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Whnt Inhibition Safeguards Porcine Embryonic Stem Cells
From the Acquisition of Extraembryonic Endoderm Cell

Fates

Hanning Wang, Liang Zhong, Zhuangfei Wang, Jinzhu Xiang,* and Duanqing Pei*

Porcine embryonic stem cells (ESCs) are excellent models for exploring
embryogenesis, producing genetically enhanced farm animals, and improving
breeding. Various chemicals have been applied to generate porcine ESCs from
embryos, which differ from mouse and human ESC derivation. Wnt inhibitors
XAV939 or IWR1 are required to isolate and maintain porcine ESCs. How Wnt
inhibitors specify porcine ESC fate decisions remains poorly understood.
Additionally, whether porcine ESCs can be converted to extraembryonic
endoderm (XEN) cells without genetic interventions has not been reported.
Here, it is reported that Wnt inhibitors (i.e., XAV939 and IWR1) safeguard
porcine ESCs from acquiring the XEN lineage. Porcine ESCs rely on Wnt
inhibitors to maintain pluripotency. Without them, porcine ESCs exit from
pluripotency and convert to XEN cells. An efficient strategy and culture
conditions are further developed to directly derive porcine XEN cells from
ESCs without gene editing. The resulting XEN cells from ESCs exhibit similar
transcriptome and chromatin accessibility features to XEN cells from embryos
and contribute to mouse extraembryonic tissues. This study will deepen the
understanding of porcine pluripotency, lay the foundation for deriving
high-quality porcine ESCs with germline chimerism and transmission, and
provide valuable materials to study extraembryonic development and lineage

1. Introduction

The pig is considered a preferable model for
studying human disease and a very suitable
surrogate for humanized organs as it shares
genetic, physiological, and anatomical sim-
ilarities with humans.l'!' During porcine
early embryonic development, inner cell
mass (ICM) and the trophectoderm spec-
ification occur at 5 days post-fertilization
(dpf); the epiblast and hypoblast (HYPO
or primitive endoderm/PrE) are then spec-
ified from ICM at 6 dpfl?] Stem cells
have been in vitro derived from ICM, epi-
blasts, and HYPO, which serve as excel-
lent models for biomedical research and an-
imal breeding for agriculture and animal
husbandry.

Porcine pluripotent stem cells (PSCs)
have been generated from ICMs,B?#
epiblasts,>%] or whole blastocysts!’! under
different culture conditions. Extraem-
bryonic endoderm stem (XEN) cells can
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be isolated from blastocysts.'12] De-

spite applying various chemical inhibitors

and different combinations to generate

porcine embryonic stem cells (ESCs),[]

EPSCs (expanded potential stem cells),[>*]

EDSCs (embryonic disc stem cells),l’! and
pgEpiSCs (pig epiblast stem cells),[®) Wnt inhibitors XAV939[3-37]
or IWR1*?! are required to isolate and maintain porcine
PSCs, which are different from human and mouse PSC gen-
eration. For instance, the removal of IWR1 reduced cell pro-
liferation and promoted differentiation of porcine ESCs,®l as
well as, down-regulated pluripotency marker expression and
up-regulated mesoderm and endoderm-related marker expres-
sion of pgEpiSCs.l%! The withdrawal of XAV939 led to the col-
lapse of outgrowth proliferation and OCT4 negative expres-
sion in porcine EPSCs,>* and down-regulated pluripotency
markers OCT4 and SOX2 expression in porcine EDSCs.’l In
mice, the combination of XAV939 and CHIR99021 supports
mouse epiblast stem cells (EpiSCs) in undifferentiated states.!3]
Administration of XAV939 or IWR1 promotes the derivation
of mouse EpiSCs.'*1S] In human naive PSCs, the presence
of XAV939 contributes to a more primed-like protein expres-
sion profile!'®l or more responsive for differentiation signals.[”]
While, for human naive PSCs cultured in the PXGL medium,! '8!
XAV939 reduced trophectoderm markers GATA2 and GATA3
expression.[!’]

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedscience.com
mailto:xiangjinzhu@westlake.edu.cn
mailto:peiduanqing@westlake.edu.cn
https://doi.org/10.1002/advs.202416802
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

In our recent study, we developed the 4FIXY medium to isolate
and culture porcine ESCs.l”] Chemicals XAV939 and IWR1 are es-
sential for deriving porcine ESCs from blastocysts.[”] If XAV939
and IWR1 are removed from the porcine ESC culture conditions,
i.e., 4FIXY, how porcine ESC fate changes has not been prop-
erly characterized. Elucidating cell fate decisions in this process
sets a framework for defining the signaling network of porcine
pluripotency and contributes to optimizing porcine ESC culture
condition. Here, we show that the withdrawal of XAV939 and
IWR1 causes porcine ESCs to exit from pluripotency and poten-
tially drives them toward XEN cells. We establish a novel method
and an efficient culture condition (termed 2FYSC) that supports
the derivation of porcine XEN cells from ESCs and blastocysts.
The porcine XEN cells maintain stable morphology, transcrip-
tome, karyotype, and developmental potentials. Our findings not
only allow us to understand the porcine ESC pluripotency main-
tenance and exit, but also provide a platform to study porcine ex-
traembryonic development and function.

