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SUMMARY

Trophoblast stem (TS) cells are increasingly used
as a model system for studying placentation and
placental disorders. However, practical limitations
of genetic manipulation have posed challenges for
genetic analysis using TS cells. Here, we report the
generation of mouse parthenogenetic haploid TS
cells (haTSCs) and show that supplementation
with FGF4 and inhibition of Rho-associated protein
kinase (ROCK) enable the maintenance of their
haploidy and developmental potential. The resulting
haTSCs have 20 chromosomes, exhibit typical
expression features of TS cells, possess the multipotency to differentiate into specialized trophoblast cell
types, and can chimerize E13.5 and term placentas.
We also demonstrate the capability of the haTSCs
to undergo genetic manipulation and facilitate
genome-wide screening in the trophoblast lineage.
We expect that haTSCs will offer a powerful tool for
studying functional genomics and placental biology.
INTRODUCTION
Trophoblast stem (TS) cells are the in vitro equivalents of the precursor cells of the placenta. TS cells established from the mouse,
rat and rhesus monkey have provided the best in vitro models to
investigate trophoblast cell development (Asanoma et al., 2011;
Tanaka et al., 1998; Vandevoort et al., 2007), as embryonic stem
cells (ESCs) are excluded from the trophoblast lineages (Tam
and Rossant, 2003). Moreover, the most recently established human TS cells from cytotrophoblast cells and blastocysts have
further expanded this powerful tool to the study of the human
trophoblast lineage (Okae et al., 2018). When cultured under
appropriate conditions, mouse TS cells can indefinitely selfrenew, retain multipotency to differentiate into all specialized
trophoblast cell types, and contribute to chimeric placentas after
injection into early embryos (Hayakawa et al., 2015; Latos and
Hemberger, 2016; Tanaka et al., 1998).
Though haploidy exists only in gametes in mammals, our longstanding interest in establishing mammalian haploid cell lines
has been grounded on the success of genetic screening in mi-

crobial systems, which has shed light on numerous basic cellular
metabolism and pathways. With a single copy of the genome,
haploid cells facilitate genetic analyses in which any recessive
mutation of essential genes shows a clear phenotype (Wutz,
2014). Since 2011, with the application of haploid cell enrichment
using fluorescence-activated cell sorting (FACS), haploid ESC
(haESC) lines have been successfully established from various
mammalian species, including the mouse, rat, monkey and
human, which share many characteristics in gene expression
patterns and pluripotency with diploid ESCs (Elling et al., 2011;
Leeb and Wutz, 2011; Li et al., 2012, 2014; Sagi et al., 2016;
Yang et al., 2012, 2013). Additionally, improvements in culture
conditions have further expanded the repertoire of haploid
cell lines to somatic cell types, which could also be applied for
genetic screening (He et al., 2017; Sagi et al., 2016). However,
no haploid cell line derived from the trophoblast lineage has
yet been reported.
Here, we report the successful establishment of mouse
parthenogenetic haploid TS cells (haTSCs). The resulting
haTSCs have 20 chromosomes, express characteristic marker
genes of TSCs, display developmental potential in all examined
aspects, and can be applied in forward genetic screening.
Collectively, our results open the possibility of combining the
powerful haploid genetics with the multipotency of TSCs to
uncover fundamental biological roadmaps in the extraembryonic
trophoblast lineage at a genomic scale.
RESULTS
Establishment of haTSC Lines from Mouse
Parthenogenetic Blastocysts
In order to derive haTSCs, we first generated haploid mouse
embryos by activating unfertilized oocytes isolated from
superovulated 129-CAG-EGFP transgenic female mice using
strontium chloride (SrCl2) (Figure 1A). After being cultured in
M16 medium and followed by KSOM medium, 61 blastocysts
(33.5%) were obtained from 182 activated oocytes. The blastocysts were then harvested and cultivated under conditions with
exogenous FGF4 supplemented to derive haTSCs.
To optimize the culture conditions, we identified a small molecule, Y-27632 (a Rho-associated protein kinase [ROCK] inhibitor), which was beneficial for trophoblast cell colony expansion
and haploidy maintenance (Figures S1A and S1B) and was
therefore supplemented into the culture medium at an optimal
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concentration of 20 mM for all following experiments. Six days
after we seeded the haploid blastocysts, the outgrowths had
expanded significantly in size, and the outer layer displayed
the typical epithelial morphology of TSCs (Figure 1B). By thoroughly disaggregating the outgrowths into single cells and
reseeding them, tight epithelial haTSC colonies with a raised
edge gradually became apparent from roughly half of the
expanded outgrowths but were absent in others (Figures 1C,
S1C, and S1D).
Subsequent viable FACS analysis showed that a portion of the
parthenogenetically derived cells displayed reduced DNA content. Several rounds of FACS purification of this population and
subsequent expansion resulted in three independent haTSC
lines exhibiting a typical TSC colony morphology derived from
three distinct blastocysts of the transgenic 129-CAG-EGFP
strain, hereafter termed haTSC-1, haTSC-2 and haTSC-3
(Figures 1C and 1D). Moreover, we further succeeded in establishing four haTSC lines from hybrid mouse strain B6D2F1 (F1),
named haTSC-4, haTSC-5, haTSC-6, and haTSC-7 (Figures
S1C and S1E).
The chromosome spreads of haTSCs showed that the established haTSCs carry a haploid set of 20 chromosomes, revealing
an apparent haploid karyotype (Figure 1E). Meanwhile, haTSCs
were also significantly smaller in cell size compared with diploid
TSCs (diTSCs) (Figure S1F). PCR analysis confirmed a parthenogenetic origin of these haTSCs (Figure 1F). Furthermore, according to comparative genomic hybridization (CGH) analysis, our
haTSCs displayed no large-scale amplifications or deletions,
indicating that these cells could maintain genomic integrity
during long-term culture in vitro (Figure 1G). Of note, we kept a
sorting rate at every two to three passages to maintain the
haploid cells, as they tend to become diploid spontaneously
(Figure S1G).
In summary, artificial activation of meiotic oocytes and parthenogenetic derivation of blastocysts allow us to successfully
establish mouse haTSCs with an intact haploid chromosome set.
Molecular Characterization of haTSCs
We next analyzed the molecular characteristics of haTSCs by
RNA sequencing (RNA-seq). Principal-component analysis
(PCA) showed that the haTSCs and diTSCs clustered closely
and segregated from the mouse ESCs, mouse epiblast stem
cells (EpiSCs), and mouse embryonic fibroblast (MEF) cells (Figures 2A and S2A). Meanwhile, the high correlation (Pearson correlation coefficient R2 = 0.88 over all genes) between haTSCs
and diTSCs further demonstrated the similar transcriptomic

