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Transcriptional network governing extraembryonic endoderm
cell fate choice

Paula Duyen Pham&1, Hanbin LuPl, Han Han?, Jeff Jiajing Zhou?, Aarushi Madan?, Wengqi
Wang?, Cornelis MurreP, Ken W.Y. Cho?"

a Department of Developmental and Cell Biology, University of California, Irvine, CA, 92697, USA

b School of Biological Sciences, Department of Molecular Biology, University of California at San
Diego, La Jolla, CA, 92039, USA

Abstract

The mechanism by which transcription factor (TF) network instructs cell-type-specific
transcriptional programs to drive primitive endoderm (PrE) progenitors to commit to parietal
endoderm (PE) versus visceral endoderm (VE) cell fates remains poorly understood. To address
the question, we analyzed the single-cell transcriptional signatures defining PrE, PE, and VE

cell states during the onset of the PE-VE lineage bifurcation. By coupling with the epigenomic
comparison of active enhancers unique to PE and VE cells, we identified GATA6, SOX17, and
FOXAZ2 as central regulators for the lineage divergence. Transcriptomic analysis of cXEN cells,

an /n vitromodel for PE cells, after the acute depletion of GATAG or SOX17 demonstrated

that these factors induce Mycn, imparting the self-renewal properties of PE cells. Concurrently,
they suppress the VE gene program, including key genes like Hnf4aand Ttr, among others.

We proceeded with RNA-seq analysis on cXEN cells with FOXA2 knockout, in conjunction

with GATAG6 or SOX17 depletion. We found FOXAZ2 acts as a potent suppressor of Mycnwhile
simultaneously activating the VE gene program. The antagonistic gene regulatory activities of
GATA6/SOX17 and FOXAZ2 in promoting alternative cell fates, and their physical co-bindings at
the enhancers provide molecular insights to the plasticity of the PrE lineage. Finally, we show that
the external cue, BMP signaling, promotes the VE cell fate by activation of VE TFs and repression
of PE TFs including GATAG6 and SOX17. These data reveal a putative core gene regulatory module
that underpins PE and VE cell fate choice.

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. Introduction

The amnion, chorion, yolk sac, and allantois are critical extraembryonic membranes present
in mammals, and proper extraembryonic tissues are essential for nutritive support and
survival of fetus as well as assisting the patterning of the embryonic axes (Ferner and Mess,
2011; Sheng and Foley, 2012; Filimonow and Fuente, 2021). The origin of extraembryonic
tissues can be traced back to the blastocyst stage of embryonic development. This is

when trophectoderm (TE) cells and the inner cell mass (ICM) cells develop from the
totipotent progenitors that co-express CDX2 and POU5F1 (OCT4) (Niwa et al., 2005;
Dietrich and Hiiragi, 2007; Holmes et al., 2017). The status quo of the progenitor cell

state is disrupted by the differential activation of Hippo signaling between outer and

inner cells, determined by the position-dependent polarities formed following cell cleavages
(Nishioka et al., 2009; Leung and Zernicka-Goetz, 2013; Rayon et al., 2014). In outer cells,
inactivation of Hippo signaling allows nuclear translocation of transcription coactivator YAP,
enabling it to interact with TEADA4. The formation of YAP/TEAD complexes in the nucleus
promotes Cadx2 expression and suppresses Oct4 expression, thus committing the outer cells
to the TE cell fate (Nishioka et al., 2009; Leung and Zernicka-Goetz, 2013; Rayon et al.,
2014). By contrast, the activation of Hippo signaling in the inner cells sequesters YAP to
the cytoplasm, thereby preventing YAP/TEAD complex formation. Consequently, CDX2
expression is lost, but OCT4 expression increases. This ultimately drives the inner cells to
the ICM cell fate (Nishioka et al., 2009; Leung and Zernicka-Goetz, 2013; Rayon et al.,
2014).

Whereas TE cells gives rise to the extraembryonic structures, the ICM cells develop to
establish the embryo proper (Filimonow and Fuente, 2021). Initially, all ICM cells co-
express NANOG and GATAG, lineage determinant factors for epiblast (EPI) and primitive
endoderm (PrE) (Chazaud et al., 2006; Bessonnard et al., 2014; Yamanaka et al., 2010;
Molotkov et al., 2017; Kang et al., 2013, 2017; Hamilton et al., 2019). Subsequently,
EPI-biased cells, characterized by elevated NANOG expression and decreased GATA6
expression, as well as PrE-biased cells that display the opposite NANOG-GATAG expression
pattern, emerge. These cells are interspersed throughout the ICM in a ‘salt-and-pepper’
manner (Chazaud et al., 2006; Plusa et al., 2008; Schrode et al., 2014; Bessonnard et

al., 2014; Xenopoulos et al., 2015; Saiz et al., 2016; Kang et al., 2013). EPI-biased cells
secrete FGF4 ligand into the ICM environment (Chazaud et al., 2006; Plusa et al., 2008;
Schrode et al., 2014; Bessonnard et al., 2014; Xenopoulos et al., 2015; Saiz et al., 2016;
Kang et al., 2013). In response to FGF signaling, PrE-biased cells maintains GATA6
expression, leading to the fully-committed PrE cells (Chazaud et al., 2006; Plusa et al.,
2008; Schrode et al., 2014; Bessonnard et al., 2014; Xenopoulos et al., 2015; Saiz et al.,
2016; Kang et al., 2013). Conversely, the insensitivity of EPI-biased cells to the FGF4
ligand reinforces NANOG expression, thereby driving the commitment to the EPI cell fate
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(Chazaud et al., 2006; Bessonnard et al., 2014; Yamanaka et al., 2010; Molotkov et al.,

2017; Kang et al., 2017; Hamilton et al., 2019). By undergoing these two waves of cell fate
bifurcations, the early embryo develops three distinct and spatially-organized lineages - TE,
EPI, and PrE (Fig. 1A). Notably, a shared approach in these cell fate decisions involves the
utilization of developmental cues (in this case Hippo and FGF signaling) to segregate the
bipotential progenitor into two underlying cell types by controlling the expressions of master
transcription factors (TFs).

During the late blastocyst stage, PrE cells differentiate to become parietal endoderm (PE)
and visceral endoderm (VE) cells (Filimonow and Fuente, 2021), which are major subtypes
of the extraembryonic endoderm (EXEn) (Fig. 1A). Previous studies reported that VE cells
in post-implantation embryos can undergo transdifferentiation to PE cells (Cockroft and
Gardner, 1987; Casanova and Grabel, 1988; Ninomiya et al., 2005; Yagi et al., 2016), while
a PE-like extraembryonic endoderm (XEN) cell line acquires VE identity in response to
BMP signaling (Artus et al., 2012; Paca et al., 2012; Sozen et al., 2018; Zhang et al.,

2019). This plasticity in mature PE/VE cells suggests that differentiating PrE cells are in a
bipotential state that can adopt PE or VVE cell fates. While previous genetic knockout studies
implied the critical roles of GATA (GATA4 and GATAG) and SOX (SOX7 and SOX17) TFs
in the adoption of PE cell fate (Schrode et al., 2014; Koutsourakis et al., 1999; Kanai-Azuma
et al., 2002; Shimoda et al., 2007; Cai et al., 2008; Lim et al., 2008; Qu et al., 2008; Morris
et al., 2010; Niakan et al., 2010; Artus et al., 2011; McDonald et al., 2014; Wamaitha

et al., 2015), it is often difficult to interpret lineage-specific functions due to their earlier
essential roles as well as exhibiting overlapping expression patterns in many different tissue
types and TF redundancy (Schrode et al., 2014; Koutsourakis et al., 1999; Kanai-Azuma

et al., 2002; Cai et al., 2008; Artus et al., 2011; Molkentin et al., 1997; Kuo et al., 1997;
Bowles et al., 2000; Wat et al., 2012). Moreover, there is the challenge in accessing scarce
material of pre-to peri-implantation embryos for contemporary genomic studies. Therefore,
the molecular mechanism underlying this decision-making process has remained obscure.
Using a combined bioinformatics and cell-based approaches, our goal is to uncover the
critical TF regulatory network and potential signaling cues that control the generation of PE
and VE cells.