2. Results

2.1. Removal of XAV939 and IWR1 Leads to the Exit From
Pluripotency in Porcine ESCs

We recently showed that porcine ESCs can be generated from
blastocysts using a 4FIXY medium, including four cytokines
and three chemical inhibitors Y27632, XAV939, and IWR1.”]
In porcine PSC culture and maintenance, the chemical in-
hibitors XAV9393->78] and IWR1[®7] are required to maintain
the pluripotency of porcine ESCs, which is very different in
mice and humans. When removing XAV939 and IWR1 from the
4FIXY medium (termed 4FY medium), dense ESC colonies with
smooth and clear edges became flat and incompact, similar to
XEN cells (Figure 1A,B). The alkaline phosphatase (AP) stain-
ing became negative (Figure 1C). Real-time quantitative PCR
showed that the removal of XAV939 and IWR1 down-regulated
pluripotency genes!>?! POUS5F1, SOX2, OTX2, and NANOG
(Figure 1D). By immunofluorescent staining, we did not de-
tect the presence of pluripotency marker SOX2 (Figure 1E). Lit-
tle SOX2-GFP expression was recorded when cultured in 4FY
medium for 3 days (Figure 1F). Additionally, we performed bulk
RNA-sequencing (RNA-Seq) and comprehensively analyzed the
global transcriptional profiles. The principal component analy-
sis (PCA) revealed a distinct gene expression pattern between
ESCs in the 4FIXY medium and cells in the 4FY medium for
1 and 3 days (Figure 1G). Pearson correlation analysis revealed a
close relationship between ESCs and cells in the 4FY medium
for 1 day compared with cells in the 4FY medium for 3 days
(Figure 1H). The volcano plot showed 981 differentially expressed
genes (DEGs) between ESCs and cells in the 4FY medium for 1
day and 3665 DEGs between ESCs and cells in the 4FY medium
for 3 days (Figure 11). Pluripotency genes!>?! (i.e., POU5FI,
SOX2, ETV5, and NANOG) were down-regulated in cell pop-
ulations in the 4FY medium for 1 and 3 days (Figure 1J,K).
KEGG analysis showed that down-regulated genes in 4FY were
mainly related to signaling pathways regulating the pluripotency
of stem cells (Figure S1A, Supporting Information). Taken to-
gether, porcine ESCs exit from pluripotency after withdrawing
XAV939 and IWR1 in porcine ESC culture conditions.
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2.2. Porcine ESCs Exhibit Increased XEN Potential After the
Withdrawal of XAV939 and IWR1

Next, we investigated how the cell fate changes after the exit
from pluripotency regulated by XAV939 and IWR1. Up-regulated
genes in the 4FY medium for 1 and 3 days were enriched in
gene ontology (GO) terms associated with embryo development,
stem cell fate commitment, and cell fate specification, giving us
a hint of cell fate changes of porcine ESCs (Figure 2A). Down-
regulated genes were related to sodium ion homeostasis, regula-
tion of membrane potential, and synaptic signaling. KEGG anal-
ysis showed that up-regulated genes in 4FY were enriched in the
PI3K-Akt signaling pathway, Wnt signaling pathway, and Focal
adhesion (Figure S1B-D, Supporting Information). It is widely
known that XEN cells are generated from PrE or HYPO that is
a mainly extraembryonic epithelium arising from the ICM of
the mammalian pre-implantation blastocyst.['>2?!l Interestingly,
GO analysis of up-regulated genes in the 4FY medium for 1 and
3 days showed the enrichment of GO terms related to epithe-
lium development, morphogenesis of an epithelium, epithelial
cell development, and positive regulation of epithelial cell migra-
tion (Figure 2A), indicating the conversion of ESCs to XEN cells.
Consistently, the heatmap showed the up-regulation of HYPO-
related genes(? including SOX17, GATA4, GATAG, PDGFRA,
and COL4A1 in cell populations cultured in the 4FY medium for
1 and 3 days (Figure 2B-D). Real-time quantitative PCR corrob-
orated these data (Figure 2E). We then compared these cells to
porcine XEN cells from blastocysts (Figure 3A) and performed a
comparative analysis of the transcriptional profiles among these
cells. In the correlation analysis, correlation coefficients between
ESCs/cells in 4FY for 1 day and XEN cells ranged from 0.56 to
0.72, while correlation coefficients between cells in 4FY for 3 days
and XEN cells were between 0.68 and 0.86 (Figure 2G, down).
Similarly, the correlation coefficient between cells in 4FY for 3
days and XEN cells is 0.92, which is higher than that between
ESCs/cells in 4FY for 1 day and XEN cells (0.85/0.86) (Figure 2G,
up). These data indicate that porcine XEN cells show a close cor-
relation with cells in 4FY for 3 days compared to ESCs and cells
in 4FY for 1 day, and ESCs show a close relationship with cells
cultured in 4FY for 1 day (Figure 2F,G). Based on DEGs between
ESCs and cells in 4FY for 3 days, the heatmap was analyzed and
showed the transcriptional similarities between cells in 4FY for 3
days and XEN cells from blastocysts (Figure 2H). By immunoflu-
orescent staining, we detected the presence of GATA4, GATAG,
and SOX17 in cells cultured in 4FY for 3 days (Figure 2I). These
results indicate that porcine ESCs potentially transform into XEN
cells after withdrawing XAV939 and IWR1 in porcine ESC culture
conditions.