pattern they shared (Figure S2B). Notably, characteristic marker
genes related to TSCs were also highly expressed in haTSCs,
namely, Eomes, Gata3, Elf5 and Cdx2, while ESC marker genes
(e.g., Pou5f1, Nanog) were barely expressed in haTSCs (Figures
2B and S2C). We then conducted hierarchical clustering analysis of the gene expression profiles of haTSCs and ESCs and
identified 1,307 upregulated genes in haTSCs (Figure 2C). Subsequent Gene Ontology (GO) analysis indicated that these
genes were related primarily to the trophoblast cell fate, particularly placenta development and trophectodermal cell differentiation (Figure 2C). Gene set enrichment analysis (GSEA)
showed similar results; the upregulated differentially expressed
genes (DEGs) in haTSCs were enriched in the set of placenta
development (Figure S2D), and downregulated DEGs were
enriched in the set of stem cell population maintenance (Figure S2E). Consistent with these findings, our qRT-PCR, immunofluorescence staining, and western blot results showed
similar results, confirming that our established haTSCs expressed the core TSC transcription factors, including Cdx2,
Eomes, and Tfap2c (Figures 2D–2F). Collectively, these results
revealed that our haTSCs shared highly similar transcriptional
signatures with diTSCs.
Because Elf5 is one of the master transcription factors necessary for TSC self-renewal, and its expression is determined by
DNA methylation (Ng et al., 2008), we further analyzed the DNA
methylation status of the Elf5 promoter region in the established
haTSCs. The bisulfite sequencing results revealed that in
haTSCs, the Elf5 promoter was hypomethylated, while the
Oct4 and Nanog promoters were hypermethylated, in contrast
to the methylation patterns in ESCs (Figures 2G and S2F).
Furthermore, in accordance with a parthenogenetic origin, these
cells also featured distinct molecular profiles of maternal
imprinting at early passages (Figures 2H, S2G, and S2H).
Examination of the Developmental Potential of haTSCs
We next sought to assess the differentiation potential of haTSCs.
The results showed that haTSCs differentiated upon withdrawal
of FGF4, heparin, Y-27632, and CM, and that differentiation was
characterized by the appearance of large trophoblast giant cells
and loss of the haploid signature (Figures 3A and 3B). Consistent
with the morphological differentiation of haTSCs to giant cells,
several genetic markers were also analyzed during stem cell
maintenance and in differentiative culture conditions to confirm
the trophoblast identity of these differentiated cells. We
observed a notable decline of TSC-associated marker gene
expression (Cdx2) (Figure 3C) and a significantly upregulated