Here, our study focused on analyzing the transcriptionally defined PrE, PE, and VE cell
states based on scRNA-seq dataset of E4.5 mouse embryos (Mohammed et al., 2017; Cheng
et al., 2019; Nowotschin et al., 2019; Qiu et al., 2022). Through comparative analysis of
enhancer landscapes specific to PE and VE cells, we discovered that a subset of active
enhancers present in VE cells was also highly accessible in PE cells. DNA motif enrichment
analysis suggested that these enhancers were regulated by interaction involving FOXAZ2,
GATAG6 and SOX17. To directly address the roles of these TFs in PE and VE specification,
we developed XEN cells harboring a dTAG-inducible FKBP12F36V degron system (Nabet
et al., 2018), which allowed for rapid degradation of tagged GATA6 and SOX17 proteins in
combination with FoxAZ knockout. Our findings suggest that PrE cells possess bipotential
characters, and that the decision to differentiate into either PE or VE is influenced by an
interplay between GATA6, SOX17, and FOXAZ2, as well as BMP signaling.
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Results

2.1. Gene signatures specifying parietal endoderm (PE) and visceral endoderm (VE) cell

fates

To investigate the cell states within the extraembryonic endoderm (ExEn) lineage at
embryonic day 4.5 (E4.5), we integrated published scRNA-seq datasets of E4.5 embryos
(Mohammed et al., 2017; Cheng et al., 2019; Nowotschin et al., 2019; Qiu et al., 2022),
followed by cell clustering analysis. We detected TE, EPI, and PrE (EXEn) lineages as
reported previously (Fig. 1A and B, left panel). Furthermore, the integrated dataset with

a greater number of single cells (311 cells) enabled us to detect three subpopulations
within the EXEn lineages (Fig. 1B, left panel). The analysis of the expression levels

for Pou5f1 (Oct4), Lamal, and Ttr(markers of PrE, PE, and VE) (Niimi et al., 2004;
Kwon and Hadjantonakis, 2009; Wallingford et al., 2013; Ohinata et al., 2022) in these
cell subpopulations revealed characteristic expression patterns: Oct4"[. ama1™edTtrmed
Oct4d™@d[ amai’ Ttrlo, and Oct4'°L.ama1’ Tt corresponding to the PrE, PE, and VE cell
states (Figs. S1A and S1B). Single cell trajectory inference reconstructed from E4.5 and
E5.5 embryos supported the marker-based assignment of these cell states (Fig. 1A and B,
right panel and S1C). The candidate PrE cell subpopulation was positioned at the root of
ExXEn lineage bifurcations, which diverged to the PE and VE cell subpopulations (Fig. 1A
and B, right panel and S1C). These cells further differentiated to form E5.5 PE and E5.5
embryonic VE (emVE) and extraembryonic VE (exVE) cells (Fig. 1A and B, right panel and
S1C).

To identify transcriptional signatures that distinguish PE and VE cell states at the E4.5 stage,
we performed high-dimensional weighted gene correlation network analysis (hdWGCNA)
(Langfelder and Horvath, 2008; Morabito et al., 2021). The resulting PE and VE gene
modules were preferentially expressed in their respective PE and VE cells at both E4.5

and E5.5 stages (Fig. 1C, Tables S1 and S2). Gene ontology (GO) analysis on the mouse
anatomical ontology database (Hayamizu et al., 2013) showed that these modules were
related to PE or VE tissue terms (Fig. S1D). Moreover, KEGG pathway analysis (Kanehisa
and Goto, 2000) also showed enrichment for biological functions related to PE or VE

cells (Filimonow and Fuente, 2021) (Fig. 1D and E). Specifically, the primary pathways of
the PE module, such as “protein processing in endoplasmic reticulum”, “focal adhesion”,
“ECM-receptor interaction”, and “proteoglycans in cancer”, were associated with production
and processing of the basement proteins (Adamson and Ayers, 1979; Cooper et al., 1981;
Lane et al., 1983; Salamat et al., 1993, 1995; Semoff et al., 1982; Ueda et al., 2020; Smyth
et al., 1999). These basement proteins form a specialized basement membrane, Reichert’s
membrane, that structurally supports the embryo (Adamson and Ayers, 1979; Cooper et al.,
1981; Lane et al., 1983; Salamat et al., 1993, 1995; Semoff et al., 1982; Ueda et al., 2020)
(Fig. 1D). Interestingly, we also identified pathways related to self-renewal and stemness
such as “PI13K-Akt signaling pathway” and “signaling pathways regulating pluripotency of
stem cells” (Fig. 1D). The self-renewal property of /n vivo PE cells were consistent with the
successful establishment of ex vivo PE-like, rather than VE-like, cell models (Ohinata et al.,
2022; Niakan et al., 2013; Cho et al., 2012; Strickland and Mahdavi, 1978; Strickland et al.,
1980). Distinguishably, GO and KEGG terms enriched for the VE module were “lysosome”,
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“endocytosis”, “fatty acid metabolism”, “steroid biosynthesis”, and “mineral absorption”.
These terms align with the known nutritional support functions of VE cells that facilitate
biosynthesis, processing, and transport of nutrient, hormone, apolipoproteins, and other
molecules from the maternal environment, thereby supporting embryonic cell development
(Filimonow and Fuente, 2021; Meehan et al., 1984; Donovan et al., 2005; Kawamura et al.,
2012; Perea-Gomez et al., 2019; Kawamura et al., 2020; Sun-Wada et al., 2021; Sun-Wada
and Wada, 2022; Assmat et al., 2005; Yu et al., 2014) (Fig. 1E). Next, we constructed
molecular interaction networks for both gene modules to annotate the enriched KEGG
pathways at the gene level (Fig. 1D and E). This analysis revealed that AMyc connects the
self-renewal and stemness pathways of PE module (Fig. 1D, see details below), whereas VE
module was enriched for gene families such as V-ATPases, Rab, Slc, and other genes related
to VVE’s nutritional support function to ensure fetal survival (Filimonow and Fuente, 2021;
Meehan et al., 1984; Donovan et al., 2005; Kawamura et al., 2012; Perea-Gomez et al.,
2019; Kawamura et al., 2020; Sun-Wada et al., 2021; Sun-Wada and Wada, 2022; Assmat et
al., 2005; Yu et al., 2014) (Fig. 1E, see details below). Taken together, we uncovered distinct
transcriptional programs associated with PE and VE cell states that diverge in E4.5 embryos.

Primitive endodermal cells (PrE) express TFs linked to PE and VE differentiation

To investigate the transcriptional state of PrE progenitors, we projected the single-cell
transcriptomes of ExEn cells at E4.5 stage into a two-dimensional space defined by the
transcriptional signatures of PE and VE gene modules (Fig. 2A). The positioning of PrE
cells between the PE and VE cell clusters suggests that PrE cells exhibit intermediate
expression of both PE and VE gene modules (Fig. 2A, Tables S1 and S2). The genes
exhibiting the highest correlation (top 5%) within the PE and VE modules were evenly
expressed in PrE cells, yet their expressions were notably biased towards either PE or VE
cells (Fig. 2B, Tables S1 and S2).

Since TFs are known to control gene expression programs, we then examined TFs that

were highly correlated with PE or VE modules (Fig. S2A). We identified TF sets that were
preferentially expressed (hdWGCNA analysis) (Langfelder and Horvath, 2008; Morabito et
al., 2021) in the single cells of PE and VE cell states (Fig. S2A, Tables S3 and S4). The
gene expression, which were averaged from the identified cell populations (see Fig. 1B, left
panel), of the top correlated TFs were strongly biased toward either PE or VE cells (Fig.

2C and D; Tables S3 and S4). Interestingly, many of these PE- or VE-associated TFs were
already expressed in PrE cells, albeit at lower levels (Fig. 2C and D). These findings suggest
that progenitor PrE cells inherently exhibit the transcriptional programs for PE and VE cells.

2.3. Regulation of VE cell fate mediated by Gata6 and Sox17

To interrogate how “cell-type-specific’ TFs instruct the PE or VE gene programs, we
generated a cXEN cell line (chemically induced PE-like extraembryonic cells derived from
mMESCs) (Niakan et al., 2013; Cho et al., 2012). The derived cXEN cells were PDGFRA
positive (a cell surface marker of PrE/PE EXEn cells) (Plusa et al., 2008; Cho et al.,

2012; Artus et al., 2010) (Fig. S2B). RNA-seq profiling on these cells show that they
expressed key PE marker genes (Lamal, Lambl, Col4al, Col4a2) (Adamson and Ayers,
1979; Alpy et al., 2005; Haniel et al., 1995; Miner et al., 2004) and resembled to /in
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vivo (extraembryonic) PE cells (Fig. 1D) (Figs. S2C and S2D). By performing ATAC-seq
and H3K27ac CUT&RUN on cXEN cells and comparing them to matching epigenetic
profiles (GSE125318) derived from E6.5 VE cells (Xiang et al., 2020), we identified unique
and shared enhancers in PE and VE cell types. Enhancer regions, identified based on

the enrichment of H3K27ac but lacking the deposition of H3K4me3 in cXEN and E6.5

VE cells, were clustered according to the joint signals of H3K27ac and the chromatin
accessibility and visualized by a tornado plot (Fig. 2E). Then, active enhancers specific for
PE or VE cells were linked to nearby genes (Table S5). We found that PE- and VE-enhancer
nearby genes were upregulated in the corresponding cell types at the E4.5 and E5.5 stages
(Fig. S2E, Table S5). PE enhancers were enriched for GATA, SOX, KLF, TEAD, and JUN
TF motifs, which coincided with the list of TFs strongly correlated with the single-cell PE
module (Fig. 2C and F, Table S3). Unexpectedly, VE enhancers were highly enriched for the
PE-associated GATA and SOX TF motifs (Fig. 2C and F, Table S3), as well as FOX, HNF1,
HNF4, and LHX motifs, whose members (FOXA2, HNF1b, HNF4a, and LHX1) were found
in the VE module (Fig. 2D and F, Table S4). The enrichment of PE-associated GATA and
SOX cis elements in VE enhancers suggests that VE enhancers were co-regulated by both
PE- and VE-associated TFs.