It has been reported that XAV9395! and IWR1(] are the Wnt
inhibitors. Next, we tested whether the addition of the Wnt
activator can result in the exit from pluripotency and poten-
tially convert into XEN cells. Porcine ESCs were cultured in
the 4FIXY medium plus CHIR99021 with a high concentration
(3 uM). With the addition of CHIR99021, two typical morpholo-
gies were formed, one being dense colonies that are AP positive
and the other being flat and in compact cells that are AP nega-
tive (Figure S2A,B, Supporting Information). Real-time quantita-
tive PCR showed that adding CHIR99021 caused a slight reduc-
tion of pluripotency genes POU5F1, SOX2, OTX2, and NANOG,
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Figure 1. The exit from pluripotency in porcine ESCs regulated by XAV939 and IWR1. A) Representative morphology of porcine ESCs cultured in the
4FIXY medium. Scale bar, 200 um. B) Representative morphology of cells cultured in the 4FY medium. Scale bar, 200 um. C) AP staining. Scale bar,
50 um. D) Real-time quantitative PCR data of pluripotency markers following 0 (ESCs), 1, and 3 days of exposure to the 4FY culture condition. n = 3.
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and an increase of HYPO/XEN marker genes SOX17, GATA4,
GATAG6, and PDGFRA (Figure S2C, Supporting Information).
We also cultured ESCs in the 4FY medium plus CHIR99021
with a high concentration. Similar to cells in the 4FY medium,
compact colonies became flat and monolayer that are AP weakly
positive or negative (Figure S2D,E, Supporting Information).
Pluripotency genes were down-regulated and HYPO/XEN mark-
ers were up-regulated (Figure S2F, Supporting Information). We
also compared the XEN and pluripotency genes between cells in
4FIXY+CHIR99021 and 4FY+CHIR99021 for 3 days. The data
showed that, compared to cells in 4FIXY+CHIR99021, the ex-
pression of XEN genes (i.e., SOX17, GATA4, and GATAG6) was
higher, while the expression of pluripotency genes (i.e., POU5F],
SOX2, and NANOG) was lower in cells in 4FY+CHIR99021
(Figure S2G, Supporting Information), indicating that the with-
draw of XAV939 and IWR1 enhances the XEN lineage poten-
tial. Taken together, these results indicate that the withdrawal
of XAV939 and IWR1 or the addition of CHIR99021 leads to
the pluripotency loss and the increased XEN lineage potential of
porcine ESCs.

2.3. Derivation of Porcine XEN Cells From Blastocysts Using a
Novel Culture Condition

To investigate whether XEN cells can be established from porcine
ESCs cultured in the absence of XAV939 and IWR1, we first at-
tempted to develop a robust system to derive XEN cells from
porcine embryos, given that published porcine XEN culture
conditions!'*12 are suitable for cell passaging as clumps but
not at single cells, which may cause inconvenience. To this
end, we developed a novel culture condition (called 2FYSC),
including cytokines EGF and bFGF and chemical inhibitors
Y27632, SB431542, and CHIR99021 (Figure 3A,B). The result-
ing XEN cells can be passaged at single cells by enzymatic
dissociation every 3-4 days and form flat monolayer colonies
(Figure 3C), which were AP negative (Figure 3D). During long-
term culture, these porcine XEN cells retain robust prolifer-
ative potentials (>50 passages) (Figure 3C). Real-time quan-
titative PCR showed that HYPO marker genes (i.e., SOX17,
GATA4, GATA6, PDGFRA, and COL4A1l) were expressed in
XEN cells, whereas pluripotency genes (i.e., POU5F1, SOX2, and
NANOG) were minimally expressed (Figure 3E). Immunofluo-
rescent staining showed that XEN cells expressed HYPO mark-
ers SOX17, GATA4, and GATAG, but not pluripotency marker
SOX2 and TE markers CDX2 and GATA3 (Figure 3F). Differ-
ent XEN cell lines exhibited similar doubling time and retained
normal karyotypes (Figure 3G,H). Furthermore, XEN cells can
form embryonic bodies (EBs) in suspension culture in vitro
(Figure 3I). After random differentiation through EBs for 7
days, some HYPO or XEN-related genes SOX17, PDGFRA, and

www.advancedscience.com

FOXA2 were down-regulated, while several visceral endoderm
(VE) and parietal endoderm (ParE)-related genes APOE, CLDNG,
AFP, SNAIL, PLAU, and SPARC were up-regulated (Figure 3J).
Overall, porcine XEN cells are generated from blastocysts using
the 2FYSC medium.

2.4. Generation of XEN Cells From ESC-Derived Intermediates
Mediated by Removing Wnt Inhibitors

We tested whether ESC-derived cells in the 4FY medium for 3
days can be successfully converted to XEN cells that are stably
and consistently passaged in culture. First, we passaged ESC-
derived cells in the 4FY medium for 3 days and continued cultur-
ing them using the 4FY medium. However, cell colonies cannot
normally proliferate (Figure 4A), indicating that culture condi-
tions are not suitable for cell growth and survival for a long time.
Second, the 2FYSC medium for isolating XEN cells from blasto-
cysts was used to culture ESC-derived cells after passaging. In the
2FYSC medium, the flat and monolayer cell colonies, like XEN
cells, were gradually formed (Figure 4B). These XEN-like cells
from ESCs can stably proliferate and passage as single cells, and
the AP staining was negative (Figure 4C). About four ESC lines
were used to derive XEN cells (Figure 4D). The proper cell density
of ESCs seeded on the feeder cells is important for successfully
generating XEN cells. Additionally, porcine ESCs were directly
transferred and cultured from 4FIXY to 2FYSC medium for 3
days. The typical flat and monolayer cells cannot be well formed
and most of these cells were SOX17 negative (Figure S3, Sup-
porting Information), indicating that XEN cells were not formed
using this method. Taken together, a two-step conversion strat-
egy is required for the establishment of porcine XEN cells from
ESCs, the first step being cultured in the 4FY medium to form
the intermediates with the increased XEN potential and the sec-
ond step being cultured in the 2FYSC medium to generate stable
porcine XEN cells.