Figure 1. Derivation of haTSCs
(A) Schematic diagram for the derivation of haploid TS cells (haTSCs) from haploid parthenogenetic blastocysts. The haTSCs were enriched using fluorescenceactivated cell sorting (FACS).
(B) Morphology of the outgrowth derived from haploid blastocysts at day 6 (D6). Scale bars, 200 mm.
(C) Colony morphology of haTSCs (haTSC-1) at passage 4 (P4) and P25. Scale bars, 50 mm.
(D) Flow cytometry analysis of DNA content of haTSCs (haTSC-2) after staining with Hoechst 33342. Left to right: unsorted cells (P2), purified cells (P7), and diploid
TSC (diTSC) as control. The x axis shows fluorescence intensity.
(E) Metaphase spreads of haTSCs (haTSC-2) at P1 and P20. Scale bars, 5 mm.
(F) Determination of the sex chromosome of four haTSC lines by PCR analysis of an X chromosome-specific (Phex) and a Y chromosome-specific (Zfy1) gene.
Genomic DNA of male and female F1 mouse tail tips were used as controls.
(G) CGH analysis illustrating the genomic integrity of haTSCs (haTSC-1 and haTSC-2). The diTSCs were used as control. The average coverage was normalized,
and the comparative results were plotted on a log2 scale. No major genomic alterations (amplifications or losses) were detected in haTSCs.
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Figure 2. Gene Expression Analysis of haTSCs
(A) The principal-component analysis (PCA) for gene expression of haTSCs (haTSC-1 and haTSC-2), diTSCs, mouse embryonic stem cells (ESCs; ESC-1 and
ESC-2), mouse EpiSCs (EpiSC-1, EpiSC-2, and EpiSC-3), and MEFs.
(B) Heatmap illustrating expression profiles of genes that are highly expressed in haTSCs (Eomes, Gata3, Elf5, and Cdx2), MEFs (Thy1 and Col1a1) and ESCs
(Pou5f1 and Nanog) as indicated.
(C) Heatmap illustrating DEGs (p < 0.05, 2-fold change) in haTSCs and ESCs (left). The GO terms of the biological processes enriched in DEGs are listed (right).
Note the upregulation of trophoblast-related GO terms (placenta development and trophectodermal cell differentiation) in haTSCs.
(D) qRT-PCR analysis of representative TSC marker genes (Cdx2, Eomes, and Gata3) and ESC marker genes (Pou5f1 and Nanog) in haTSCs, diTSCs, and ESCs.
Error bars represent SEM; n = 3. **p < 0.01 and ***p < 0.001.
(E) Immunofluorescent staining of haTSCs against the core trophoblast transcription factors CDX2 and EOMES. Nuclei were stained with Hoechst 33342. Scale
bars, 50 mm.
(F) Western blot analysis of CDX2, TFAP2C, and OCT4 in haTSCs, diTSCs, and ESCs.
(G) Bisulfite sequencing analysis showing the methylation pattern of the promoters of Elf5 and Oct4 in haTSCs (haTSC-1 and haTSC-2), ESCs, and MEFs. The
position information and relative methylation levels were indicated. The filled and open circles represent methylated and unmethylated CpG sites, respectively.
(H) Bisulfite sequencing analysis of DMRs of imprinted genes H19 and Snrpn in haTSCs (haTSC-1 and haTSC-2), oocytes, and MEFs. The position information
and relative methylation levels were indicated. The filled and open circles represent methylated and unmethylated CpG sites, respectively.
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Figure 3. Developmental Potential of haTSCs
(A) Phase-contrast images of haTSCs differentiated for 6 days in differentiation medium. Representative nuclei of differentiated giant cells are indicated by the
yellow arrowheads. The haTSC nuclei were stained with Hoechst 33342. Scale bars, 75 mm.
(B) Flow cytometric analysis of DNA content of differentiated haTSCs stained with Hoechst 33342 after being cultured in differentiation medium for 6 days.
Untreated haTSCs were used as a control. Haploid (1n), diploid (2n), tetraploid (4n), and octaploid (8n) DNA contents are indicated.
(C) qRT-PCR analysis showing fold change of Cdx2 expression in haTSCs cultured in proliferation medium and differentiation medium respectively at indicated
time points relative to Cdx2 expression at day 0 (d0). Error bars represent SEM; n = 3.
(D) qRT-PCR analysis showing fold change of Ascl2, Hand1, PL-1, and PL-2 expression in haTSCs cultured in proliferation medium and differentiation medium
respectively at indicated time points relative to their expression at day 0 (d0). Error bars represent SEM; n = 3.
(E) Representative image of a haTSC colony carrying mScarlet fluorescence. Scale bar, 200 mm.
(F) Schematic diagram for obtaining chimeric placentas with mScarlet-haTSCs injected into four-cell stage embryos and blastocysts.
(G) Image of chimeric blastocysts generated by injection of mScarlet-haTSCs at the four-cell stage. Scale bar, 100 mm.
(H) Images of E13.5 chimeric placentas generated by injection of mScarlet-haTSCs into four-cell stage embryos. Scale bar, 5 mm.
(I) Genomic PCR analysis of the presence of mScarlet transgene indicating the contribution of mScarlet-haTSCs in E13.5 chimeric placentas derived by four-cell
stage injection. Littermate placentas (littermate) are fluorescence negative.
(J) Flow cytometric analysis of the incorporation ratio (more than 30%) of mScarlet-positive haTSC-derived cells in three premixed E13.5 chimeric placentas.

