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SUMMARY
Most of our current knowledge regarding early lineage specification and embryo-derived stem cells comes from studies in rodentmodels.

However, key gaps remain in our understanding of these developmental processes from nonrodent species. Here, we report the detailed

characterization of pig extraembryonic endoderm (pXEN) cells, which can be reliably and reproducibly generated from primitive endo-

derm (PrE) of blastocyst. Highly expandable pXEN cells express canonical PrE markers and transcriptionally resemble rodent XENs. The

pXEN cells contribute both to extraembryonic tissues including visceral yolk sac as well as embryonic gut when injected into host blas-

tocysts, and generate live offspring when used as a nuclear donor in somatic cell nuclear transfer (SCNT). The pXEN cell lines provide a

novel model for studying lineage segregation, as well as a source for genome editing in livestock.
INTRODUCTION

In themammalian pre-implantation embryo, separation of

trophectoderm (TE) from inner cell mass (ICM) marks the

firstmajor cell-fate decision. Soon after, the primitive endo-

derm (PrE) or hypoblast delaminates from the remainder of

late ICM cells, which are now referred to as epiblast (EPI)

cells (Cockburn and Rossant, 2010). The bipolar PrE pro-

genitors differentiate into extraembryonic visceral endo-

derm (VE) and parietal endoderm (PE) of the yolk sac. In

most mammals, the yolk sac is widely considered vestigial,

except in rodents, where it performs several important

functions, such as providing nutritional support, gas ex-

change, hematopoiesis, and patterning cues to the devel-

oping embryo, until the definitive placenta is fully formed.

However, the developmental period and functions of yolk

sac are not equivalent between species (Bauer et al., 1998;

Carter, 2016). Following gastrulation, definitive endoderm

(DE) emerges from the primitive streak and replaces PrE

from the embryonic region, ultimately giving rise to gut

tube and other internal organs. Although DE and PrE are

of different lineages, these two cell populations share

several molecular and functional properties (Chan et al.,

2019; Nowotschin et al., 2019a). Cell lineage–tracing and
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single-cell transcriptomic studies have found that PrE deri-

vates have become integrated into the gut endoderm, indi-

cating that cell identity between DE and PrE may not be as

strict as previously believed (Kwon et al., 2008; Nowotschin

et al., 2019b; Viotti et al., 2014).

In culture, three types of stem cells can be established

from the mouse embryo: embryonic stem cells (ESCs)

from the EPI, trophoblast stem cells from TE, and extraem-

bryonic endoderm (XEN) cells from PrE, which contribute

to the embryo proper, the placenta, and the yolk sac,

respectively (Rossant, 2008). The XEN cells also can be

induced from ESCs by overexpression of PrE-specific genes,

Gata4/6 (Fujikura et al., 2002; Wamaitha et al., 2015), or

Sox17 (McDonald et al., 2014), or by treatmentwith growth

factors (Cho et al., 2012). In rat, XEN cells established from

blastocysts have different culture requirements and gene

expression profiles comparedwithmouse XEN cells (Debeb

et al., 2009; Galat et al., 2009). While mouse XEN cells

mainly contribute to the PE (Lin et al., 2016) in chimeras,

rat XEN cells contribute to the VE (Galat et al., 2009).

More recently, naive extraembryonic endodermal (nEnd)

cells resembling the blastocyst stage PrE-precursors have

been developed from mouse and human naive ESCs (An-

derson et al., 2017; Linneberg-Agerholm et al., 2019). It is
uthor(s).
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unclear whether PrE-derived stem cells from nonrodent

species have potency similar to mouse or rat (Seguin

et al., 2008).

Even though derivation of pESC from EPI cells has

proven to be difficult, extraembryonic cells within the early

blastocyst outgrowths grow rapidly and outnumber the EPI

cells, which can often be misinterpreted as epiblast cells

(Keefer et al., 2007; Telugu et al., 2010). Although deriva-

tion of extraembryonic endodermal cells in pig embryos

currently exist, evidence demonstrating their develop-

mental potential in vivo is still lacking (Li et al., 2020;

Shen et al., 2019; Talbot et al., 2007). Here we describe

detailed characterization of XEN cells from PrE of pig blas-

tocysts. The pXEN cells are stable in culture, undergo self-

renewal for extended periods of time, and contribute pre-

dominantly to the visceral yolk sac and at a minor level

to embryonic gut in chimeras, and can serve as nuclear do-

nors for generating live offspring via somatic cell nuclear

transfer (SCNT).
RESULTS

In Vitro Derivation and Expansion of Primary Pig PrE

Outgrowths

A central assumption behind the failure to establish pESC is

a rapid loss of pluripotency in primary outgrowths (Keefer

et al., 2007); however, no details of lineage identities during

the derivation phase have been provided. We therefore

investigated cellular identity in early blastocyst out-

growths. Zona-free blastocysts seeded onto feeder cells

attached and began to spread out within 2 days of culture.