Next, we detected the characteristics of these porcine XEN
cells converted from ESCs. Compared with porcine ESCs,
HYPO/XEN-related genes SOX17, GATA4, GATA6, PDGFRA,
and COL4A1 were up-regulated, while pluripotency genes
POUSF1, SOX2, OTX2, and NANOG were down-regulated in
porcine XEN cells (Figure 4E). Immunofluorescent staining
showed the presence of GATA4, GATA6, and SOX17 but not
SOX2 (Figure 4F). During long-term culture, cells have a simi-
lar doubling time with XEN cells from blastocysts and keep nor-
mal karyotypes (Figure 4G,H). When XEN cells were digested as
single cells and cultured in ultra-low attachment plates, the EB-
like structures gradually formed and were collected after random
differentiation for 7 days (Figure 4I). Real-time quantitative PCR
showed an increase of VE and ParE-related genes APOE, CLDNG,
AFP, SNAIL, PLAU, and SPARC, and a decrease of HYPO or

The data are presented as the mean + SD. Day 1vs. Day 0; Day 3 vs. Day 0. “p<0.05; “*p<0.01; “*p<0.001; ““*p<0.0001. The p values were calculated
using Student’s t. E) Representative immunofluorescent staining for pluripotency markers SOX2. Scale bar, 20 um. F) Flow cytometric analysis of SOX2
positive cells following 3 days of treatment in 4FY medium. G) Principal component analysis (PCA) of bulk RNA-Seq data of ESCs in 4FIXY and cells in
4FY for 1 and 3 days. H) Correlation analysis among ESCs in 4FIXY and cells in 4FY for 1 and 3 days. 1) Volcano plots of differentially expressed genes
(DEGs) between ESCs in 4FIXY and cells in 4FY for 1 or 3 days. log2 fold change >1.5; adj. p < 0.05. J) Heatmap showing pluripotent genes among ESCs
and cells in 4FY. Bubble plots indicating the fold change and statistical significance for the indicated genes (Day 1/3 vs. ESCs). K) RNA-Seq expression
(TPM values) of pluripotent genes.
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Figure 2. Porcine ESCs have the potential to transform into XEN cells. A) GO enrichment analysis of up-regulated genes following treatment in 4FY. B)
Heatmap showing DEGs between ESCs and cells in 4FY for 3 days. C) Heatmap indicating the expression of HYPO/XEN genes. Bubble plots showing
the fold change and statistical significance for the indicated genes (Day 1/3 vs. ESCs). D) RNA-Seq expression (TPM values) of HYPO/XEN genes of
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XEN genes SOX17, PDGFRA, and FOXA2 (Figure 4]). To deter-
mine the transcriptional profiles of porcine XEN cells, we per-
formed bulk RNA-Seq of XEN cells from blastocysts and ESCs.
PCA and correlation analysis showed that XEN cells transformed
from ESCs bear similarity to XEN cells derived from blastocysts
(Figure 4K,L). We then compared these cells to porcine early
embryos(?%! and other published porcine XEN cells.['%12] The re-
sults show that XEN cells in this study are close to porcine XEN
cells derived by Zhang et al,['!] which clustered relatively closer
to the spherical (Sph, E10-11) HYPO than late blastocyst (LB, E7-
8) HYPO or day 28 yolk sac (Figure 4M,N). Pluripotency genes
(i-e., SOX2, DNMT3B, and NANOG), which are highly expressed
in EPI at the early embryo stage,?%! are up-regulated in porcine
ESCs (Figure S4A, Supporting Information). While HYPO or
XEN-related genes (i.e., SOX17, GATA6, and HNF4A) that are
highly expressed in HYPO,?%] are up-regulated in porcine XEN
cells (Figure S4B, Supporting Information). Collectively, these
results indicate that we have successfully established and long-
term cultured porcine XEN cells from ESCs by the combina-
tion of removing Wnt inhibitors and using the 2FYSC medium
(Figure 40).

2.5. Characterizing Chromatin Accessibility Dynamics During the
ESC-to-XEN Cell Transition

The chromatin accessibility landscape determines the transcrip-
tion program of cells and governs the cellular state. To charac-
terize the chromatin accessibility dynamics during ESC-to-XEN
cell transition, we performed the assay for transposase-accessible
chromatin sequencing (ATAC-Seq) on porcine ESCs, cells dur-
ing transition on days 1 and 3, and XEN cells derived from
ESCs and blastocysts. PCA analysis shows that the genome ac-
cessibility profile undergoes a gradual transition among these
cells (Figure 5A). XEN cells transformed from ESCs are con-
sistent with XEN cells from blastocysts in the chromatin pat-
terns (Figure S5A, Supporting Information). We compared the
peaks at each locus among these cells at different stages and
separated the peaks into three groups: closed in ESCs but open
in XEN cells (closed-to-open, CO), open in ESCs but closed in
XEN cells (open-to-closed, OC), permanently open in both ESCs
and XEN cells (PO) (Figure 5B,C). To further depict the pro-
gression of chromatin accessibility dynamics, we divided the CO
and OC peaks into four subgroups (CO1-4 and OC1-4), respec-
tively. About 51717 closed and 40833 open peaks were distributed
across chromosomes (Figure 5D; Figure S5B, Supporting Infor-
mation). Counting these peaks showed that OCs outnumber COs
during the phase of removing XAV939 and IWR1 (Figure 5D).
Compared with ESCs in the 4FIXY medium, cells cultured in the
4FY medium for 1 day closed 46.89% (24250/51717) of loci and
opened 15.85% (6473 /40833) of loci; cells in the 4FY medium for

www.advancedscience.com

3 days further closed 30.35% (15698/51717) of loci and opened
36.85% (15046/40833) of loci (Figure 5D,E), hinting at closing
chromatin loci specific to ESCs and opening chromatin loci spe-
cific to XEN cells.