(legend continued on next page)
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Table 1. Generation of Chimeric Placentas by Injection of Haploid TS Cells into Early Embryos
Donor haTSC Line

Injection Stage

No. of Embryos Transferred

No. of E13.5 Chimeric Placentas

No. of E19.5 Chimeric Placentas

haTSC-1

four-cell

44

9/17 (52.9%)

–

haTSC-2

blastocyst

35

9/20 (45.0%)

–

haTSC-4-mScarlet

four-cell

45

11/24 (45.8%)

–

haTSC-4-mScarlet

four-cell

47

–

5/13 (38.5%)

Controla

blastocyst

34

13/22 (59.1%)

–

a

Diploid TS cells were used as control.

expression of trophoblast differentiation-associated genes
(Ascl2, Hand1, PL-1, PL-2, and Mash2) (Figures 3D and S2I).
We further examined whether the haTSCs could contribute to
trophoblast lineages in vivo. We first marked the cell line
haTSC-4 with mScarlet fluorescence (Bindels et al., 2017), by
introducing a piggyBac transposon vector (Figures 3E, S2J,
and S2K). The flow sorting of cells for mScarlet fluorescence
and simultaneous DNA staining with Hoechst 33342 yielded a
haTSC population expressing mScarlet at a high level, showing
that the haploid genome could be maintained during our transfection (Figure S2L). Next, we made chimeric placentas by embryo injection of distinct haTSC lines (haTSC-1, haTSC-2, and
haTS-4-mScarlet) at both the four-cell stage and the blastocyst
stage (Figures 3F, 3G, and S2M; Table 1). At E13.5, we found
that our haTSCs from 129-CAG-EGFP and F1 backgrounds
both successfully contributed to the trophoblast lineages but
not embryonic tissues, with a chimeric placenta formation rate
of more than 40% (Figures 3H, 3I, and S2N–S2P; Table 1).
Upon dissection, FACS analysis revealed that the percentage
of incorporated haTSC-originated cells could exceed 30% in
the chimeric placentas (Figure 3J). Meanwhile, DNA content
analysis revealed that no population of the mScarlet-positive
incorporated cells remained haploid (Figure 3K). Importantly,
our immunofluorescent staining results demonstrated that the
haTSC-derived cells contributed to the labyrinth region in the
chimeric placenta (Figure 3L). Moreover, we could also detect
chimeric placentas at term (Figures S2Q and S2R; Table 1).
Together, these findings demonstrated that the injected haTSCs
display a strong differentiation potential both in vitro and in vivo
and mimic key features of trophoblast invasion during implantation. Remarkably, our results indicate that the haploid karyotype
is not a barrier for TSC differentiation.
High-Throughput Genetics Using haTSCs
Haploid genetics is a powerful tool to rapidly delineate genomic
function, and identification of genes influencing a phenotype of
interest could be achieved through genetic screens. We next established a genome-wide mutant haTSC library and investigated
its utility to conduct screens. After generating haTSC lines that
constitutively express SpCas9 by introducing a piggyBac transposon vector, we further performed infections of the lentiviral