After 3 days, larger and flatter TE cells appeared in out-

growths. By 5 days, a distinct PrE layer emerged as a discrete

cell layer bordering the ICM (hereafter called ‘‘EPI’’) cells

(Figures 1A and S1A), and consisted of two subpopulations

that were distinguishable by staining with a structural

epithelial marker, KRT18 (Figure 1B): (1) small cells with

compact morphology and co-expressing GATA4 and

GATA6, and (2) large cells with a loose morphology ex-

pressing GATA6 but far less GATA4 (Figure 1C). We noticed

that compared with early blastocysts (day 5–6; Figures 1D

and 1E), late-stage blastocysts (fully expanded or hatched;

day 7–8) exhibited consistent expression of PrE marker

genes (Figure S1B) and higher rates of attachment to feeders

and emergence of stable PrE outgrowths. Therefore, late-

stage blastocysts were used in all subsequent studies.

To monitor lineage segregation in expanding primary

ICM outgrowths, we performed a time-course analysis on

the expression and localization of NANOG, GATA4, and

SOX2. Initially (day 3), cells in the periphery of the early

ICMoutgrowthswereweakly positive for GATA4 and unde-

tectable for NANOG expression (Figures 1F and S1C). By
day 5, there was an increase in GATA4+/NANOG + cells.

By day 7, >90% of GATA4+ cells coexpressed NANOG (Fig-

ure 1G). In contrast, the expression of NANOG was de-

tected in a few, if any EPI cells, while the SOX2+ cells pro-

gressively decreased on expansion of colony size with

time, indicating a loss of pluripotency (Figures 1G and

S1D). Relative quantification of transcripts similarly

confirmed high expression ofGATA4,GATA6, andNANOG,

and low expression of SOX2 in PrE cells compared with EPI

cells (Figure 1H). Besides GATA factors, SALL4, a key stem-

nessmarker of XEN cells (Lim et al., 2008), was expressed in

the nuclei of small PrE cells but absent in the large PrE. A

large fraction (~75%) of SALL4+ cells had nuclear foci of

intense histone 3 lysine 27 trimethylation (H3K27me3), a

hallmark of the inactive X in female outgrowths (Figures

1I and S1E) (Rugg-Gunn et al., 2010). Consistent with

this observation, XIST levels were 2-fold higher in

SALL4+ PrE cells than in EPI cells (Figure S1F). This reflects

the lineage-specific dynamics of H3K27me3 accumulation

on the X chromosome, a possible consequence of SALL4

coexpression (Lim et al., 2008).

Cellular Properties and Molecular Signature of pXEN

Cells

Self-renewal of XEN cells is dependent on Sall4 expression

(Lim et al., 2008). Stable and consistent appearance of a

distinct SALL4+ PrE population in primary outgrowths

has prompted us to attempt derivation of pXEN cells.

Following 7–9 days of culture, PrE cells developed a distinc-

tive colony boundary, which can be easily dissociated from

the EPI cells (Figure S2A) and subcultured to establish

primary colonies. Both EPI and PrE colonies displayed

epithelialmorphology following serial passages (Figure 2A).

However, consistent with previous findings, the EPI col-

onies underwent spontaneous differentiation toward a

fibroblast- or neuron-like appearance by passages 5 to 7.