Surprisingly, VE enhancers in PE-like cXEN cells, were accessible, albeit inactive (note
the lack of H3K27ac), indicative of TF occupancies (Fig. 2E). Therefore, we examined the
occupancies of GATAG6, SOX17, and FOXA2 (GS&F) on the VE enhancers in cXEN cells,
as these are the motifs most enriched in these enhancer regions (Figs. 2F, 3A and S3A).
Our CUT&RUN data revealed that GATA6 and SOX17 were colocalized with FOXA2 at a
subset of VE enhancers (30.3%), which we termed GS&F-co-bound VE enhancers (Fig. 3A
and S3A). These GS&F-co-bound VE enhancers possessed higher levels of H3K27ac and
chromatin accessibility when comparing to the remaining VE enhancers that were unbound
by GATAB, SOX17 and FOXAZ2 in cXEN cells (Fig. 3A and S3A-C). Nevertheless, these
levels were still significantly lower than those of active PE enhancers in cXEN cells (Fig.
2E). Thus, the GS&F-co-bound VE enhancers in cXEN cells were open but unable to

be activated, signifying a “latent” state. To identify gene targets of GS&F-co-bound VE
enhancers, we filtered the enhancer-proximal genes (Fig. S3D, top panel, and Table S6)
that were not differentially expressed when comparing the bulk RNA-seq data between
E6.5 VE and E6.5 epiblast cells (GSE76505) (Zhang et al., 2018). The remaining genes,
denoted as GS&F-co-bound VE enhancer targets, were preferentially expressed in VE cells
(Fig. 3B, Table S7). Noticeably, these genes were expressed at significantly higher levels
in extraembryonic VE (exVE), indicating that the exVE may represent the default cell fate
of VE cells, as previously proposed (Fig. 3B, Table S7) (Nowotschin et al., 2019). Taken
together, we propose that the VE transcriptional program is jointly regulated by Gataé,
Sox17, and FoxAZ.

2.4. Combinatorial activities involving GATA6, SOX17 and FOXAZ2 instruct VE enhancer

activity

To better understand the enhancer activity of the GS&F-co-bound VE enhancers in (PE-like)
cXEN cells, we compared the accessibility profiles between the latent GS&F-co-bound VE
enhancers and active PE enhancers using deeply-sequenced (~150 million reads) ATAC-seq
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data (Fig. S3E). A Vplot displaying ATAC-seq fragment distribution demonstrated that
active PE enhancers were highly open, as ATAC-seq fragments were spread across the entire
enhancer platform (Fig. S3E, left panel). In contrast, TF occupancy was constrained at the
central regions of GS&F-co-bound VE enhancers, as revealed by a well-protected region by
ATAC-seq (Fig. S3E, right panel). How do GS&F-co-bound VE enhancers assume a latent
state in PE cells but become active in VE cells? To address this question, we examined if
there were alterations in the TF occupancies associating with GS&F-co-bound VE enhancers
between VE- and PE-associated cell types using their ATAC-seq profiles. We used TOBIAS
(Transcription factor Occupancy prediction By Investigation of ATAC-seq Signal) software
(Bentsen et al., 2020) to compute the TF footprinting scores, which quantify the local
depletion (protected by TF binding) of ATAC signal at the TF motifs relative to the

flanking regions. We then performed a differential analysis on the TF footprinting scores
derived from PE and VE cells (Fig. 3C, Table S8). When comparing the footprinting

scores at FOXA2, HNF1B, and HNF4A motifs between E6.5 VE and (PE-like) cXEN

cells, the differences were nonsignificant (Fig. 3D, Table S8). These data suggest that the
VE-associated TFs (FOXA2, HNF1B, HNF4A) maintained the accessibilities of GS&F-co-
bound VE enhancers regardless of latent or active states.

On the contrary, footprinting scores for GATAG6, SOX17, TEAD, and JUN/FOS were
significantly higher in the latent enhancer state in (PE-like) cXEN cells compared to when
these enhancers are activated in E6.5 VE cells (Fig. 3D, Table S8). Indeed, this is supported
by lower expression levels of Gata6and Sox17in VE cells relative to (PE-like) cXEN (Fig.
3E). Additionally, in E6.5 VE cells, there is a loss of GATA6 and SOXZ 7 footprinting, and
a gain of (VE-associated) LHX footprinting (Fig. 3E, Table S8). These data collectively
suggest a gene regulatory circuit that regulates the activation of the VE gene program. The
circuit involves the repression of the VE gene program by the PE-associated TFs GATA6
and SOX17. Conversely, positive inputs from TFs FOXA2, HNF1B, HNF4A and LHX1 are
required to activate the VE gene program.

2.5. GATA6 and SOX17 promote PE development via repression of the VE gene program
and Mycn activation

GATAG and SOX17 appear to have a dual function - positively promoting the PE cell

state, while repressing the VE cell state. To examine the roles of GATA6 and SOX17

in PE cells, cXEN cells were subjected to targeted protein degradation using a dTAG-
inducible FKBP12F36V degron system (Nabet et al., 2018) (Fig. 4A and S4A). We generated
homozygous knock-in Gata6-FKBP1Z36Y and Sox17-FKBP12F36Y ¢XEN cell lines (Fig.
4A and S4A). The effectiveness of the degron system was examined by treating the cells
with dTAGV-169 followed by both flow cytometry and western blotting. We observed rapid
degradation of the tagged GATA6 and SOX17 proteins upon dTAGV-1 treatment (Figs. S4B
and S4C).

Next, we conducted time-course (0-96 h) RNA-seq experiments to monitor the
transcriptomic alterations after GATA6 or SOX17 depletion (Fig. 4B). Heatmap clustering
analysis of RNA-seq samples showed major transcriptomic changes occurring after 48

h of GATAG6 or SOX17 depletion (Fig. S4D). Interestingly, the clustering analysis also
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revealed that the transcriptomic changes in cXEN cells depleted for GATA6 and SOX17
shared similarity, suggesting that these two TFs regulate common pathways (Fig. S4D).
Then, we performed gene set enrichment analysis (GSEA) (Subramanian et al., 2005) to
assess whether a given gene set displays a statistically significant skewness towards the
most affected genes by the treatment. Specifically, VE-associated gene sets were evaluated
against the ranked transcriptomes where genes are ordered by the levels of gene expression
alterations occurring at 72 h after the dTAGV-1 treatment. This analysis uncovered that
both GATAG and SOX17 degradation upregulated the VE gene modules identified from
scRNA-seq data and the GS&F-co-bound VE enhancer targets (Fig. 4D, Tables S7 and S9).

To corroborate the affected gene programs after GATA6 and SOX17 depletion, we
performed Weighted Gene Co-expression Network Analysis (WGCNA) (Langfelder and
Horvath, 2008), a method designed to identify co-expressed genes that are likely under

the regulation of the same pathways, hence performing similar functions. The resulting
heatmap was grouped into four gene modules, which we denoted as: GATA6/-SOX17 (GS)
Co-upregulated genes, GATA6-Only Upregulated genes, SOX17-Only Upregulated genes,
and GS Co-downregulated genes (Fig. 4B, Table S10). Notably, the marker gene for VE
cells, Ttr, appeared in the GS Co-upregulated module (Fig. 4B). GO analysis demonstrated
that GS Co-upregulated module was enriched for terms related to VE biological functions
(Filimonow and Fuente, 2021; Meehan et al., 1984; Donovan et al., 2005; Kawamura et al.,
2012; Perea-Gomez et al., 2019; Kawamura et al., 2020; Sun-Wada et al., 2021; Sun-Wada
and Wada, 2022; Assmat et al., 2005; Yu et al., 2014) including nutritional supports (e.g.,
endocytosis and lipid metabolism), vasculogenesis (e.g., vasculature development and blood
vessel migration), and BMP signaling (Fig. 4C). Also, GATAG-Only and SOX17-Only
Upregulated modules were enriched for VE-associated terms (Fig. 4C). In sum, GATA6 and
SOX17 function to suppress the VE transcriptional program.