guide RNA (gRNA) library (Figures S3A and S3B), as previously
reported (Koike-Yusa et al., 2014). Using the mutant haTSC
library, we conducted three independent screening trials to
identify genes that modulate susceptibility to the purine analog
6-thioguanine (6-TG) (Figure S3A), which is toxic to mismatch
repair-proficient cells (Doench et al., 2016). Among three trials
at 2 mM, the optimal screening concentration determined (Figure S3C), we all detected the well-known gene Hprt, which is
required to convert 6-TG into a toxic metabolite, and its disruption was confirmed to confer 6-TG resistance in both mouse and
human cells (Figures S3D and S3E). To further validate these results, we performed gene targeting on Hprt in haTSCs using the
CRISPR-Cas system. After transfection of the SpCas9-2AeGFP
and gRNA-Hprt vectors, GFP-positive haTSCs were sorted, and
three clones were randomly picked for genotyping. Sanger
sequencing results showed that of the three colonies, two had
mutations (Figure S3F). Meanwhile, 6-TG treatment results
showed that Cas9-expressing haTSCs transfected with gRNAs
for Hprt exhibited increased resistance to 6-TG toxin (Figure S3G). Thus, as a proof of concept, we show here that the
haTSCs can be applied for high-throughput genetic screening
in the mammalian trophoblast lineage.
DISCUSSION
Our data show that it is possible to generate haTSC lines
from parthenogenetic mouse blastocysts derived from activated
oocytes. They carry 20 chromosomes and maintain the genome
integrity during the in vitro culture. RNA-seq data and detailed
molecular characterization of the haTSCs show that these cells
share highly similar transcriptional signatures with diTSCs and
express all classical TSC transcription factors. Most important,
we detected contributions of our cell lines in both E13.5 and
term chimeric placentas, which strongly validates the wide
developmental potential of our haTSCs into the trophoblast lineage derivatives. Moreover, with a single copy of the genome, our
haTSCs are amenable to fast and efficient gene manipulations,
providing a practical means for studying functional genomics
in the trophoblast lineage.
Previous results showed that androgenetic and parthenogenetic cells exhibit strong tissue preferences in chimeras, as

(K) Flow cytometric analysis of DNA content of mScarlet-positive haTSC-derived cells incorporated in E13.5 chimeric placentas showing the loss the haploidy in
these cells. Diploid ESCs were used as a control. Diploid (2n), tetraploid (4n), and octaploid (8n) DNA contents are indicated.
(L) Immunostaining analysis of GFP and cytokeratin 7 (CK7) in the chimeric placenta to indicate the GFP positive haTSC-derived cells. Nuclei were stained with
Hoechst 33342. Scale bars, 100 mm (white on the left) and 40 mm (yellow on the right), respectively.