The colonies from PrE-derivatives on the other hand,

were more stable in culture. The colonies were propagated

as flattened colonies and passaged as clumps by mechani-

cal or enzymatic dissociation (Figure 2B), but did not sur-

vive passage as single cells even when treated with ROCK

inhibitor Y-27632 (Figures 2B and S2B). Following subpas-

sage, the PrE colonies exhibited a characteristic cobble-

stone monolayer morphology. Cells localized exclusively

to the perimeter of the established colonies exhibited

strong alkaline phosphatase (ALP) activity and proliferated

rapidly as confirmed by PCNA staining (Figure S2C). The

density of the feeder cells influenced the colony stability,

with the optimal densities ranging from 3 to 4 3 104 cells

per cm2. Lower feeder densities (<2 3 104 cells/cm2) re-

sulted in differentiation of cells with associated

expression of Vimentin (Figure 2C), and high densities

(>1 3 105 cells/cm2) reduced replating efficiency and an
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Figure 1. Distinct Subpopulations Arise from the Pig Blastocyst Outgrowths
(A) Phase-contrast image depicting morphologies of blastocyst outgrowths from day 3 and 5 in culture. Subpopulations determined by
morphologies were shown with white dotted line (ICM and TE) and circle (PrE).
(B) Representative fluorescence images of KRT18 in the blastocyst (ICM in dotted circle; left) and the primary outgrowth showing mixed
populations, including small and large PrE round cells (right). DAPI, nucleus marker.
(C) Phase contrast images and immunostaining of the primary outgrowth 9 days after explanting. In the primary outgrowth, GATA-positive
(+) large (solid arrowhead, presumably PE) and small (open arrowhead, nascent PrE) round cells were observed.
(D) The bar graph showing the attachment and outgrowth rates of early and late blastocysts (total blastocysts n = 164). Fourteen in-
dependent experiments.
(E) Frequencies of SOX2+ and GATA6+ cells in outgrowths (early n = 9, late n = 10). N/D, not detected.
(F) Immunocytochemical staining exhibiting NANOG and GATA4 expression and its localization within primary outgrowth. PrE part in
colony outlined by the dashed line.
(G) Quantitation of the number of NANOG+, GATA4+, SOX2+ nuclei in primary outgrowths cultured on the indicated days after explant
(total outgrowths n = 33). Four independent experiments.
(H) Comparison of the transcriptional levels of selected lineage marker genes between PrE cells and EPI cells by qPCR (n = 3 per group).
(I) The expression of H3K27me3 and SALL4 in day 7 primary outgrowth. Scale bar, 100 mm (left). Nuclei were counted (n = 400) and results
are shown as percentage of SALL4 positive or negative nuclei with and without H3K27me3 focal dots (right). Scale bars, 50 mm (A) and
100 mm (B, C, F, and I). See also Figure S1 and Table S1.
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Figure 2. Establishment and Characterization of pXEN Cells
(A) Representative bright-field images of EPI- and PrE-derived cells at passages 3 to 5.
(B) Efficiency of colony formation of pXEN cells passaged as clumps or single cells. The colony-forming activity was greatly impaired when
dissociated as single cells. Cells were passaged as clumps by mechanical (clumps-me) or enzymatic dissociation (clumps-en) with Ac-
cutase. Colonies n = 20–25 per group.
(C) Representative fluorescence images of PE marker, Vimentin and VE marker, AFP.
(D) Expression of the indicated markers in pXEN at passages 30 to 35.
(E) Effect of growth factors supplementation on PrE derivation. pXEN cells were seeded onto a 6-well plate seeded containing a density of
5 3 104 feeder cells per cm2 (blastocysts n = 10–12 per group).
(F) Cell number estimated 48 h following passage (n = 3 per group).
(G) qPCR analysis of total RNA isolated from pXEN cells grown in either the presence or absence of LIF/bFGF for 4 days (n = 3 per group).
(H) The expression of SALL4 and EOMES in pXEN cells with or without lipid droplets (LD). Images illustrating presence of LD (+) in the
SALL4+ cells. In pXENs, a loss of Sall4 leads to rapid loss of lipid droplet (LD�) outlined by the dashed line.
(I) Transcriptomes of pXEN cells and comparison with analogous derivatives. RNA-seq was performed on two pig XEN cell lines, day 28 pig
yolk sac, day 7 pig blastocysts from in vitro-fertilized on three biological replicates, as well as published data on related cell lines (mouse
and rat XEN cells) were included in the comparison. Principal component analysis (PCA) plot (left) and Heatmap of the levels of selected
key XEN-associated genes (right). Scale bars, 100 mm (A, C, D, and H). See also Figure S2 and Table S2.
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increase of AFP-positive fibroblastic-like cells below the col-

onies and dome formation with time (Figures 2C and S2D).

Stable pXEN cells expressed PrE-specific markers (GATA4,

GATA6, SOX17, SALL4, FOXA2, and HNF4A) and not

pluripotent markers (OCT4, SOX2, and NANOG; Fig-

ure 2D). Notably, NANOG was no longer detected on

passaging. This suggests a possible role for NANOG in PrE

specification but not maintenance. While CDX2 is not

detectable, other TE-markers EOMES and GATA3 were ex-

pressed, consistentwith the role of the latter in endodermal

specification. Taken together, the molecular signature

confirmed the established colonies as XEN cells.

We tested the growth factor requirements of pXEN cells

based on observations from mouse (Kunath et al., 2005).