We then identified genes specific to the OC or CO group
among the peaks opened or closed. Loci for genes that porcine
epiblasts highly expressed® in early-stage embryos, such as
SOX2, DNMT3B, and PHCI, underwent closing, whereas loci
for genes highly expressed in porcine HYPOI?"] in early em-
bryos including HNF4A, APOC3, and LMNA gradually opened
(Figure 5F). We further confirm the expression of these genes
based on RNA-Seq data (Figure 5G). Additionally, loci for some
common pluripotency genes POU5F1 and NANOG, and HYPO
genes GATA4, GATAG, and PDGFRA were opened during the
transition (Figure 5F), indicating that Wnt inhibitors including
XAV939 and IWR1 regulated their expression without chang-
ing the chromatin accessibility. We performed the GO analy-
sis to understand the biological process during the transition.
CO peaks are genes that regulate epithelium development, cell
differentiation, developmental growth, and endothelial cell mi-
gration. OC peaks are near genes involved in stem cell popula-
tion maintenance, stem cell development, tissue development,
and cell fate commitment (Figure S5C,D, Supporting Informa-
tion). We further performed motif enrichment analysis related
to OC and CO peaks. Closed loci during the phase of removing
XAV939 and IWR1 for 1 and 3 days (OC1 and OC2) are highly en-
riched with motifs for TFs from bZIP, FOX, TEA, and ZF families
(Figure S5E, Supporting Information). Open loci are mainly en-
riched with motifs for FOXA2, FOXA1, GATA4, GATAG, GATAL,
GATA3, and CTCF (Figure S5E, Supporting Information). Taken
together, these data suggest that during the ESC-to-XEN cell
transition, cells underwent distinct transcription programs apart
from common activation of the XEN/HYPO program and sup-
pression of the ESC signature.

2.6. Chimeric Contribution of Porcine XEN Cells to
Extraembryonic Lineages in Mouse Embryos

To evaluate the ability of extraembryonic tissue contributions of
porcine XEN cells, we injected ZSGREEN-labeled porcine XEN
cells into mouse 4-8 cell-stage embryos or blastocysts and in
vitro cultured the chimeric embryos until E4.5. Immunofluores-
cent staining of E4.5 chimeric embryos showed that ZSGREEN-
labeled porcine XEN cells existed in the chimeric embryos and
expressed HYPO marker SOX17 (Figure 6A-D), indicating that
porcine XEN cells contributed to the HYPO of E4.5 chimeric
embryos. We also transplanted chimeric embryos into recipient
mice. In E6.5 embryos, porcine XEN cells contributed to the VE
and ParE lineages (Figure 6E). These results suggest that porcine
XEN cells can contribute to extraembryonic tissues.

ESCs in 4FIXY and cells in 4FY for 1 and 3 days. E) Real-time quantitative PCR showing the expression of HYPO/XEN genes (SOX17, GATA4, GATAG,
PDGFRA, and COL4AT) of ESCs in 4FIXY and cells in 4FY for 1 and 3 days. n = 3. The data are presented as the mean + SD. Day 1 vs. Day 0; Day 3
vs. Day 0. “p<0.05; “*p<0.01; “*p<0.001. The p values were calculated using Student’s . F) PCA of bulk RNA-Seq data of ESCs in 4FIXY, cells in 4FY
for 1 and 3 days, and XEN cells derived from blastocysts. G) Correlation analysis among ESCs in 4FIXY, cells in 4FY for 1 and 3 days, and XEN cells
from blastocysts. H) Transcriptional profile based on DEGs between ESCs and cells in 4FY for 3 days. I) Representative immunofluorescent staining for
markers of HYPO/XEN (SOX17, GATA4, and GATA6) in cells cultured in 4FY and ESCs maintained in 4FIXY. Scale bar, 20 um. XEN8: XEN cells from
blastocysts.
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Figure 3. Derivation and characterization of porcine XEN cells from blastocysts. A) Schematic of the derivation of porcine XEN cells from blastocysts.
B) Summary of derivation of XEN cell lines in 2FYSC culture medium. C) Representative morphology of outgrowth and XEN cells. D) AP staining of XEN
cells. Scale bars, 100 um. E) Real-time quantitative PCR showing the expression of HYPO/XEN genes (SOX17, GATA4, GATAG, PDGFRA, and COL4AT)
and pluripotency genes (POU5F1, SOX2, and NANOG). The <P20 and P50 indicate XEN cells with a passage |ess than 20 and passage 50, respectively.
n = 3. The data are presented as the mean + SD. <P20 vs. ESCs; P50 vs. ESCs. ns, no significance; p<0.05; “*p<0.01; “*p<0.001; “*p<0.0001. The
p values were calculated using Student’s t. F) Representative immunofluorescent staining for markers of HYPO/XEN (SOX17, GATA4, and GATA®),
trophoblast (CDX2 and GATA3), and epiblast (SOX2). Scale bar, 20 um. G) Doubling time of different XEN cell lines. n = 6. The data are presented as the
mean + SD. One-way ANOVA was used to assess statistically significant. ns, no significance. H) Karyotypes analysis of XEN cells. I) EB formation of XEN
cells. Scale bar, 50 um. J) Real-time quantitative PCR showing the relative expression of several ParE and VE markers. XENB: XEN cells from blastocysts.
n = 3. The data are presented as the mean + SD. “p<0.05; **p<0.07; “*p<0.001; “*p<0.0001. The p values were calculated using Student’s .
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Figure 4. Conversion of porcine XEN cells from porcine ESC-derived intermediates. A) Continuous culture in the 4FY medium after passaging of cells
in 4FY for 3 days. Scale bar, 200 um. B) Representative morphology of XEN cells generated from ESCs. Scale bar, 500 um. C) AP staining of XEN cells
from ESCs. D) Summary of the conversion of XEN cells from ESCs. E) Real-time quantitative PCR showing the expression of HYPO/XEN genes (SOX17,
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3. Discussion