412 Cell Reports 26, 407–414, January 8, 2019

androgenetic cells tend to contribute into the trophectodermderived tissues, while parthenogenetic cells tend to contribute
into the embryo proper (Clarke et al., 1988; Thomson and Solter,
1988). In our results, we showed that parthenogenetic haTSCs
could chimerize E13.5 and term placentas with high efficiency,
which might be due to the following reasons. First, as the
haTSCs were much smaller than blastomeres, more parthenogenetic cells were injected into the fertilized embryos in our experiments than in the blastomere aggregation experiment (Thomson
and Solter, 1988). Second, the blastomeres and haTSCs were
quite different, for the latter were highly proliferative and well
prepared to commit a trophoblast-lineage fate, which was well
proved by our in vitro experiments.
Our studies on mouse haTSCs shows that haploid cells are
lost upon further differentiation both in vitro and in vivo, which
is similar with previous research on haESCs as they tend to
spontaneously and irreversibly convert into diploid cells (He
et al., 2017; Ito et al., 1991). Here, we kept a sorting frequency
at every two to three passages to maintain the haploid cells.
Our lab previously reported that spontaneous diploidization usually happens during metaphase because of mitotic slippage in
mouse haESCs (He et al., 2017). It would be interesting to study
whether the mechanism of diploidization is similar in haTSCs.
The placenta is vital for the exchange of gases, nutrients, and
waste at the maternal-fetal interface and is composed of
numerous trophoblast cell types that play distinct roles (Cross,
2005). A very recent large-scale phenotyping analysis revealed
a strikingly underappreciated importance of placental development in normal fetal growth (Perez-Garcia et al., 2018). However,
we still lack a sufficient developmental roadmap that defines
the right cues to channel cells toward desired endpoints in the
placenta, a well-organized yet complex organ, although there
has been great progress in the relationship between pluripotent
ESCs and their counterparts in the embryo in recent years (Baker
and Pera, 2018). By establishing these haploid cell lines derived
from the trophoblast lineage, we pave the way to study very early
developmental events that are critical to mammalian placentation and, more important, to define critical genes in placental
development at the genome scale. By revealing the principal
processes of normal trophoblast development, haTSCs may
offer unique insights into the mechanisms regulating organogenesis and diseases of the placenta.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals and treatments
Mice were housed in the animal care facility of the Institute of Zoology, Chinese Academy of Sciences, according to the institutional guidelines for the care and use of laboratory animals. Female B6D2F1 mice and 129-CAG-EGFP mice at the age of 6- to
8-weeks were used to establish mouse haTSCs. Female CD-1 mice at the age of 6- to 8-weeks were used as injection recipients
for chimeric placenta generation, and as pseudo-pregnant recipients for chimeric embryo transfer. E13.5 embryos isolated from
pregnant female CD-1 mice at the age of 6- to 8-weeks were used to isolate mouse embryonic fibroblasts. 129-CAG-EGFP
mice were produced by our laboratory, and B6D2F1 and CD-1 mice were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd.
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Model system and permissions
All animal experiments were approved by the Research Ethic Committee in the Institute of Zoology, Chinese Academy of Sciences in
Beijing, China (Approval number: IOZ20160033-1).
METHODS DETAILS
Derivation and culture of haTSCs
Parthenogenetic haploid embryos were generated by oocyte parthenogenetic activation as previously described (Leeb and Wutz,
2011). In brief, MII oocytes were collected from superovulated 6- to 8-week old B6D2F1 or 129-CAG-EGFP female mice and activated with CZB medium containing 10 mM Sr2+ at 37 C, 5% CO2 for 6 h. The embryos were then cultured for an additional
3 days and developed to the blastocyst stage in KSOM medium. Subsequently, haTSCs were isolated from parthenogenetic haploid
embryos, performed as previously described (Hayakawa et al., 2015) with minor modifications. In brief, each haploid blastocyst was
placed on mitomycin C-treated MEFs in 4-well plates in haTSC proliferation medium. After 5-6 days, outgrowths were disaggregated
into single cells and cultured in haTSC proliferation medium. haTSC proliferation medium contained 70% (v/v) mouse embryonic
fibroblast-conditioned medium (MEF-CM) and 30% TS medium (RPMI 1640 supplemented with 20% FBS (Invitrogen), 0.5% penicillin-streptomycin (Thermo Fisher Scientific), 1% GlutaMAX (Thermo Fisher Scientific), 1% sodium pyruvate (Thermo Fisher Scientific) and 0.1 mM 2-mercaptoethanol (Thermo Fisher Scientific) that was supplemented with 20 mM Y-27632 (MCE), 37.5 ng/ml FGF4
(Sigma-Aldrich), and 1.5 mg/ml Heparin (Sigma-Aldrich). After culturing for 1–2 passages, haTSCs were purified by FACS. For haploid
cell purification, haTSCs were incubated with Hoechst 33342 (Thermo Fisher Scientific) for 20 min at 37 C, 5% CO2 and then filtered