Withdrawal of leukemia inhibitory factor (LIF) or basic

fibroblast growth factor (bFGF) or both had no impact on

primary PrE induction. However, in the omission of both,

the cells failed to expand into stable cell lines confirming

the growth factor responsiveness (Figure 2E). The colonies

that arose in the LIF or FGF4 alone did not proliferate as

rapidly as cells cultured with either bFGF, or both LIF and

bFGF (Figure 2F). Omission of both growth factors resulted

in a reduction in colony formation, with low expression of

XEN marker genes FOXA2, GATA4, GATA6, HNF4A,

PDGFRA, SALL4 and SOX17, and high expression of VE-

(AFP and PLAU), and PE-genes (SNAIL, SPARC, and VIM);

consistent with spontaneous differentiation (Figure 2G).

The pXEN cells could be stably maintained in serum-free

N2B27-based definedmediumwith lower degree of cellular

differentiation and expression of VE- and PE-related genes;

however, this resulted in a longer cell doubling time (Fig-

ures S2E and S2F). One interesting finding is the presence

of cellular lipid droplets in the pXEN cells (Figure 2A),

which readily disappeared when plated in the absence of

growth factors or feeder cells with a concomitant loss of

SALL4 expression, but no change in EOMES expression

(Figure 2H). The yolk sac endodermal cells are rich in lipids,

which serve as a main energy source and abundantly ex-

press transcripts involved in lipid metabolism (Cindrova-

Davies et al., 2017; Talbot et al., 2007). Visible lipid droplets

within the SALL4+ cells are lost within the differentiated

derivatives, which could be linked to metabolic switch in

differentiating pXEN cells and could be utilized as a non-

invasive marker of XEN cell state.

Based on these preliminary trials, we established putative

XEN cell lines from in vivo-developed (vv, n = 4), in vitro-

fertilized (vf, n = 13), and parthenogenetically activated

(pg, n = 14) pig blastocysts. All lines exhibited stable

morphology and marker expression, irrespective of embry-

onic origin (Figure S2G). However, occasional heterogene-

ity can be seen in pXENpg lines under different culture

conditions (Figure S2G), while essentially retaining growth

rates and key marker expression. Uniparental parthenotes
216 Stem Cell Reports j Vol. 16 j 212–223 j January 12, 2021
have limited developmental potential in vivo due to defects

in imprinting process among extraembryonic membranes.

The heterogeneity noticed in pXENpg derivates may be

reflective of similar imprinting defects in vitro. The pXEN

cells could be maintained with robust proliferative poten-

tial in culture for extended passages (>50 passages), and

were karyotypically normal (Figure S2H). Global gene

expression of pXEN cells was determined by performed

RNA sequencing (RNA-seq) analysis on three representa-

tive pXENvv lines established from in vivo derived embryos

and thoroughly characterized by immunostaining in Fig-

ure 2D, along with pXENpg lines. Pig blastocysts (d 7)

and yolk sac (d 28) and publicly available datasets from ro-

dent XEN cells was used for comparison. Transcriptomic

analysis of pXENvv cells confirmed expression of charac-

teristic XEN cell repertoire and clustered closely with

mouse XEN cells (Figures 2I and S2I). We further show

that pXENs clustered relatively closer to the day 10–11 hy-

poblast than with day 7–8 pre-implantation or day 28 yolk

sac, albeit not closely clustered to any of them (Figure S2J).

As expected, uniparental pXENpg lines clustered separately

frombiparental pXENvv and rodent XEN cells (Figure S2K).

The XEN cells readily formed embryoid body (EB)-like

structures in suspension culture and underwent differenti-

ation as confirmed by changes in gene expression (Figures

S2L and S2M). Importantly, no teratoma development was

observed in any recipientmice transplantedwith 13 106 to

107 cells from six representative pXEN cell lines (Table S2)

indicating that all injected pXEN cells were committed and

not pluripotent cells.

Contribution of pXEN Cells to Chimeras

Mouse XEN cells contribute to PE, whereas rat XEN cells

incorporate into bothVE and PE lineages in chimeras (Galat

et al., 2009; Kunath et al., 2005). Given these disparities, we

evaluated the properties of pXEN cells in chimera studies

(Figure 3A). To facilitate lineage tracing, we generated a re-

porter pXEN cell line expressing GFP by knocking-in a

constitutive human UBC promoter driven GFP encoding

sequence downstream of the COL1A1 locus (hereafter,

pCOL1A UBC:GFP; Figure S3A) using CRISPR/Cas system as

previously described (Park et al., 2016). Labeled pXEN

(XntGFP #3–2) cells were injected as single cells or cell

clumps (5–10 cells) into parthenogenetic embryos at the

morula (day 4) or early blastocyst stages (day 5). Cells in-

jected as clumps integrated into host embryos more effi-

ciently (77.3%–85.7%) than individual cells (37.5%–

47.4%); and cells injected at the blastocyst stage showed

better incorporation into ICM (85.7%) than atmorula stage

(77.3%) (Table S3 and Figure S3B). To evaluate in vivo

chimeric development, pXEN (XntGFP #3–2) cells were simi-

larly injected as clumps into host blastocysts (n = 109).

