). Shaded boxes highlight the naive
enhancer (NE), proximal enhancer (PE), and distal enhancer (DE) at the POU5F 1 locus. DE deletion and NE deletion indicate genomic regions that were deleted by
CRISPR/Cas9-mediated genome editing. Primers for ChIP-qgPCR (P1-2, P3-4, P5-6) of NE and control regions are shown.

(D) ChIP-gPCR using anti-TFAP2C antibodies in day 4 aggregates from the UCLAT1 line. IgG was used as a ChlIP control. Two biological replicates for ChIP and
two technical replicates for gPCR were performed. Primer (P) locations at the POU5F1 locus are shown in (C). Error bars represent SEM.

(E) Flow cytometry of control and OCT4 NE deletion day 4 aggregates from the UCLA1 hESCs. hPGCLCs correspond to the ITGA6/EPCAM double-positive cells
(n = 3 biological replicates).

(F) Quantification of hPGCLC percentages from (E). t test was applied. Error bars represent SEM.

(legend continued on next page)
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Figure S1. Comparison of human germ cells and ATAC-sequencing of primed hESCs, iMeLCs, hPGCLCs,
and hPGCs. Related to Figure 1.

A: Flow cytometry for ITGA6/EPCAM in 5i/L/FA ground state naive and primed states using the UCLA1 hESC
line.

B: Comparison of RNA-seq datasets of human germ cells from different sources. Red indicates samples from Irie et
al., 2015 (Irie et al., 2015); green indicates samples from Sasaki et al., 2015 (Sasaki et al., 2015); black indicates
samples from Chen et al., 2017 (Chen et al., 2017). MS and PS indicate with and without SCF in aggregate media,
respectively. The hPGCLCs analyzed in the current study were created in aggregates without SCF.

C: Screenshot of ATAC-seq signals from libraries made from 1,000, 3,000, 10,000, 25,000 and 50,000 hESCs.
D-E: Screenshot of ATAC-seq signals over TUBB (D), RHOB (E) in primed hESCs, iMeLCs, hPGCLCs, hPGCs,

and embryonic somatic tissues.



F: Size distribution of ATAC-seq libraries made from embryonic somatic tissues (Soma.), primed hESCs, iMeLCs,
hPGCLCs, and hPGCs.

G: Heat map of the overlap (measured by jaccard statistics) among ATAC-seq peaks from primed hESCs, iMeLCs,
hPGCLCs, and hPGCs. hESCs and iMeLCs cluster together regardless of sex, and hPGCLCs and hPGCs cluster
together regardless of sex.

H: Screenshot of ATAC-seq signals over NANOG locus in primed hESCs, iMeLCs, hPGCLCs, hPGCs, and

embryonic somatic tissues.



Figure S2. ATAC-seq analysis of hESCs, iMeLCs, hPGCLCs, and hPGCs. Related to Figure 2.

A: Heat map of ATAC-seq signals and motif analysis over regions shared by all samples, as well as regions enriched
specifically in primed hESCs or iMeLCs.

B: Heat map of ATAC-seq signals in embryonic somatic tissues including heart, liver, lung, and skin, primed
hESCs, iMeLCs, hPGCLCs and hPGCs over germline cell-specific ATAC-seq regions.

C: Heat map and metaplot of ATAC-seq signals over germline cell-specific ATAC-seq regions in TNAP/cKIT
sorted hPGCs isolated from 59d, 91d and 101d embryonic ovaries and a pair of 67d embryonic testes.