Pigs are considered as valuable animal models for regenerative
medicine due to their similarities with humans in immuno-
logical, physiological, and anatomical traits.!] PSCs represent
an attractive source for biomedical research and human thera-
pies. De novo derivation of porcine PSCs from early embryos
has been attempted for more than 30 years, but its progress is
still far behind PSCs in other species including mice, rats, mon-
keys, and humans. Recent reports>-] have shown the establish-
ment of stable porcine PSCs using various media that contain
Wnt inhibitors XAV939 or IWR1. Without XAV939 or IWRI1,
porcine ESCs®l exhibit differentiation potential; pgEpiSCs!®!
down-regulated pluripotency genes and up-regulated mesoderm
or endoderm genes; EPSCs[**l and EDSCs!®) also down-regulated
pluripotency markers. Similarly, in our study, when XAV939
and IWR1 are removed in the ESC culture conditions, pluripo-
tency genes are down-regulated, suggesting the exit from pluripo-
tency. Our study further elucidates the cell fate determination
of porcine ESCs without Wnt inhibitors. Cells without XAV939
and IWR1 become flat and incompact, which is like XEN cells.
HYPO-related genes are up-regulated in these cells, suggesting
that ESCs potentially transform into XEN cells. This will enable
the elucidation of mechanisms for porcine pluripotency and em-
bryogenesis.

Although porcine XEN cells were derived from early embryos
using different media, whether XEN cells can be transformed
from ESCs without introducing exogenous genes remains un-
clear. In this work, for the first time, we develop a robust method
and an efficient condition, i.e., 2FYSC medium, to support the
conversion of XEN cells from porcine ESCs (Figure 7). To develop
an efficient culture condition to derive XEN cells from ESCs,
we first established the 2FYSC medium to generate and cul-
ture XEN cells from porcine early embryos. Cytokines (i.e., EGF
and bFGF) and chemical inhibitors (i.e., Y27632, SB431542, and
CHIR99021) are applied in this medium. The resulting porcine
XEN cells from blastocysts express HYPO markers, i.e., GATA4,
GATAG6, and SOX17, show similar transcriptomic with in vivo
sph HYPO, and contribute to mouse extraembryonic tissues.
As shown in Figures 1 and 2, porcine ESCs exit from pluripo-
tency and up-regulate HYPO/XEN markers without XAV939 and
IWR1. To explore whether ESC-derived cells in 4FY for 3 days
can be converted to XEN cells, the 2FYSC medium was used to
culture these cells and transform them into XEN cells. More crit-
ically, the resulting XEN cells from ESCs express HYPO/XEN
markers, exhibit similar transcriptional profiles and chromatin
patterns with XEN cells from blastocysts, and contribute to

www.advancedscience.com

mouse extraembryonic tissues. Establishing porcine XEN cells
will provide an in vitro model to explore extraembryonic tissue or
HYPO specification and subsequent pre- and post-implantation
development. Future studies may focus on the interactions be-
tween porcine ESCs and XEN cells and clarify the relationships
of epiblast and HYPO in porcine early embryo development.

4, Conclusion

In conclusion, the present study shows that Wnt inhibitors, i.e.,
XAV939 and IWR1, are required for porcine pluripotency main-
tenance. Without them, porcine ESCs potentially convert toward
XEN cells. Additionally, we establish a robust strategy and a cul-
ture condition to derive porcine XEN cells from ESCs without
genetic interventions. The resulting XEN cells match closely to
porcine in vivo sph HYPO and contribute to mouse extraembry-
onic tissues. This study will facilitate learning of porcine ESC
pluripotency and provide a valuable platform to study porcine
HYPO specification and the relationship between porcine em-
bryonic and extraembryonic tissues.

5. Experimental Section

Animal Treatment and Ethics Statements:  All animal experiments were
approved by the Animal Care and Use Committee of Westlake University
(AP#22-035-4-PDQ).

Establishment of Porcine XEN Cells From Blastocysts: The porcine
parthenogenetic (PA) blastocysts and ESCs were generated according to
the previous report.l”] For the derivation of porcine XEN cells, the whole
PA blastocysts were digested with 3 mg mL~" pronase (Sigma-Aldrich,
P8811) to remove zona pellucida and then cultured in the 2FYSC medium
plus 5% FBS on feeder cells until outgrowths appeared. The outgrowths
were dissociated with TrypLE Express and reseeded onto mitomycin C-
treated mouse embryonic fibroblast feeder cells in the 2FYSC medium.
The cells formed well-fined colonies ~3 days later. Cells were cultured at
38.5 °C, 5% O,, and 5% CO,.

The 2FYSC medium was composed of 1:1 (v/v) mix of Neurobasal
medium (Gibco, 21103049) and DMEM/F12 (Gibco, 10565018) sup-
plemented with N2 (Gibco, 17502048) and B27 (Gibco, 17504044)
supplements, NEAA (Gibco, 11140050), GlutaMAX (Gibco, 35050061),
penicillin/streptomycin  (Gibco, 15140122), 5% KOSR, 100 uM 2-
mercaptoethanol (Sigma, M3148), 50 ng mL™' human EGF (Pepro-
tech, AF-100-15), 20 ng mL~" human FGF-basic (Peprotech, 100-18B),
50 ug mL~" 2-Phospho-L-ascorbic acid trisodium salt (Sigma, 49752), 10 u
Y-27632 (TargetMol, T1725), 1 um SB431542 (Selleck, S1067), and 2
CHIR99021 (Tocris, 4423).