Finally, GO analysis of GS Co-downregulated module showed enrichment for GO-terms
involved in cell cycle regulation and biosynthesis (Fig. 4C). These terms were related to

the functions of Myc-mediated pathways, which connect to the PE cell activities revealed

by single-cell KEGG pathway analysis (Fig. 1D). To further determine that Myc activity
was regulated by GATA6 and SOX17 in PE cells, we examined whether MYC target

gene sets were enriched against the ranked transcriptomes affected by GATA6 or SOX17
depletion, as described earlier using GSEA (Subramanian et al., 2005). This analysis showed
that the ‘Hallmarks of MY C targets’ (from the Molecular Signature Database, MsigDB)
(Subramanian et al., 2005) were negatively regulated when either GATA6 or SOX17 was
depleted (Fig. 4D). Interestingly, Myc expression was downregulated in the SOX17-depleted
condition, but the expression of Mycn declined in both GATA6-and SOX17-depleted
conditions (Fig. S4E). It is worth noting that Mycn was previously identified as a PE-
associated TF based on scRNA-seq transcriptional signature analysis (Fig. 2C, Tables

S1 and S3). Collectively, these data indicate that GATA6 and SOX17 reinforce PE-cell
identity by simultaneously promoting self-renewal properties via activation of Mycnand
Myc expression, while repressing a VE gene program.
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2.6. FOXAZ2 maintains the activation potential of VE gene program and represses PE-
associated Mycn expression

FOXAZ is a well-known pioneer TF regulating definitive and visceral endoderm
development (Dufort et al., 1998; Cirillo et al., 2002; Burtscher and Lickert, 2009; Weinstein
etal., 1994; Ang and Rossant, 1994). Our current data showed upregulation of FoxAZ2
expression when PrE cells differentiate into VE cells (Fig. 2D), as well as the physical
binding of FOXAZ2 to the accessible VE enhancers enriched for FOX motif in cXEN cells
(Figs. 2F, 3A and S3C). These lines of evidence suggest that FoxAZ plays a fundamental
role in the regulation of VE cell fate during PE-VE lineage divergence. Therefore, to
determine how the VE gene program was affected by FOXAZ2 in cXEN cells, we engineered
a deletion mutation in the DNA binding domain of FoxAZ gene, using a CRISPR/-Cas9
targeting method This mutation was engineered into the Gata6-FKBP12F38V or Sox17-
FKBP12F36Y ¢XEN cells (Fig. 5A). These modified cXEN cells expressed a mutant form
of FOXAZ2 as confirmed by western blot and allowed us to simultaneously examine loss-of-
function phenotypes of both FOXA2 and GATA6/SOX17 upon treatment with dTAGV-1
(Figs. S5A and S5B). We then conducted RNA-seq analysis on the FoxAZ mutant cell lines.

We first examined the impact of FOXA2 on cXEN cells. RNA-seq data collected from

both FoxAZ-knockout (KO) and WT cXEN cells were subjected to Differentially Expressed
Genes (DEGs) analysis using DESeq2 (Table S11) (Love et al., 2014). Several VE-
associated genes such as 7t#rand Hnf4awere downregulated, while Mycnwas upregulated
(Fig. 5B). This data suggests that the gene regulatory direction of FOXAZ2 is inverse to

that of GATAG or SOX17. The downregulation of VE-associated genes resulting from

the FOXAZ2 deletion mutant prompted us to explore how GATA6, SOX17, and FOXA2 co-
bound (GS&F-co--bound) VE enhancer targets (identified previously in Table S7 and Table
S9) were impacted. We used GSEA (Subramanian et al., 2005) to analyze the enrichment
for these target genes against the transcriptome, ranked by the levels of expression changes
between FoxAZ2-KO to WT cXEN cells. In fact, GS&F-co-bound VE enhancer targets
exhibited a bias towards the downregulation end within the FoxA2-KO transcriptome. This
suggests that FOXAZ2 has an activation effect and is required to sustain the basal expression
levels of the GATA6/SOX17-repressed VE gene program in cXEN cells (Fig. 5C).

To examine the interplay between FOXA2 and GATA6 or SOX17, we cultured Gata6-
FKBP12736V/ FoxA2-KO and SoxI7-FKBP12F36V/FoxA2-KO cXEN cells with and without
dTAGV-1, and then analyzed the RNA-seq. All of the up-regulated and down-regulated
gene sets that were altered by GATAG6 or SOX17 removal (see Fig. 4B) were affected by
FoxAZ2 deletion (Fig. 5D and S5D). Specifically, FoxAZ2 deletion prevented the activation of
GATA6/SOX17 Co-upregulated, SOX17-Only Upregulated, and GATA6-Only Upregulated
genes (Figs. 4B, 5D and S5D). Therefore, transcriptomics of cXEN cells lacking both
GATAG6 or SOX17 and functional FOXA2 were very similar to that of FoxA2-KO cells (Fig.
S5C). These data underscore the notion that FOXAZ2 maintains the activation potential of
the VE gene program in (PE-like) cXEN cells upon eviction of GATAG6 or SOX17 from VE
enhancers.

On the other hand, Mycn expression was significantly increased in FoxAZ2-KO ¢XEN
cells (Fig. 5E). In the absence of GATA6 or SOX17 in FoxA2-KO, cXEN cells were
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no longer able to downregulate Mycn expression or repress the (Mycn-associated) GATA6/
SOX17 co-downregulated module (Figs. 4B, 5D and 5E). Concomitantly, MYC target genes
(Subramanian et al., 2005) were induced as revealed by GSEA analysis (Fig. 5F). Thus,
FOXAZ2 is a potent repressor for Mycn, whose activity is further tuned by GATA6 and
SOX17, potentially preventing abnormal PE cell growth. Taken together, our transcriptomic
analyses on the combined loss-of-function of FOXA2/GATAG6 or FOXA2/SOX17 in cXEN
cells indicate that FOXA2 counteracts GATA6 and SOX17 activities in regulating both the
VE gene program and MYC/-MYCN pathways.

2.7. VE specification requires BMP signaling integrating with the Gata6, Sox17, Mycn,
and FoxA2 network

GO term analysis of GATAG6 and SOX17 targets (Fig. 4C) identified BMP signaling
pathways as critical components affected after GATA6/SOX17 depletion in cXEN cells
(Figs. 4C and 6A). GSEA analysis showed that both canonical (mediated by SMAD
proteins) and non-canonical (transduced by ERK cascade) BMP signaling pathways
(Derynck and Budi, 2019) were reinforced upon the loss of GATA6 or SOX17 (Fig. S6A),
exemplified by the upregulation of individual BMP signaling components such as BMP
ligands (Bmpl, Bmp6), a BMP receptor (Acvrl), Smadl, and multiple MAPK kinases (Fig.
6A). This suggests that GATA6 and SOX17 attenuate BMP signaling in cXEN cells.

To understand the impact of BMP signaling on PE-VE cell fate programming, cXEN

cells were treated with BMP4 and the gene expression changes were measured using
RNA-seq. BMP4 treatment downregulated the expression of PE-associated TFs, such as
Gatab, Sox17, and Mycn, while it upregulated the expression of VE-associated TFs (Fig.
6B). We conducted GSEA analyses on three sets of genes — MYC hallmark gene sets
(Subramanian et al., 2005) (Fig. 6C), our scRNA-based VE gene module, and GS&F-co-
bound VE enhancer gene targets (Fig. S6B, Tables S7 and S9) in BMP4-treated cXEN cells.
The enrichment analyses revealed that BMP4 treatment led to suppression of MYC/MYCN
pathways and activation of VE-associated genes and VE-associated biological processes
(Artus et al., 2012; Paca et al., 2012). These observations recapitulated the transcriptome
phenotype of GATA6/SOX17-depleted cXEN cells (Fig. 4B and S6C, Tables S10 and S12).
In summary, we propose that PE and VE were antagonistic cell fates whose divergence is
determined by the integration of BMP signaling and a transcription factor network wired by
Gata6, Sox17, Mycn, and FoxAZ (Fig. 6D).