Following overnight culture, the resulting re-expanded
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Figure 3. Chimeric Contribution of pXEN Cells to Embryonic and Extraembryonic Lineages in Postimplantation Day 21 Embryos
(A) Schematic representation of the chimera assay.
(B) Table presents a summary of chimera experiments performed by injection of pXEN cells into blastocysts. In the table, Ys, yolk sac; Ac,
allantochorion; N/D, not defined (severely retarded fetuses with no fetal or yolk sac parts); and ‘‘*’’ stands for the embryos at the pre-
attachment stages (spherical or ovoid).
(C) Representative bright-field and fluorescence merged images of normal (XeC #2–3 and XeC #2–4) and retarded (XeC #2–6) fetuses at day
21 of gestation. Yolk sac outlined by the dashed line, and enlarged view of the region marked by the dashed box is shown in the right. Scale
bar, 1 mm (bright field) and 100 mm (fluorescence merged).
(D) Bar graph representing percent contributions of GFP-pXEN in chimeras determined by qPCR. Four independent experiments.
(E) Representative sagittal or transverse sections of fetuses showing dual immunofluorescence staining for GFP and SALL4 or LAMA1 or
PECAM1 (red) in embryos; the arrows indicate GFP-positive cells derived from injected pXEN cells in sections. Inset are zoom-in magnified
images of the dashed box. Nuclei were stained with DAPI (blue). Scale bar, 200 mm. In the figure, Al stands for allantois; Bv, blood vessels;
Ch, chorion; Emb, embryo; Hp, heart primordium; Lp, liver primordium; Pg, primitive gut; Ys, yolk sac. See also Figure S3, Table S3, and
Table S4.
blastocysts (n = 94) were transferred into three recipient

sows (Figure 3B). We decided to observe their chimerism

at an early stage of embryonic development because pig

yolk sac is vestigial, and undergoes regression at a later

time point when the definitive placenta is fully formed. A

total of 25 fetuses (27%) were retrieved from two recipients
on day 21. Of the recovered fetuses, 4 were normal and 22

were composed of varying degrees of growth impairment

with 4 stopped at the preattachment stages of embryo

development (spherical or ovoid), 13 showing severe

retardation with the embryo lacking portions of fetus and

yolk sac, and 5 showing delayed development lacking
Stem Cell Reports j Vol. 16 j 212–223 j January 12, 2021 217



extraembryonic vasculature, and displaying head and heart

defects. Among the recovered fetuses (n = 9), the injected

GFP + cells were found in the yolk sac (6/9) and the fetal

membranes (5/9), and a small group of GFP + cells were

observed in three fetuses (3/9; Figure 3B). Notably, GPF +

cells extensively contributed to the yolk sac in two chimeras

(XeC #2–3 and XeC #2–4) with a moderate signal in the al-

lantochorion (Figure 3C). The GFP + cells observed in em-

bryoswere frompXENcells andnot due to autofluorescence

as confirmed by genomic PCR. Quantification of GFP + cells

by qPCR confirmed pXEN cell chimerism at 1.7% in two

embryos, and at 12.9% in the yolk sac, and 8% in the allan-

tochorion, signifying active integration and proliferation of

pXEN cells during embryogenesis (Figure 3D). As shown in

Figure 3E, immunohistochemical analysis with the anti-

GFP antibody identified GFP + cells in the embryonic gut

of three chimeric fetuses (XeC #2–3, �4, and �6). The

GFP + donor cell population integrated predominantly

into the visceral endodermal layers, but rarely into the outer

mesothelial layers or endothelial cells in the yolk sac (Fig-

ure S3C), and to a minor extent populated amnion, allan-

tois, chorion (Figure 3E and Table S4). A few GFP + cells

were distributed in the primitive gut (Figure 3E and Fig-

ure S3D), providing direct evidence for the contribution of

pXEN derivatives to embryonic endoderm of the embryos

(Nowotschin and Hadjantonakis, 2020)

Generation of Live Offspring from pXEN Cells via

SCNT

To test the utility of pXEN cells as nuclear donors, we per-

formed SCNTwith two pXEN cell lines and three fetal fibro-

blasts (FF). No significant differences in the cleavage

(71.9%–88.0%) and blastocyst formation rates (32.0%–

43.8%) were observed between the cell types (Table S5).