Culturing Porcine ESCs and XEN Cells: The ESCs and XEN cells were
maintained on mitomycin C-treated mouse embryonic fibroblast feeder
cells and enzymatically passaged every 3-4 days. The ESCs and XEN cells

GATA4, GATAG6, PDGFRA, and COL4AT) and pluripotency genes (POU5F1, SOX2, OTX2, and NANOG). n = 3. The data are presented as the mean +
SD. ™p<0.01; “*p<0.001; ***p<0.0001. The p values were calculated using Student’s t. F) Representative immunofluorescent staining for markers of
HYPO/XEN (SOX17, GATA4, and GATA6). Scale bar, 20 um. G) Doubling time of different XEN cell lines. n = 5. The data are presented as the mean
+ SD. One-way ANOVA was used to assess statistically significant. ns, no significance. H) Karyotypes analysis of XEN cells. 1) EB formation of XEN
cells. Scale bar, 100 um. J) Real-time quantitative PCR showing the relative expression of several ParE and VE markers. n = 3. The data are presented as
the mean + SD. *p<0.05; “*p<0.01; *p<0.001; “**p<0.0001. The p values were calculated using Student’s t. K) PCA of bulk RNA-Seq data of ESCs in
4FIXY, cells in 4FY for 1 and 3 days, XEN cells derived from blastocysts and transformed from ESCs. L) Correlation analysis among ESCs in 4FIXY, cells in
4FY for 1 and 3 days, XEN cells derived from blastocysts and transformed from ESCs. M) Correlation analysis among XEN cells derived from blastocysts
and transformed from ESCs, and published porcine embryos.[?%l N) Correlation analysis among XEN cells from blastocysts and ESCs, published XEN
cells,[1-12] porcine hypoblasts, 2] and day 28 pig yolk sac (YS D28).1"2] O) Schematic of the derivation of porcine XEN cells from ESCs. XENE: XEN cells
from ESCs. XENB: XEN cells from blastocysts. LB: late blastocyst; Sph: spherical embryo; EPI: epiblast; HYPO: hypoblast.
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Figure 5. Chromatin accessibility dynamics during porcine ESC-to-XEN cell transition. A) PCA analysis by ATAC-Seq data. B) Density heatmap by ATAC-
Seq. Depicting ATAC-Seq peaks centered on the peaks within a 5 kb window. C) The global CO/OC and PO status. D) The number of peaks defined as
CO, OC, and PO. E) The percentage of CO and OC peaks. F) Representative loci for the OC, CO, and PO peaks at different stages. G) RNA-Seq analysis
of the expression levels (TPM values) of the indicated CO- and OC-related genes.
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staining for SOX17. Scale bar, 20 um. E) Chimeric contribution of porcine XEN cells into the VE and ParE at E6.5 embryos. Scale bar, 20 um. XENE: XEN

cells from ESCs. XENB: XEN cells from blastocysts.

were dissociated as single cells by TrypLE Express (38.5 °C, 5 min), cen-
trifuged (250 g, 5 min), resuspended, and seeded in 4FY and 2FYSC
medium, respectively. Cells were passaged at a ratio of 1:3 and cultured
at 38.5 °C, 5% O,, and 5% CO,.

The 4FIXY mediuml’l was composed of 1:1 (v/v) mix of Neu-
robasal medium and DMEM/F12 supplemented with N2 and B27 supple-
ments, NEAA, GlutaMAX, penicillin/streptomycin, 5% KOSR, 100 um 2-
mercaptoethanol, 0.15% FBS (Gibco, 10099141C), 20 ng mL~1 human IL-
6 (Peprotech, AF-200-06), 20 ng mL~" human sIL-6 Receptor a (Peprotech,
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Figure 7. Schematic illustration of the major findings of this study.
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200-06RC), 20 ng mL~" activin A (Peprotech, 120-14-1000), 50 ng mL™"
human IGF1 (MCE, HY-P7018), 2.5 um XAV939 (Selleck, S1108), 2.5 um
IWR1 (Selleck, S7086), 50 ug mL~" 2-Phospho-L-ascorbic acid trisodium
salt and 5 um Y-27632.

Derivation of Porcine XEN Cells From ESCs:  Porcine ESCs were digested
with Tryple Express into single cells. About 3.3-6.6 x 10* ESCs cm~2 were
seeded on the mitomycin C-treated mouse embryonic fibroblast feeder
cells and cultured in the 4FIXY medium. On day 1, the medium was re-
placed with the 4FY medium (4FIXY medium minus XAV939 and IWRT).
After the cells reached ~80% confluence on days 3-4, they were dissoci-
ated with Tryple Express for 5 min at 38.5 °C and passaged to a new feeder
cell-coated 12-well plate at a 1:2 split ratio. The cells were suspended in
the 2FYSC medium. Porcine XEN cells derived from ESCs were generally
passaged at a ratio of 1:3 and cultured at 38.5 °C, 5% O,, and 5% CO,.

EB Formation: XEN cells were detached using TrypLE Express (38.5 °C,
5 min), plated to ultra-low attachment multiple well plates in EB forma-
tion medium for 7 days, and collected for analysis. Cells were cultured at
38.5°C, 5% O,, and 5% CO,. The EB formation medium was composed of
1:1 (v/v) mix of Neurobasal medium and DMEM/F12 supplemented with
N2 and B27 supplements, NEAA, GlutaMAX, penicillin/streptomycin, 5%
KOSR, 100 pum 2-mercaptoethanol and 10 pm Y-27632.

RNA Extraction and Real-Time Quantitative PCR: Total RNA was ex-
tracted using RNA-easy Isolation Reagent (Vazyme, R701). Reverse tran-
scription was performed using HiScript Il Q RT SuperMix (Vazyme, R222).
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Real-time quantitative PCR reactions were performed using ChamQ SYBR
Color qPCR Master Mix (Vazyme, Q411) and run on CFX96 Touch Real-
Time PCR Detection System (BIO-RAD). Relative expression values were
normalized to EF 1a. Primers in this study are shown in Table S1 (Support-
ing Information).