3. Discussion

Here we revealed the lineage segregation mechanism orchestrating the differentiation of
primitive endoderm (PrE) into parietal endoderm (PE) and visceral endoderm (VE), which
begins at around E4.5-E5.0. Through detailed mining of the sScRNA-seq datasets of E4.5
embryos, we have defined transcriptional activities closely associated with PrE, PE, and VE
cell states at the onset of PE/VE cell lineage segregation. This systematic analysis allowed
us to identify known TFs involved in PrE differentiation and implicate other TFs that have
not yet been linked with extraembryonic endoderm (EXEn) development. We found that
PrE is a bipotential progenitor cell, and that the PrE to become PE or VE is dictated by
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an interplay between GATAG, SOX17, and FOXA2 TFs, which is also modulated by BMP
signaling (Fig. 7A and B).

3.1. TF network underlying PE and VE specification

The genetic roles of GATA6 and SOX17 in PrE development have been studied extensively.
Gata6 knockout (KO) mice are embryonically lethal and Gata6 is required for PrE
specification /n vivo, where in its absence, ICM cells adopt an epiblast cell fate (Schrode

et al., 2014; Koutsourakis et al., 1999; Cai et al., 2008). These mouse phenotypes were
further corroborated as GATAG was found to be a potent factor in reprogramming of mouse
embryonic stem cells (MESCs) to EXEn cells (XEN cells) (Wamaitha et al., 2015). However,
due to these early GATAG phenotypes in PrE, the later role of GATAG in PE-VE lineage
divergence has not been well understood, though, GATAG protein expression is lost in future
VE cells and maintained in PE cells (Cai et al., 2008; Wallingford et al., 2013). SOX17 is
detected at the early blastocyst stage and later expressed at higher levels in PE-destined cells
as compared to VE cells (Artus et al., 2011). Despite the midgestation mortality, the EXEn
specification in SoxI7 KO mice was unaffected (Kanai-Azuma et al., 2002). This suggested
that SOX17 might be dispensable, potentially due to compensatory effects of other SOX
factors, such as SOX7 (Kanai-Azuma et al., 2002). However, when SoxZ7 KO embryos
were induced into a diapause state, SOX17 was required for the maintenance of PrE lineage
(Artus et al., 2011). Furthermore, overexpression of SOX17 in eight-cell stage embryos
influences Epi-PrE cell fate allocation (Morris et al., 2010). Also, by merely overexpressing
SOX17, mESCs can be reprogrammed to extraembryonic endodermal (EXEn) cell lines
(McDonald et al., 2014). While these analyses establish the essential functions of GATA6
and SOX17 in the PrE (EXEn progenitor cells), regulatory mechanisms underlying the
subsequent EXEn tissue development have remained elusive.

Here, we have built a core TF network that controls PE and VE cell fates (Fig. 7), beginning
with a bioinformatics approach. Specifically, we compared the enhancer landscapes between
PE-like (XEN cells) and E6.5 VE cells to identify TF binding motifs associated with
PE-specific or VE-specific enhancer repertoires. Both PE and VE enhancers were enriched
for GATA and SOX motifs, suggesting key roles for these TFs for PE and VE cell
differentiation. A notable finding is that VE enhancers were strongly co-enriched for a
FOXAZ2 (VE TF) binding motif in conjunction with GATAG and SOX17 (PE TFs) binding
motifs, suggesting a functional interaction in VE specification. To directly address this
question, we have used a dTAG-inducible FKBP12F36Y degron system to deplete GATAG
and SOX17 in PE-like cXEN cells and interrogated the transcriptomic alterations in the
presence and absence of functional FOXAZ2. Specifically, we identified a TF regulatory
circuit where GATAG and SOX17 act to suppress the VE gene program in PE cells, while
the activation potential is maintained by FOXA2 (Fig. 7A). We propose a TF-antagonizing
model during PrE lineage divergence, where GATA6 and SOX17 promotes the PE gene
program cell in PE cells, while suppressing the VE gene program in PE cells (Fig. 7A). On
the contrary, when GATAG6 and SOX17 effects are weakened, PrE cells differentiate toward
the VE cell lineage that are dependent on FOXA2 (Fig. 7B). The mechanism by which
GATAG6 and SOX17 impart repression on VE enhancers, while activating PE enhancers is
not well understood. One potential mechanism is that the motif combination, compared to
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that without FOXA2 motif, influences the physical occupancy of GATA6 and SOX17 with
FOXAZ2 on enhancers, thereby dictating distinct enhancer activities (known as enhancer
grammatical effect) (Jindal and Farley, 2021). Alternatively, enhancer activities may be
influenced by alterations in epigenetic states of PE versus VE enhancers by differential TF
recruitment of epigenetic cofactors and/or remodelers.

In addition to GATAG6, SOX17, and FOXA2 TF motifs, our analysis suggests the
involvement of other TFs (Fig. 7). Identification of HNF1B and HNF4A motifs agrees with
the previous findings for HNF1B and HNF4A requirements in VE development (Coffinier et
al., 1999; Barbacci et al., 1999; Chen et al., 1994; Duncan et al., 1997). Similar to FOXA2
motif, the TF footprint of HNF1B and HNF4A motifs remained unchanged in the VE
enhancers when comparing E6.5 VE to cXEN cells. It is unclear how, and whether, HNF1B
and HNF4A cooperate with FOXAZ2 to potentiate the VE gene program. By contrast, the
footprint of the LHX motif increased in E6.5 VE cells relative to cXEN. This indicates that
LHX1 may be crucial to the development of advanced VE cell types, such as the anterior VE
associated with embryonic VE tissues during gastrulation, as previously reported (Costello
et al., 2015). Additionally, we discovered several PE TF motifs such as JUN/FOS and TEAD
which have yet to be characterized in both PE-VE lineage divergence and PE development.
In the future, it will be important to unveil the enhancer-regulatory roles of these TFs in
context of the DNA sequence features of the VE and PE enhancers as they may manifest

the evolutionary strategy that led to the emergence of EXEn tissue when the first amniotes
evolved from amphibian ancestors approximately 340 million years ago (Ferner and Mess,
2011).

Our gene interference analysis revealed that Mycn, which is preferentially expressed in PE
cells (Fig. 2C, Tables S1 and S3), is activated by GATA6 and SOX17. Mycnand to a lesser
degree Myzc, were concordantly upregulated in PE cells. This suggests that PE cells undergo
an extensive self-renewable process (Figs. 1D and 2C, Tables S1 and S3). These findings
explain why previously isolated EXEn stem cell lines (e.g. cXEN) predominantly resemble
rapidly growing PrE or PE cell types (Paca et al., 2012; Ohinata et al., 2022; Kunath et al.,
2005; Fowler et al., 1990). We speculate that the “stemness” properties of PE cells, likely
conferred by Mycand Mycn activities, allow PE cells to maintain their cell identity, and
hence they do not differentiate into more advanced cell types in the highly inductive embryo
environment. Conversely, the downregulation of My« factors might be crucial for VE cells to
further develop into emVE/exVE cells during the E4.5 to E5.5 embryo stages, and into more
specialized VE cell types during post-implantation (Fig. 7A).

FOXAZ2 is a dominant repressor of Mycn, and facilitate the adoption of VE cell fate

(Fig. 7B). However, FOXA2 is also modestly expressed in the PE cells despite being a
VE-associated TF. We speculate that PE cells leverage FOXA2 to potently restrict the
expression of Mycn, which could otherwise be over-stimulated by PE TFs such as GATA6
and SOX17 (Fig. 7A). This mechanism safeguards PE cells from uncontrolled growth,
mimicking FOXA2’s role as a tumor suppressor (Sahoo et al., 2022). In line with this
notion, FoxA2 KO embryos exhibit abnormal overgrowth of PrE/PE-like cells (Dufort et al.,
1998), which may allude to dysregulated Mycn expression.
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3.2. BMP signaling input is required for PE and VE segregation

We observed an upregulation of genes encoding BMP signaling components in ¢cXEN cells
deficient in GATAG or SOX17 (Fig. 6A and S6A). Motivated by this observation, we
investigated the genome-wide transcriptional changes in cXEN cells after BMP4 treatment.
BMP4 downregulated the expression of PE-associated genes including Gata6, Sox17, and
Myen (Fig. 6B), while upregulating genes associated with VE, such as Hnf4aand Hex
(Fig. 6B). This finding is consistent with the previous observation that BMP4 treatment
directs XEN cells towards a VE phenotype (Artus et al., 2012; Paca et al., 2012). We
propose that BMP signaling acts as a potent inducer for VE cell fate by upregulating VE
TFs and by downregulating expression of PE TFs such as Gataé6 or Sox17 (Fig. 6B). This
observation also fits with the known spatial expression pattern of Bmp4in E4.5 blastocysts,
where a high Bmp4 expression level is detected in the epiblast cells adjacent to the future
VE cells (Coucouvanis and Martin, 1999; Mochel et al., 2015; Graham et al., 2014). In
contrast, the future PE cells are localized further away from the BMP source of the epiblast
cells and migrate along mural trophoblast cells (mTE). Collectively, our data suggest that
BMP signaling is one of the major developmental cues involved in VE versus PE cell fate
decisions.