Next, we compared the cloning efficiency by using GFP-

labeled pXEN cell line used in the chimera assay (above),

alongside previously published crossbred knockout FF
NGN3�/- as controls (Sheets et al., 2018). A total of 222

cloned embryos reconstituted from pXEN (XntGFP #3–2,

n = 61) and FF NGN3�/� (n = 161) were collectively trans-

ferred into two surrogate gilts to exclude confounding vari-

ables associated with recipient animals affecting the

outcome. Following embryo transfers, one pregnancy was

established, and eight cloned piglets delivered at term.

Three of the eight piglets were GFP positive and black

coated (4.9%) confirming the GFP Ossabaw pXEN cell

origin, while five piglets were white coated and GFP nega-

tive and therefore from the FF NGN3�/� (3.1%; Figure 4A).

As expected, the piglets exhibited ubiquitous expression

of GFP in all tissues (Figure 4B). The genotype of the

offspring was confirmed by PCR (Figure 4C).

In an additional experiment, we wanted to compare the

potency ofGFP-pXEN cells with the original donor somatic
218 Stem Cell Reports j Vol. 16 j 212–223 j January 12, 2021
cells (FFGFP #3) used for deriving reporter pXEN cell line

(XntGFP #3–2). Despite being genetically identical, all recip-

ients from founder FFs failed to establish a pregnancy or

lost during early pregnancy, while other donor cells (pCO-

L1AAttp) that derived from the same fetus had high develop-

mental competence and cloning efficiency (8.2%). One po-

tential explanation is the epigenetic disruptions within

cells caused by transfection that may have compromised

embryonic development, which is likely reset during

cloned XEN cell derivation (Kuroiwa et al., 2004). It re-

mains to be seen if this could be applicable to other cells

that failed to generate live offspring by SCNT. Although

our investigations so far have only been on a small scale,

our findings do nevertheless suggest that the pXEN cells

are able to support full-term development following SCNT.
DISCUSSION

Over the past 3 decades, multiple studies have reported that

under conventional ESC derivation conditions and without

major chemical or genetic interventions (Bogliotti et al.,

2018; Gao et al., 2019), the EPI fraction of primary blastocyst

outgrowths from pigs and other livestock fail to proliferate

and are rapidly overtaken by rapidly expanding extraembry-

onic cells (Keefer et al., 2007). Themaingoal of this studywas

to takea systematicand in-depthlookat thederivation,estab-

lishment, and characterization of pXEN cells. Our findings

identified that inductionof PrE lineage ismarked byNANOG

and GATA4 coexpression. Mutual antagonism between

NANOG and GATA4/6 has been implicated in early cell-fate

decisions between EPI and PrE (Chazaud et al., 2006; Mitsui

et al., 2003; Plusa et al., 2008), and the cell sorting model

for EPI/PrE formation is generally considered to be conserved

acrossmanymammalian species.However, contrary toprevi-

ous findings, recent evidence suggests thatNanog expression

is required not only for the formation of EPI but also for

proper PrE formation (Messerschmidt and Kemler, 2010).

Interestingly, several lines of evidence can be found confirm-

ing the expression of NANOG in the hypoblast of pig pre-

streak stage (day 9–11) embryos; however, its precise role

hasnot beendefinedyet (Kobayashi et al., 2017; Ramos-Ibeas

et al., 2019; Wolf et al., 2011). Coexpression of NANOG/

GATA4 in emerging PrEpopulation inpigsmarks a key differ-

ence in early lineage specification frommouse. That said, es-

tablished pXEN cells share close similarities tomouse and rat

XEN cells in their culture characteristics, and the molecular

signatures (including high expression of FOXA2, GATA4,

GATA6, HNF4A, PDGFRA, SALL4 and SOX17), with a key

exception being a failure to establish pXEN cells in FGF4-

based medium, and intolerance to dispersal as single cells.

Generation of embryonic chimeras has been considered

themost stringent test of stem cell differentiation potential
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Figure 4. Generation of Viable Cloned
Piglets Using pXEN or Fibroblasts
(A) Summary of SCNT experiments. #Cloning
efficiency was obtained by calculating total
no. fetuses or piglets/total no. embryos
transferred. $data obtained from our previ-
ous study. *NGN3�/� cells originated from
our previous report (Sheets et al., 2018). All
the FFs and pXEN cells except for NGN3�/�

cells used as SCNT donors were derived from
the same fetus (female Ossabow fetal
fibroblast #6).
(B) Representative images showing 10-day-
old NGN3�/� white (outbred)- and pXEN
Black (Ossabaw)-coated littermates. The
fluorescence images of live GFP + piglets
and whole organs taken with blue light
illumination showing ubiquitous expression
of GFP transgene, and confirming the pXEN
cell as nuclear donors.
(C) A representative gel image of the 1.2-kb
amplicon with primers within and outside of
the targeting vector confirming site-spe-
cific knockin was generated. See also Table
S5.
in vivo (Mascetti and Pedersen, 2016). This study demon-