with 40 mm cell strains. Using FACS, the haploid 1n cell peak was purified and replated. The diploid (2n) TSC sample was generated
and cultured as previously described (Tanaka et al., 1998) and used as control. The diTSCs were cultured in diTSC proliferation medium which contained 70% (v/v) mouse embryonic fibroblast-conditioned medium (MEF-CM) and 30% TS medium supplemented
with 25 ng/ml FGF4 (Sigma-Aldrich), and 1 mg/ml Heparin (Sigma-Aldrich).
Immunofluorescent staining of haTSCs
haTSCs were fixed with 4% paraformaldehyde (PFA) for 15 min and were then permeabilized with 0.5% Triton X-100 (Sigma-Aldrich)
for 30 min, followed by blocking with 2% BSA. The cells were then incubated in the primary antibodies CDX2 (1:200, Cell Signaling)
and EOMES (1:200, Abcam) overnight at 4 C and secondary antibody (1:500, goat anti-rabbit, Cy3, Invitrogen) at room temperature
for 1 h. Nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific). The images were captured under a laser-scanning
confocal microscope (ZEISS, LSM 780).
Chromosome spread
Chromosome spread was performed following the standard instructions. haTSCs were arrested at metaphase by treatment with demecolcine (Sigma-Aldrich) for 2 h. After incubation in 0.075 M KCl at 37 C for 30 min, the cells were fixed in methanol-acetic acid (3:1).
The cell suspension was then dropped onto glass slides and stained with Hoechst 33342 (Thermo Fisher Scientific). The images were
captured under a laser-scanning confocal microscope (ZEISS, LSM 780).
Cell diameter analysis
Immunofluorescent staining experiments against ZO-1 (1:200, Invitrogen), the tight junction protein, were conducted in haTSCs and
diTSCs to mark the boundary of the cell membrane. The secondary antibody (goat anti-rabbit, Cy3, Invitrogen) was diluted at 1:500.
Then the images were captured under a laser-scanning confocal microscope (ZEISS, LSM 780) and the cell diameter was analyzed
by the Imaris9.0.2.
Bisulfite sequencing
Bisulfite genomic sequencing was performed as reported previously (Li et al., 2014). A total of 200 ng of genomic DNA from each
sample was treated with a Methylamp DNA modification sample kit (Epigentek), according to the manufacturer’s instructions. The
promoter regions of Elf5 and DMRs of H19 and Snrpn were amplified by PCR using EX Taq HS (Takara) cloned into the PMD-18T vector and were sequenced with M13 forward and reverse primers. The primer information used in the bisulfite reactions is listed
in Table S1.
Differentiation of haTSCs
For differentiation testing of haTSCs, cells were plated in 6-well plates and grown for 6 days, with the TS medium changed daily. The
cells then underwent FACS analysis or RNA isolation.
Immunofluorescent staining of chimeric placentas
Chimeric placentas were fixed in 4% paraformaldehyde at 4 C for 3 days, and embedded in paraffin, and then sliced into 5 mm sections. After being baked at 37 C, they were placed at room temperature. Sections were deparaffinized in xylene and rehydrated with
successive washes in 100%, 90%, 80%, 70%, 50% ethanol. After being rinsed with PBS, antigen retrieval was conducted at 100 C
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for 10 min. Then incubate the sections in blocking buffer (2% BSA) for 1 h, and subsequently in primary antibodies at 4 C overnight.
Primary antibodies for immunofluorescent analysis included GFP (1:250, Abcam) and CK7 (1:200, Abcam). Secondary antibodies
included Goat anti-chicken (488, Invitrogen) and Goat anti-mouse (Cy3, Invitrogen) at 1:500. Nuclei were stained with Hoechst
33342 (Thermo Fisher Scientific). The images were captured under a bright field light microscope (Leica, DMi8).
Genetic modification of haTSCs
For Cas9 overexpression, mScarlet fluorescence labeling and gRNA transfection, haTSCs were transfected using the jetPRIME
transfection reagent (Polyplus Transfection) at a high efficiency. A total of 1 mg of piggyBac integrase (PBase) plasmid and 2 mg
piggyBac plasmid were transfected into 1x106 haTSCs according to the manufacturer’s instructions. In brief, add plasmids into
200 ml of jetPRIME buffer and mix by vortexing. Then add 8 ml jetPRIME reagent, quickly vortex and spin down. After incubating
the mixture at room temperature for 10 min, gently add the transfection mix dropwise onto the cells in fresh haTSC proliferation medium. After 4 hours, replace the transfection medium by haTSC proliferation medium. Successfully transfected cells were sorted by
FACS 48 hours later.
Generation of chimeric placentas
Chimeric placenta generation was performed to evaluate the development potential of haTSCs in vivo. Embryos at the 4-cell stage
and blastocysts were collected from superovulated female CD-1 mice at 2.5 or 3.5 days post-coitum (dpc) as recipient embryos.
Approximately 5-8 and 12-15 FACS-selected G0-/G1-phase haTSCs were microinjected into each 4-cell stage embryo and blastocyst, respectively, to produce chimeric placentas. After 1-2 h, the manipulated embryos were transferred into the oviducts of E0.5 or
uteri of E2.5 pseudo-pregnant recipients. These recipient mice were sacrificed at E13.5 and E19.5. The chimeric placentas were
identified by fluorescence (mScarlet/GFP) expression under inverted fluorescence microscope (Leica, DMIRB).
Genomic PCR and qRT-PCR analysis