We propose the following mechanism underlying PE-VE cell specification. Initially, PrE
cells moderately express Gata6 and Sox17, where PrE cells are bipotential, and co-express
other genes involved in PE and VE gene regulatory programs (Fig. 2A-D). The PrE cells
receive BMP signals from the adjacent Epi cells, which collaborates with FOXA2 and other
VE TFs to promote the VE gene regulatory program. The exact mechanism of how BMP
signaling impacts the VE cell decision is currently unclear. On the other hand, the PrE
cells that detach from the EPI cells, acquire PE cell fate via upregulation of Gata6and
Sox17, possibly due to being further away from BMP signals, but also closer to paracrine
parathyroid hormone-related protein (PHTrP) signals from adjacent mTE cells (MVerheijen
et al., 1999; van de Stolpe et al., 1993). We envision that recently developed primitive
endoderm stem cells (PrESC) lines (Ohinata et al., 2022), which model the PrE progenitor
cells, will be valuable for testing the current proposed model.

We propose that it will be crucial to distinguish the respective contributions of canonical
and noncanonical BMP signaling pathways (Derynck and Budi, 2019) to the VE gene
program. A potential approach is the use of a BMP response element-pgal (BRE-gal)
reporter system that specifically responds to canonical (SMAD mediated) BMP signaling
during pre-implantation development. This system can pinpoint the time and location of
the signaling cascade in the lineage segregation (Mochel et al., 2015; Javier et al., 2012).
Additionally, the precise role of BMP signaling in PE-VE cell lineage specification /n vivo
will need to be determined. Effects of BMP signals in PE/VE lineage divergence have yet
to be finely delineated due to the requirement for BMP signals in both trophoblast and
endoderm derived tissues (Coucouvanis and Martin, 1999; Sirard et al., 1998; Yang et al.,
1998; Beppu et al., 2000; Chu et al., 2004; Sozen et al., 2021). Thus, a particularly important
question is to address how modulation of BMP signaling and the interplay among GATAG,
SOX17, and FOXAZ2 shifts the balance of PE and VE cells in developing embryos. Recent
advances in the growth of integrated embryo models using mixtures of self-assembled ESC,
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TSC, and XEN stem cells (Sozen et al., 2018; Zhang et al., 2019; Amadei et al., 2021,

2022; Tarazi et al., 2022), could provide a powerful approach to study the interplay among
the TFs and the effect of BMP signaling in PE/VE lineage divergence. Lastly, besides
demonstrating that cXEN cells are genetically editable cells, we also proved the principle
that the FKBP12F36V_pased proteolysis targeting chimera (PROTAC) system is compatible
with XEN cells. Treatment with dTAGV-1 effectively recruits E3 ubiquitin ligase to the
FKBP12F36V tagged protein followed by rapid degradation (Nabet et al., 2018; Nabet et al.,
2020). The application of PROTAC in XEN or associated endodermal stem cells (Ohinata et
al., 2022; Amadei et al., 2021, 2022; Tarazi et al., 2022) will expand the targetable genes for
further functional studies.

In closing, we would like to emphasize that our proposed model is based on a limited
number of TFs and enhancers (Fig. 7A and B). Therefore, further studies are needed to
investigate the involvement of other potential regulatory factors and enhancers to gain a
more comprehensive understanding of the molecular mechanism underlying extraembryonic
endoderm development. However, the framework of the current gene regulatory model and
insights provided by the current study can serve as a foundation for future research in
understanding the transcriptional regulation of extraembryonic endoderm differentiation.

Experimental procedures

Lead Contact and materials availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Ken W.Y. Cho (kwcho@uci.edu).

Method details

cXEN cell line derivation

cXEN cell lines were derived from mESCs cells (E14TG2a) using a previously established
chemical induction protocol (Niakan et al., 2013) in a cXEN derivation cell medium
consisting of 0.010 M Retinoic Acid (Sigma, 50-185-8562), 10 ng/mL Activin A 24 ng/mL
(R&D Systems, 338AC010), Fgf2 (R&D Systems, 23-3FB0-10), and 1 ug/mL Heparin
(Sigma, H3393). mESCs were maintained in KnockOut DMEM (Thermo Fisher,10829018)
supplied with 15% FBS (R&D Systems, S10250H), 1 mM MEM Non-Essential Amino
Acids (Thermo Fisher, 11140-050), 2 mM Glutamax (Thermo Fisher, 35050061), 100 U/mL
Pen/Strep (Thermo Fisher, 15140122), 0.1 mM 2(B)-ME (Sigma, M-3148), and 1000 U/mL
LIF (Cell Guidance Systems, GFM200), before changing to cXEN derivation medium. The
established cXEN cell lines were maintained, and passaged in Advanced RPMI (Thermo
Fisher,12633012) supplemented with 15% FBS (R&D Systems, S10250H), 2 mM Glutamax
(Thermo Fisher, 35050061), 100 U/mL Pen/Strep (Thermo Fisher, 15140122), 0.1 mM
2(B)-ME (Sigma, M-3148).

CRISPR/Cas9 cell line generation

We cloned the FKBP12F36V-mNeonGreen-(3X)HA-tag-P2A-Blasticidin cassette flanked
by the homology arms of the target gene into the pUC19 backbone. The homology
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arms, amplified from mouse genomic DNA or synthesized using gBlock (IDT), were
designed to produce in-frame insertion at the C-terminus of the targeted proteins.

SgRNAs were designed to cut around the stop codons of the endogenous loci of the

Gata6 and Sox17genes. The repair template and sgRNAs were validated by Sanger
sequencing before use. For generation of FKBP12F36V cell lines, cXEN cells were

seeded the day before transfection on a 10 cm? tissue culture plate. Twelve pg of

plasmid DNA mixed with equimolar amounts of sgRNAs and homology repair templates
were transfected using 40 ul of Lipofectamine 3000 with 24 ul of P3000 reagent

(Thermo Fisher, L3000008). Two days after transfection, the transfected cells were

selected in 10 ug/mL of Blasticidin for a week (Cayman Chemical, NC1445974). Single
cells from the mNeonGreen positive population were then sorted into 96-well round

bottom plates pre-coated with irradiated CF-1 MEFs (Thermo Fisher, A34180) using a
BDFACSAria Fusion Sorter. Cell clones harboring homozygous inserts were screened

by PCR genotyping using primers that detect successful insertions. The clones were
verified by flow cytometry and western blots. The genotyping primers used for detecting
successful knockin in the Gataé6 loci: FWD: GGTCAAGACGGCCTCTACATAGGTG, REV:
CTGGTGAAATAGGTTTCCATATGATATCCC. The genotyping primers used for detecting
successful knock-in in the SoxZ7loci: FWD: AGCTCAGCGGTCTACTATTGCAACTACC,
REV: AGCACTCAGCA-CAGCATTTGCAGGG. The sgRNAs used for targeting Gataé
loci are: sense: CACCGCCAAGAATCCTGTCGCACGG, antisense: AAACCCGTGCGA-
CAGGATTCTTGGC. The sgRNAs used for targeting SoxZ7loci are:

sense: CACCGCGGTTGCCGACCCGACCTGA, antisense: AAACTCAGGTCGGGT
CGGCAACCGC.

To generate FoxA2-KO knockout lines on Gataé-or Sox17- FKBP12F38V knockin lines, two
sgRNAs were designed to delete the sequence encoding the DNA binding domain. cXEN
knockin cell lines were seeded one day before transfection on a 6-well tissue culture plate.
A cocktail of 2.5 ug of plasmid DNA and equimolar amounts of sgRNA was transfected
with 5 pl of lipofectamine 2000 (Thermo Fisher, 11668019) for 24h. The BFP positive cells
were then sorted using a BDFACSAria into 96-well round bottom plates pre-coated with
irradiated CF-1 MEFs (Thermo Fisher, A34180). The homozygous clones were confirmed
by genotyping. The genotyping primers used for detecting FoxAZ forkhead deletion: FWD:
“AACATGTCATCC-TATGTGGGCGC” and REV: “GGTCTTCTTGCCTCCGCTACTG”.
The sgRNAs used for deletion of FoxAZ2% forkhead domain: set_1: sense:
“CACCGCACA-CTTGAAGCGCTTCTGG”, antisense: “AAACCCAGAAGCGCTTCAAG
TGTGC”, set_2: sense: "CACCGTGGCGTGTGTGTAGCTGCGT’, antisense:
“AAACACGCAGCTACACACACGCCAC”.