strates that pXEN cells possess PrE-like properties and a

less committed endodermal naive state as confirmed by a

marked integration to visceral yolk sac, as well as parts of

placenta in chimeras. Freshly isolated ICMs are capable of

widespread contribution, including germline colonization

in pig chimeras (Nagashima et al., 2004). Despite this, the

pluripotent EPI or iPS cells were preferentially engrafted

into extraembryonic tissues (Ezashi et al., 2011; Fujishiro

et al., 2013;West et al., 2010). It is likely that in the absence

of defined conditions, the stem cell cultures are unstable

and reside in an XEN-like state and integrate into extraem-

bryonic lineages (Zhao et al., 2015). This study also identi-

fied that pXEN cells possess naive endodermal PrE-like

properties, as evidenced by marked integration into the

DE. Of interest, and consistent with the observations

frommouse studies where VE participated in the formation

of the primitive gut tube (Chan et al., 2019; Kwon et al.,

2008; Nowotschin et al., 2019b), pXEN cells are not exclu-

sively confined to extraembryonic regions but go on to em-

bryonic endodermal tissues in vivo that could be conserved

among mammals (Nowotschin et al., 2019a). This finding

is of potential interest for interspecies chimera efforts for

generating humanized organs (e.g., liver, pancreas) in

pigs via blastocyst complementation (Kobayashi et al.,
2010; Matsunari et al., 2013; Wu et al., 2017). Evidence

from the present study demonstrates engraftment poten-

tial of pXEN cells to be restricted to endodermal lineage

in the host embryo. In this regard, human XEN or nEnd

cells could be an ideal source for interspecies chimerism ef-

forts to preclude donor contribution to undesirable organs

(e.g., germ cell or neural lineage), a likely outcome with the

use of ESC/iPS cells (Masaki et al., 2016; Rashid et al., 2014).

Although the present study convincingly supports the line-

age potency of pXEN in vivo, long-term cell survival and

function in host environment would need to be investi-

gated and will be an integral part of future research for

use in regenerative medicine approaches.

To date, while cloned animals have been generated using

various somatic cell types, SCNTremains an inefficient pro-

cess with various success rate of 1% to 10% and their effi-

ciencies are greatly influenced by multiple factors

including the donor cell types (Keefer, 2015; Kurome

et al., 2013; Long et al., 2014). However, the ability of the

nuclei of cells from extraembryonic lineages to serve as nu-

clear donors has not been evaluated. As evidenced from

this study, the XEN cells can support full-term develop-

ment via SCNT.We also noted that a transfected cell, which

was genetically identical to the pXEN cell donor, failed to

generate live offspring despite repeated attempts. Such
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overt developmental defects are frequently seen in em-

bryos cloned by nuclei from transfected cells. Indeed, the

adverse effect of transfection has been a main concern for

genetic modification of donor cells for producing trans-

genic animals (Kurome et al., 2013). The precise molecular

basis of how the developmental competence has been re-

gained following the derivation of pXEN cell lines requires

further investigation.

In summary, the recent report on expanded potential

stem cells (Gao et al., 2019), combined with the observa-

tion of XEN-like cells representing an intermediate state

to pluripotency during chemical-induced reprogramming

(Zhao et al., 2015), provide a basis for comparative studies

of lineage-specific stem cells. This study on pXEN cells

will serve to improve our understanding of the basic devel-

opmental process leading to mechanisms of early cell-fate

decision and pluripotency.
EXPERIMENTAL PROCEDURES

More detailed description of Materials and Methods is provided in

the Supplementary Information. Brief description ofMaterials and

Methods is outlined as follows.

Animal Experimental Assurance
All experiments involving live animals were performed in accor-

dance with the approved guidelines of the Beltsville Agricultural

Research Service and Thomas D. Morris Inc., Institutional Animal

Care and Use Committee (IACUC). All experimental protocols

involving live animals were approved by the IACUC committee.