Genomic DNAs (gDNAs) were extracted with MicroElute Genomic DNA Kits (Omega). 200 ng gDNAs were used as template for PCR
amplification in a final reaction volume of 20 mL. 2x TransStart FastPfu PCR SuperMix (Transgen Biotech) was used for PCR amplification. The PCR cycling conditions were as follows: 95 C 5 min; 95 C 20 s, 59 C 20 s, 72 C 20 s, 28 cycles; 72 C 5 min; 4 C hold.
For qRT-PCR, total RNA was isolated using PureLinkTM RNA MiniKit (Thermo Fisher Scientific). 3 mg of RNA was used to synthesize
cDNA, and reactions were set up in triplicate using SYBR Green Realtime PCR Master Mix (Toyobo) and run on a Bio-Rad CFX96. All
gene expression levels were normalized by Gapdh. The primer information is listed in Table S1.
Lentiviral production and transduction
We transfected the lentiviral constructs with PSPAX2 and PMD2G into HEK293T cells using Lipofectamine LTX Reagent with PLUS
Reagent (Invitrogen). The medium was changed 24 h after transfection. We collected viral supernatants at 48 h and 72 h after transfection and pre-filtered the samples with a 0.45 mm filter to eliminate cells. The virus-containing medium was overlaid on 20% (w/w)
sucrose and centrifuged at 20000 rpm at 4 C. After centrifugation, the supernatant was carefully removed, and the tube was placed
on tissue paper for 3 min. Phosphate-buffered saline (PBS) was added to the semi-dried tube for resuspension. The target cells were
infected in medium containing 8 mg/ml of polybrene (Merck Millipore), with MOI = 1. After infection, we selected haTSCs for 3 d in
puromycin.
Crystal violet staining
Seven days after treatment with the indicated concentrations of 6-thioguanine (6-TG), adherent cells were fixed with 4% formaldehyde in PBS, followed by a 30 min staining with 0.1% crystal violet in PBS. After three gentle washes with water, the air-dried plates
were scanned using inverted microscope (Leica, DMIRB).
RNA-seq library preparation and data processing
Total RNA was extracted from cultured cells by TRIzol reagent. For RNA-seq library construction, the PolyA+ tailed RNA purification
was performed for each sample using a Dynabead mRNA purification kit. The cDNA library was generated with a KAPA stranded
mRNA-Seq Kit protocol. Sequencing was performed on an Illumina HiSeq 4000 platform, with 150 bp paired-end-sequencing reactions. The published RNA-Seq data for epiblast stem cells (EpiSCs) were downloaded from GEO database (Bao et al., 2018). And all
fastq data were mapped to the mouse mm9 genome assembly independently by the HISAT2 software (version 2.1.0) (Kim et al.,
2015), using the annotated gene structures as templates. Default parameters of HISAT2 were used, except with the option ‘‘–dtacufflinks’’ opening. Reads with unique genome locations were retained for gene expression calculation using Cufflinks (version
2.0.2) with the option ‘‘—GTF.’’ Genes with no less than 1 FPKM in at least one sample were used for the differentially expressed
genes analysis (Trapnell et al., 2010).
To perform the CGH analysis of DNA copy number variations (CNVs), the cells were hybridized with the mouse CGH microarray
4x180K (Agilent). The data were analyzed using the company-provided Feature Extraction and CGH Analytics software.
Scatterplots were produced with the geom_hex function of ggplot2, and the Pearson correlation coefficients are shown in the figures. Principal component analysis (PCA) was performed with the prcomp function of R, and only the 800 mostly changed genes
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between all the samples were used for PCA analysis. The heatmap was produced with the heatmap.2 function of R. The list of annotated mouse imprinted genes was download from http://geneimprint.com/site/genes-by-species.Mus+musculus. The gene
ontology of differentially expressed genes was analyzed in DAVID (Huang et al., 2009), and biological processes were selected based
on P values less than 0.05. The figures were produced with ggplot2. The analyses for gene sets enriched in special Gene Ontologies
were performed by the GSEA software (Subramanian et al., 2005).
QUANTIFICATION AND STATISTICAL ANALYSIS
All data in bar and line graphs are expressed as means ± s.e.m. (standard errors of the mean). Statistical analysis was performed in
Excel (version 16.17) and Student’s t test was used to evaluate the statistical significance between two datasets. All the replicate
experiments in this study consisted of at least three repeats, and exact value of n was clearly stated in the figure legends. Statistical
significance is indicated by * for p < 0.05, ** for p < 0.01, *** for p < 0.001 and ns for p > 0.05. For outgrowth diameter analysis,
n represents the number of outgrowths developed from individual blastocysts. For cell diameter analysis, n represents the number
of individual cells analyzed.
DATA AND SOFTWARE AVAILABILITY
The sequencing data have been deposited in Genome Sequence Archive of Beijing Institute of Genomics, Chinese Academy of
Sciences (http://gsa.big.ac.cn/). The accession number for the sequencing data reported in this paper is CRA001220. The list of
software for data analysis and processing can be found in the KEY RESOURCES TABLE.
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