BMP4 treatment

cXEN cells were plated on a gelatin coated plate with N2B27 plus 1% FBS overnight.
N2B27 media is a 1:1 mix of DMEM/F12 (Thermo Fisher, 11320033) and Neurobasal
media (Thermo Fisher, 21103049) supplemented with B-27 Plus (Thermo Fisher,
A3582801) and N-2 (Thermo Fisher, 17502048). The media was then changed to N2B27
without serum, supplemented with 25 ng/ml BMP4 (R&D Systems, 314-BP-010/CF). Cells
are seeded and harvested at Day 1 (24h) and Day 3 (72h) for RNA-seq.
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Total RNA was extracted using Trizol (Thermo Fisher, 15596026). Strand-specific RNA-seq
libraries were generated with 1000 ng of total RNA using NEBNext Ultra Il Directional
RNA Library Prep Kit for lllumina (E7760S). Libraries were subjected to paired-end
sequencing by the NovaSeq 6000.

Fifty thousand cXEN cells were dissociated using Accutase (Thermo Fisher, A1110501).
ATAC-seq was performed according to manufacturer instructions using the ATAC-seq kit
(Active Motif, 53150), which included components for tagmentation, tagmented DNA clean-
up, and library PCR amplification. Libraries were subjected to paired-end sequencing by the
NovaSeq 6000.

A half million ¢cXEN cells or its derivative cells were dissociated using Accutase (Thermo
Fisher, A1110501). CUT&RUN was performed using pAG-MNase (Epicypher, 15-1016)
using a cell preparation method from Fujiwara et al. (Fujiwara et al., 2021), following the
standard protocol published by the Henikoff lab (Skene and Henikoff, 2017; Meers et al.,
2019). A half of the DNA eluted from the CUT&RUN reaction was used for library prep
using the NEBNext Ultra Il system based on Liu et al. (Liu et al., 2018; Liu, 2019) without
size selection. Libraries were subjected to paired-end sequencing on the NovaSeq 6000.
Antibodies used in these experiments were as follows: anti-GATAG (5851S, Cell Signaling
Technology), anti-SOX17 (AF1924, R&D Systems), anti-FOXA2 (07-633, EMD Millipore
Sigma), anti-H3K27ac (MABE647, EMD Millipore Sigma), anti-H3K4me3 (39159, Active
Motif), and anti-H3K4mel (ab8895, Abcam).

Flow cytometry

Cells were dissociated and resuspended in media for analyzing the expression of NeonG
fluorescence protein in FKBP12F38V knock-in lines using the ACEA Novocyte Quanteon
(Agilent). For cell surface staining, cells were dissociated, washed in 1X PBS, stained
with anti-CD140A (PDGFRA) (17-1401-81, Thermo Fisher) for 15 min. Stained cells
were washed twice in PBS, and resuspended in FACS buffer (PBS+1% FBS) before FACS
analysis.

Western blotting

Antibodies used for western blot analysis were as follows: anti-GATA6 (58515, Cell
Signaling Technology), anti-SOX17 (AF1924, R&D Systems), anti-FOXA2 (07-633, EMD
Millipore Sigma), anti-HA (901503, Biolegend), or anti-TUBULIN (T6199, Sigma). The
cells were harvested in a 1X SDS loading buffer, boiled at 95 °C before being subjected to
western blotting.
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Data quantification and statistical analyses
CUT&RUN and ATAC-seq data analysis

Paired-end fragments were trimmed using trimmomatic (Bolger et al., 2014). Paired-end
reads were aligned using Bowtie2 (Langmead and Salzberg, 2012) with flags: —local —very-
sensitive —dovetail —phred33 —I 10 -X 700. The fragments were filtered for a MAPQ score
of 30 prior to downstream analyses. MACS?2 (Zhang et al., 2008) was used for narrowPeak
calling for CUT&RUN and ATAC-seq. To identify TF binding regions in H3K27ac peaks,
HOMER (Heinz et al., 2010) was used for calling H3K27ac peaks centered on nucleosome
free regions (NFR).

Motif enrichment analysis was performed using HOMER (Heinz et al., 2010) on cXEN

and E6.5 VE H3K27ac peaks. H3K27ac-enriched enhancers were defined by filtering out
H3K27ac peaks with high H3K4me3 signals through k-means clustering by Deeptools
(Ramirez et al., 2014). Tornado plots and meta profiles of CUT&RUN and ATAC-seq
datasets were generated by Deeptools’ plotHeatmap and plotProfile subcommands (Ramirez
et al., 2014). Enhancer sets for nearby genes were annotated by HOMER (Heinz et al.,
2010). ATAC-seq footprinting analyses were performed using the TOBIAS pipeline with
motifs supplied from the JASPAR CORE 2022 vertebrates (Castro-Mondragon et al., 2021)
and Hocomoco V11 (Mouse) (Kulakovskiy et al., 2017). To plot the Vplots, VplotR (Serizay
et al., 2020), (Serizay and Ahringer, 2021) was used to analyze fragment distributions and
visualized by complexHeatmap (Gu et al., 2016).

RNA-seq data analysis

All RNA-seq samples were aligned using HISAT2 (Kim et al., 2019) to the mm10 genome.
Raw counts were obtained using HT-seq (Putri et al., 2022). TPM values were obtained
using Stringtie (Pertea et al., 2015). To compare gene expressions between E6.5 VE RNA-
seq (Zhang et al., 2018) and cXEN cells (Fig. 3E), DESeq2’s median of ratios (Love et al.,
2014) were used for transcript level comparison.

Weighted gene correlation network analysis (WGCNA) (Langfelder and Horvath, 2008)
was performed on Gata6-FKBP12F36Y and Sox17-FKBP12F36V time-course RNA-seq (0,
6, 24, 48, 72, 96h) series using the blockwiseModules function with a “signed” network,
TOM type, a soft power threshold of 14, minModuleSize of 150, pamStage set to True,
and bicor set to True. Differentially expressed genes for Fox-A2-KO cell lines and BMP4
treated samples were analyzed by DESeq2 (Love et al., 2014). RNA-seq heatmaps were
visualized using the complexHeatmap package (Gu et al., 2016) or using the Seaborn
package (Waskom, 2021).

Gene ontology overrepresentation analyses and GSEA plots were performed using
ClusterProfiler (Yu et al., 2012; Wu et al., 2021). GSEA analyses used a rank ordered list
from DESeq?2 test statistic (“stat” column) output (Love et al., 2014). The GATA6, SOX17,
& FOXA2 (GS&F)-cobound VE enhancer targets were generated by extracting differentially
expressed genes by DESeq2 by comparing the E6.5 visceral endoderm (VE) versus E6.5
epiblast RNA-seq (Zhang et al., 2018), which were then overlapped with the annotated
nearby genes of the GS&F-co-bound VE enhancers (Table S7). The scRNA-seq VE module
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set (Table S9) was reduced for the GSEA test by filtering for KME >0.175, and using the top
15% of genes. Statistical analyses were done using the SciPy statistical package using the
Wilcox test (Virtanen et al., 2020).

scRNA-seq data analysis

scCRNA-seq data of embryonic day 4.5 (E4.5) embryos were obtained and integrated from
Mohammed et al., Cheng et al., Nowotschin et al., Qiu et al. (Mohammed et al., 2017;
Cheng et al., 2019; Nowotschin et al., 2019; Qiu et al., 2022) using seurat V4 using standard
parameters (Hao et al., 2021). Cell clustering, UMAP, and violinplots for transcriptional
signatures were generated by seurat V4 (Hao et al., 2021). The transcriptional signatures
were calculated by the UCell algorithm (Hao et al., 2021; Andreatta and Carmona, 2021).
Weighted gene correlation network analysis (WGCNA) of single cell transcriptomes were
performed by hdWGCNA (Morabito et al., 2021). The parameters used were as follows
meta.cell.k = 10, soft_power = 12, minModuleSize = 100, corType = “bicor”. Statistical
analyses were done using the Wilcox test through R. To generate cell trajectory (Fig. 1B),
we first integrated E4.5 scRNA-seq data (described above) and E5.5 sScRNA-seq data from
(Nowotschin et al., 2019) using seurat V4. Then, we converted the integrated seurat object
to anndata in order to perform analyses of paga, force-directed graph, and pseudotime using
scanpy toolkit (Wolf et al., 2018).