Immunofluorescent staining: Cells or embryos were fixed with 4%
paraformaldehyde for ~45 min at room temperature, washed in PBS, and
permeabilized with 0.2% Triton X-100 in PBS for 20 min. Samples were
then blocked with the blocking buffer at room temperature for ~45 min.
Cells were incubated in primary antibodies overnight at 4 °C, washed three
times for 15 min with PBS, and incubated with fluorescent-dye conjugated
secondary antibodies diluted in secondary antibody dilution buffer for 1 h
at room temperature. Finally, samples were washed three times with PBS
and counterstained with DAPI at room temperature for ~3 min. Primary
antibodies were as follows: anti-GATA6 (5851, Cell Signaling Technology),
anti-SOX17 (AF1924, R&D), anti-GATA4 (sc-25310, Santa Cruz Biotech-
nology), anti-SOX2 (MAB2018, R&D), anti-GATA3 (5852, Cell Signaling
Technology), anti-CDX2 (ab76541, Abcam). Secondary antibodies include
Alexa 488 goat anti-rabbit (4412, Cell Signaling Technology), Alexa 594
donkey anti-goat (ab150132, Abcam), Alexa 488 goat anti-mouse (4408,
Cell Signaling Technology), and Alexa 594 goat anti-rabbit (8889, Cell Sig-
naling Technology). Embryos were imaged in a glass slide under a cover-
slip.

Flow Cytometry:  Porcine ESCs were genetically engineered with SOX2-
promoter-GFP (GFP) to generate the fluorescence reporter cell lines.
These ESCs in the 4FIXY medium and cells in the 4FY medium for 3 days
were digested into single cells by Tryple Express, suspended in DPBS, and
analyzed by flow cytometry (Beckman Coulter, CytoFLEX SRT).

Karyotype Analysis:  Before karyotype analysis, cells were treated with
4 ug mL™" colchicine in the culture medium for ~2 h. The cells were di-
gested, centrifuged, resuspended with 0.075 m KCl hypotonic solution,
and incubated at 37 °C for 30 min. After that, cells were fixed with a pre-
cooled 3:1 (v/v) mix of methanol and acetic acid, and this step was re-
peated three times. The resuspended cells were dropped on precooled
slides, dried, and stained with Giemsa.

Doubling Time Analysis: The doubling time of the cells was calcu-
lated using the online calculator (https://www.calculatorultra.com/en/
tool/cell-doubling-time-calculator.html).

Bulk RNA-Seq and Analysis:  About 1 ug RNA was used for construct-
ing the library and sequenced on an Illumina Novaseq PE150 platform.
Raw data was processed using Trim Galore; Clean reads were aligned to
the Sus scrofa 11.1 reference genome with HISAT222] and the expression
was calculated by featureCount!?3] with Ensembl annotations (v112). To
make a comparable analysis with previously published data, batch effects
and other unwanted variations were removed in the expression data from
GSE112380,2°1 GSE140414,11% GSE183270,' and GSE1281491'2] using
sva.[?l DEGs were performed with DESeq2.[2°] The GO and KEGG enrich-
ment analysis was performed using clusterProfiler.[26] The plot was gener-
ated using R software (v.4.2.2) package“pheatmap” (v.1.0.12)[?7] through
Hiplot Pro (https://hiplot.com.cn/), a comprehensive web service for
biomedical data analysis and visualization.

ATAC-Seq and Analysis:  About 10° cells were used for constructing
the library using the Hyperactive ATAC-Seq Library Prep Kit for lllumina
(Vazyme Biotech Co. Ltd, TD711). The initial quality of raw data was as-
sessed using FastQC to evaluate sequencing quality and adapter con-
tamination. The raw reads were trimmed for sequencing adapters using
Trim Galore and the clean reads were aligned to the Sus scrofa 11.1 ref-
erence using bwa.[?8] Post-alignment, the resulting BAM files were sorted
and deduplicated using samtools and picard. Normalized signal tracks
were generated using deeptools (v3.5.5)[2°] for downstream visualization
and analysis. Normalized signals for POU5F1, SOX2, NANOG, DNMT3B,
PHC1, LMNA, APOC3, GATA4, GATA6, and PDGFRA and Log (normal-
ized signal, e) for HNF4A were shown as indicated. MACS3 (v3.0.2)(30]
was used to identify accessible chromatin regions by calling peaks on the
ATAC-Seq data. To analyze the differencially accessible regions (DARs)
between samples, consensus peaks were merged with bedtools,31 and
the count of peaks was calculated by featureCount.[?3] Downstream DARs
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were performed with DESeq2.12°l HOMER[?2! was used to annotate the
peaks and perform the motif analysis. The GO enrichment analysis of
genes located in DARs was performed using clusterProfiler.[26] The ge-
nomic view of DARs was generated by IGV.[33]

Microinjection of Porcine XEN Cells Into Mouse Embryos: Mouse em-
bryo collection and culture were conducted as described.343%] Ten to fif-
teen ZSGREEN-labeled porcine XEN cells were injected into 4-8 cell-stage
embryos or blastocysts. The chimeric embryos were in vitro cultured and
immunostained to detect the SOX17 expression at E4.5. The in vitro cul-
ture medium was a 1:1 mixture of 2FYSC and KSOM. Additionally, the
chimeric embryos were cultured and transferred into the uterus of pseu-
dopregnant mice to detect the developmental fate of porcine XEN cells in
E6.5 chimeric embryos. ~20 chimeric embryos per recipient were trans-
ferred into the uterus of pseudopregnant females.

Statistical Analysis: The data were presented as the mean + SD. The
numbers of sample sizes for each experiment were indicated in the figure
legend. Unpaired two-tailed Student’s ¢ test was used to assess statisti-
cally significant in real-time quantitative PCR. One-way ANOVA was used
to assess statistically significant in doubling time analysis. p value < 0.05
is considered significant. “p<0.05; **p<0.01; **p<0.001; “**p<0.0001.
GraphPad Prism 10 (GraphPad Software, Inc., USA) was applied for sta-
tistical analysis.
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