Establishment and Maintenance of Pig XEN Cells
Embryonic explants and pXEN cells were cultured on a feeder layer

of early passage (>4) CF-1 mouse embryonic fibroblasts (MEF) cells

mitotically inactivated by treatment with mitomycin-C (3 h,

10 mg/mL) at a density of 3 to 5 3 105 cells per cm2. At least 2 h

before the start of the experiment, the MEF medium was aspirated

and replaced with ‘‘standard ESmedium,’’ which includedDMEM/

Nutrient Mixture Ham’s F12 (DMEM/F-12; Gibco) supplemented

with 15% ES-qualified fetal calf serum (HyClone), 1 mM sodium

pyruvate, 2 mM L-glutamine, 100 units/mL penicillin-strepto-

mycin, 0.1 mM 2-b-mercaptoethanol, 1% nonessential amino

acids (Gibco), with various combination of growth factors;

10 ng/mL human recombinant LIF (hrLIF; Milipore) and 10 ng/

mL human recombinant basic fibroblast growth factor (hrbFGF;

R&D Systems). Following initial plating, attachment and

outgrowth development, the medium was refreshed on day 3, fol-

lowed bymedia exchange every 2 days. After 7 to 8 days of culture,

the primary outgrowths were mechanically dissociated into small

clumps, and transferred onto fresh feeders for passaging.

Embryo Production, Manipulation, and Transfer
The in vivo and in vitro embryo production were performed as

described previously (Park et al., 2016; Sheets et al., 2018). The sur-

rogate recipients were synchronized by oral administration of pro-
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gesterone analog Regumate (Merck) for 14 to 16 days. Animals in

natural estrus on the day of surgery were used as recipients for

SCNT embryo transfers (into oviduct), and at days 5 to 6 after nat-

ural heat were used for blastocyst transfer (into uterus) for gener-

ating chimeras. Surgical procedure was performed under a 5% iso-

flurane general anesthesia following induction with TKX (Telazol

100 mg/kg, ketamine 50 mg/kg, and xylazine 50 mg/kg body

weight) administered intramuscularly. Pregnancies were

confirmed by ultrasound on day 27 following transfer. Cloned pig-

lets were delivered at day 117 of pregnancy by natural parturition.

RNA and DNA Preparation and qPCR
For isolation of genomic DNA (gDNA) from cells and tissues, the

QIAamp mini DNA Kit (Qiagen) was used according to the manu-

facturer’s instructions. Total RNA was isolated using Trizol plus

RNeasy mini kit (Qiagen) and mRNA from individual blastocysts

was extracted using the Dynabeads mRNA Direct Kit (Dynal Asa).

Synthesis of cDNA was performed using a High Capacity cDNA

Reverse transcription kit (Applied Biosystems according to the

manufacturer’s instructions). The QIAseq FX Single-Cell RNA Li-

brary kit (Qiagen) was used for Illumina library preparation and

transcriptomics analysis. Relative quantification of mRNA levels

was carried out using SYBR Green technology on an ABI 7500

Fast Real-Time PCR system (Applied Biosystems).

Generating of a GFP-KI Reporter
To establish green fluorescent protein (GFP) gene-based reporter

pXEN cell line, we established a site-specific knockin (KI) Ossabaw

FFs. Briefly, a precomplexed Cas9 protein and sgRNA ribonucleo-

protein (RNP) complex was nucleofected (Amaxa) alongside a

ubiquitous promoter (UBC) driven GFP (Sanger Institute) vector

to target downstream of a ubiquitously expressed COL1A1 locus

to ensure stable expression of transgenes. After a day of transfec-

tion, the GFP-positive (GFP+) cells were sorted by flow cytometry

(Becton Dickinson) and GFP + single cells were replated into wells

of a 96-well plate for expansion. After 10 to 15 days, an aliquot of

cells was lysed and were directly used as a template for PCR with

screening primers. Using GFP-labeled pXEN cells, live animals

were generated by SCNT.

Chimera Assay
A candidate pCOL1AUBC:GFP pXEN cell line (XntGFP #3–2) with sta-

ble expression of GFP and XEN markers was used for chimera

testing. The cells were pretreated with Rho Kinase (ROCK) inhibi-

tor Y-27632 (10 mM; StemCell Technologies) for 2 h and dissociated

with Accutase at 38.5�C for 5 min followed by gentle pipetting.

Approximately three to four small clumps (10–15 cells) were in-

jected per blastocyst (Figure S3B). After 20 to 24 h of culture, in-

jected blastocysts (n = 94) were surgically transferred into the up-

per part of each uterine horn through needle puncture in

recipients at days 5 to 6 of the estrous cycle (D0 = onset of estrus;

n = 3).

Data and Code Availability
A total of 12 RNA-seq datasets used in this study have been depos-

ited in the CNSA (https://db.cngb.org/cnsa/) of CNGBdb with

accession codeCNP0000388, andNCBIGene ExpressionOmnibus

https://db.cngb.org/cnsa/


(http://www.ncbi.nlm.nih.gov/geo) under accession number

GSE128149.

SUPPLEMENTAL INFORMATION

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

10.1016/j.stemcr.2020.11.011.
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