Data and code availability

All raw and processed sequencing data generated in this study have been submitted

to the NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under
accession number GSE213661. The following publicly available datasets were used in this
study: E6.5 visceral endoderm RNA-seq, E6.5 epiblast RNA-seq, E6.5 visceral endoderm
ATAC-seq, E6.5 visceral endoderm H3K27ac, E6.5 visceral endoderm H3K4me3 can be
found at GSE76505 and GSE125318.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Single-cell transcriptomes of the extraembryonic endoder m lineagesin E4.5 embryo.
(A) A schematic highlighting embryonic stages from E3.5 and E5.5, depicting the lineage

relationships of cell states with a primary emphasis on PrE lineage segregation events from
E4.5to E5.5. (B) Left panel displays a UMAP embedding of the integrated ScCRNA-seq data
of the E4.5 embryo from Nowotschin et al. (Nowotschin et al., 2019) and Qiu et al. (Qiu

et al., 2022) Epiblast, trophoblast, and extraembryonic endoderm subpopulations were color
coded. Lineage differentiation paths between E3.5 and E4.5 were displayed in a tree plot.
Right panel displays a force-directed graph showing the trajectory of E4.5 and E5.5 single

Dev Biol. Author manuscript; available in PMC 2023 October 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pham et al.

Page 29

cells. (C) Violin plots displaying the transcriptional signature (calculated by UCell) of cell
states for E4.5 parietal endoderm module and E4.5 visceral endoderm module identified by
hdWGCNA (top 50 genes). n.s. denotes non-significant, **** denotes p<0.0001 (Wilcoxon
Test). (D and E) Networks connecting the E4.5 parietal endoderm module genes (D) and
E4.5 visceral endoderm module genes (E) with enriched KEGG pathways. Individual genes
were color coded according to their membership score (KME) relative to the respective gene
modules.
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Fig. 2. Parietal endoderm and viscer al endoder m associating transcription factorsand
enhancers.

(A) Scatter plot showing the transcriptional signatures of E4.5 parietal endoderm and
visceral endoderm gene modules projected onto the single cells of extraembryonic endoderm
lineages. Marginal distributions are plotted next to the corresponding axis. (B) Heatmap
showing the expression profiles of the top 5% correlated genes (KME > 0) in the parietal
endoderm and visceral endoderm module in the single cells of the E4.5 extraembryonic
endoderm lineages. (C and D) Average gene expression levels of the top correlated
transcription factors in the parietal endoderm (C) or visceral endoderm (D) modules for the
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five cell states present in E4.5 embryos. (E) Tornado plots displaying signals of chromatin
accessibility and H3K27ac mark in cXEN and E6.5 VE cells centered at H3K27ac enriched
regions. (F) Enriched transcription factor binding motifs at parietal endoderm and visceral
endoderm enhancers identified in (E).
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Fig. 3. Differential transcription factor (TF) footprinting at the GATA6, SOX17, and FOXA2
(GS&F) co-bound VE enhancers.

(A) Tornado plots displaying signals of chromatin accessibilities and binding of GATAS,
SOX17, and FOXA2 around visceral endoderm enhancers identified in Fig. 2E. (B) Violin
plot displaying transcriptional signatures of various cell states based on E5.5 sScCRNA-seq
data of differentially expressed genes between E6.5 visceral endoderm and E6.5 epiblast that
overlap with the nearby genes of GS&F-co-bound visceral endoderm enhancer identified in
(A). *** denotes p<0.001 (Wilcoxon Test) (C) Schematic diagram illustrating differential
footprinting analysis using TOBIAS software. (D) Differential footprinting scores for motifs
enriched at GS&F-co-bound VE enhancers between cXEN ATAC-seq and E6.5 visceral
endoderm ATAC-seq. Similar motifs (PWM matrixes) obtained from the JASPAR and
HOCOMOCO databases were clustered into motif families and significance was assigned
by TOBIAS, which was visually represented as a boxplot per TF family. Binding scores
(y-axis) represent footprint scores calculated by TOBIAS to indicate preferential binding

in PE-like (cXEN) cells (i.e. <0 on the y-axis) and preferential binding in E6.5 VE cells
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(i.e. >0 on the y-axis). The Log10(p-values) for each PWM matrix can be found in Table
S8. Significant differentially bound TFs (indicated by the blue and red color coded bars to
the right side of the graph) assigned to cXEN or E6.5 VE cells were defined by default
thresholds set by the TOBIAS software. (E) Relative gene expression profiles calculated by
DESeq2 median of ratios for TFs belonging to the TF families in (D) from cXEN and E6.5
visceral endoderm RNA-seq datasets.
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Fig. 4. GATAG and SOX17 represses viscer al endoderm associated gene expression
(A) Schematic illustrating the strategy for acute degradation of GATA6 or SOX17 using

the dTAG inducible FKBP12F38V degron system (B) Heatmap displaying fold changes
(log2 normalized TPM versus Oh) of genes from gene modules identified by WGCNA
during the course of GATA6 and SOX17 depletion. Select genes were annotated. GATA6/
SOX17 Co-upregulated # of genes: 960, GATA6/SOX17 Co-downregulated # of genes: 681,
SOX17 Upregulated # of genes: 469, GATA6 Upregulated # of genes: 265 (C) Aggregated
functional profiles of gene ontology biological processes enriched in gene modules in (B)
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generated by clusterProfiler. Significance is color coded by p-adjusted values. Gene ratio
reflects the number of genes associated with the gene ontology grouping over the total
number of input genes. (D) Barcode plot showing gene set enrichment analyses (GSEA) on
gene sets (legend on the right) against ranked genes according to expression changes in 72h
dTAGV-1 versus DMSO treated Gata6-FKBP12F36V or Sox17-FKBP12F36V ¢XEN cells.
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Fig. 5. FOXAZ2 counteracts GATA6 and SOX17 in regulating visceral endoderm gene program
and Myen.

(A) Schematic illustrating the strategy for acute degradation of GATAG or SOX17

(Fig. 4A) in combination with FoxAZ2 DNA binding domain deletion. (B) Volcano plot
comparing the transcriptomes of FoxA2-KO versus FoxAZ-WT cXEN cells. (C) Barcode
plot showing gene set enrichment analyses (GSEA) on GS&F-co-bound VE enhancer targets
(Fig. 3B) against ranked genes according to expression changes in FoxA2-KO versus
FoxAZ2-WT cXEN cells. (D) Boxplot displaying log2 fold changes of GATA6 or SOX17
depletion (dTAGV-1 versus DMSO) in FoxA2-KO or FoxA2-WT background for GATA6
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and SOX17 Co-upregulated and Co-downregulated modules identified in Fig. 4B. ****
denotes p<0.0001 (Wilcoxon Test) (E) Barplot displaying fold changes in Mycn expression
comparing to Gata6-FKBP12F36V (blue) or Sox17-FKBP12F36V (orange) parental cell lines
in the absence of dTAGV-1 (first group in the x axis) for FOXA2-KO or FoxXA2WT
backgrounds with and without 48h dTAGV-1 treatment. (F) Barcode plot showing gene

set enrichment analyses (GSEA) on MYC target genes against ranked genes according to
expression changes in FoxAZ2-KO versus FoXAZ2-WT cXEN cells.
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Fig. 6. Reciprocal inhibition between GATA6 and SOX17 with BM P signaling pathway.

(A) Heatmap displaying log2 fold changes in normalized TPMs of GATAG-or SOX17-
depleted cXEN cells relative to the control for select genes involved in BMP signaling

and ERK pathways as annotated in gene ontology databases. (B) Heatmap displaying log2
fold changes in normalized TPMs of BMP4 treated cXEN cells relative to the control
for differentially expressed (g < 0.05, 72 h vs. Oh DESeq?2) TFs in parietal endoderm
transcription factor (TF) set (see Fig. 2C) or visceral endoderm TF set (see Fig. 2D).

(C) Ridgeplot displaying the distributions of expression changes comparing 72h BMP4
treated cXEN cells versus the control for core genes of the enriched pathways from

the MSigDb collection. The significance of pathway enrichments was color coded. (D)

Summary of proposed model: GATAG6 and SOX17 repress VE gene program and activate
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Myecn but opposed by FOXAZ2. Reciprocal repression between GATA6 and SOX17 with
BMP signaling modulates the relative expression between PE and VE gene programs.
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Fig. 7. Generegulatory network (GRN) model for PE versus VE cell fate choice.
(A) and (B) A proposed GRN model for PE versus VE cell fate choice. The model

summarizes the hypothesized relationships derived from both sScRNA-seq and epigenetic
datasets (Figs. 1-3). Boxes with solid black lines represent experimentally tested hypotheses
through loss-of-function models (GATA6, SOX17, and FOXA2), and BMP4 treatments
using cXEN (PE-like) cells to determine the regulatory nature of these factors underpinning
PE versus VE cell fate choice. Boxes with dashed lines represent proposed hypotheses of
factors identified through the scRNA-seq and epigenetic analyses, suggesting their potential
regulatory nature.
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