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Haploid pluripotent stem cells, such as haploid embryonic stem cells (haESCs), facilitate the genetic study of recessive traits. In vitro,
fish haESCs maintain haploidy in both undifferentiated and differentiated states, but whether mammalian haESCs can preserve pluripotency in the haploid state has not been tested. Here, we report that mouse haESCs can differentiate in vitro into haploid epiblast stem
cells (haEpiSCs), which maintain an intact haploid genome, unlimited self-renewal potential, and durable pluripotency to differentiate
into various tissues in vitro and in vivo. Mechanistically, the maintenance of self-renewal potential depends on the Activin/bFGF
pathway. We further show that haEpiSCs can differentiate in vitro into haploid progenitor-like cells. When injected into the cytoplasm
of an oocyte, androgenetic haEpiSC (ahaEpiSCs) can support embryonic development until midgestation (E12.5). Together, these
results demonstrate durable pluripotency in mouse haESCs and haEpiSCs, as well as the valuable potential of using these haploid pluripotent stem cells in high-throughput genetic screening.
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Introduction
Haploid states exist in certain organisms such as yeast and
insects (Otto and Jarne, 2001; de Godoy et al., 2008). However,
in vertebrates, the only naturally existing haploid cells are the
gametes, which have limited proliferation potential and can only
survive in vitro for a short time. Nevertheless, haESCs have been
successfully created in Medaka fish (Yi et al., 2009) as well as in
mammals (Leeb and Wutz, 2011; Li et al., 2012). Whereas
Medaka fish haESCs can maintain haploidy without cell sorting
for an extended period, mammalian haESCs, on the other hand,
are prone to diploidization in cell culture. Recently, monkey
haESCs have been generated and shown to maintain haploidy in
a putatively primed state (Yang et al., 2013). This finding raised
the hypothesis that the pluripotency status may influence the
maintenance of haploidy in vitro.
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The issue of diploidization of mammalian haESCs impedes the
potential of using these cells in genetic screens. Since almost all
differentiated cells derived from mammalian haESCs are diploid,
it raises the question for how long mammalian haESCs can maintain
pluripotency in the haploid state. Previous report showed that
haploid cells could be detected up to E6.5 chimeric mouse
embryos after blastocyst injection (Li et al., 2012; Yang et al.,
2012; Wan et al., 2013), and haploid epiblast-like cells (Li et al.,
2012) and neural progenitor cells (Elling et al., 2011) would transiently present when haESCs underwent in vitro differentiation. It is
unclear, however, whether the transiently haploid, epiblast-like
cells are in a primed state, and whether they can be further differentiated while keeping haploidy.
Mouse epiblast stem cells (EpiSCs) are primed pluripotent stem
cells, which can be derived from post-implantation embryos (Brons
et al., 2007; Tesar et al., 2007) or via in vitro differentiation of ESCs
(Guo et al., 2009). EpiSCs and ESCs have distinct morphology and
depend on different signaling pathways for self-renewal. Recently,
EpiSCs were found to have the ability to form chimeras in vivo,
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Results
Deriving haEpiSCs from haESCs
To generate haEpiSCs, stable haESC lines with high percentage
of haploid cells were chosen for in vitro differentiation. We
replaced leukemia inhibitory factor (LIF) and ‘2i’ (PD0325901 and
CHIR99021) with Activin A and bFGF in the culture medium of
haESCs to induce epiblast differentiation (Guo et al., 2009).
Freshly sorted haESCs were plated into fibronectin pre-coated
culture dish and cultured in EpiSC specific medium (N2B27 basic
medium supplemented with Activin A and bFGF) for differentiation
(Figure 1A). Haploid cells were enriched by fluorescence-activated
cell sorting (FACS) when flat colonies emerged. To reduce
apoptosis of differentiated cells during the processes, Y-27632
(a ROCK inhibitor) and Pifithrin-a (a p53 inhibitor) were added to
the culture medium. FACS-enriched haploid cells were expanded
in EpiSC medium and sorted every 4– 5 passages. Totally, six androgenetic haEpiSC (ahaEpiSC) lines were derived from two independent ahaESC lines, and two parthenogenetic haEpiSC (phaEpiSC)
lines were derived from one phaESC line (Table 1). All haEpiSC
lines were maintained for .30 passages with stable haploid
genome, assisted by periodic FACS enrichment.
The mouse haEpiSCs exhibited typical flat morphology of mouse
EpiSCs (Figure 1B and Supplementary Figure S1A). Karyotyping
(Figure 1C) and FACS analysis (Supplementary Figure S1B) confirmed the haploidy. DNA content analysis showed that haEpiSCs
had 42%, 48%, and 10% of cells in G1 phase, S phase, and G2/M
phase, respectively. The cell-cycle profile of haEpiSCs is similar
to that of diploid EpiSCs (44%, 44%, and 12% in G1 phase, S
phase, and G2/M phase, respectively) derived from postimplantation embryos, and significantly different from that of
haESCs (26%, 62%, and 12% in G1 phase, S phase, and G2/M
phase, respectively) and diploid ESCs (26%, 58%, and 16% in G1
phase, S phase, and G2/M phase, respectively) (Figure 1D).
Likely owing to essential genes on the X chromosome, Y chromosome was not detected in all of the ahaEpiSC lines, consistent
with the observation in ahaESCs (Figure 1E). Similar to haESCs,
haEpiSCs diploidized in cell culture and FACS purification was
required every 4– 5 passages to remove diploidized cells
(Figure 1F). Comparative genomic hybridization (CGH) analysis

showed that haEpiSCs maintained genomic integrity without
obvious duplication or deletion in a haploid state, similar to the original haESCs (Figure 1G). These data demonstrated that the
haEpiSCs can be generated by in vitro differentiating haESCs.
Mouse haEpiSCs are similar to diploid EpiSCs
We characterized the identity of haEpiSCs by a number of assays.
Similar to diploid, embryo-derived EpiSCs, haEpiSCs lacked alkaline phosphatase (ALP) activity, which was a marker for mouse
and human ESCs (Figure 2A). haEpiSC colonies expressed pluripotent markers, such as Oct4, Sox2, and Nanog (Figure 2B and
Supplementary Figure S2A).
Female (XX) epiblast cells derived from post-implantation
embryos bear epigenetic modification to randomly inactivate one
of the X-chromosomes (Hayashi and Surani, 2009) and EpiSCs
derived from such epiblast cells inherit the epigenetic signature
(Gillich et al., 2012). X-chromosome inactivation (XCI) is mediated
by Xist (Gontan et al., 2012) and accompanied with irreversible
histone modifications (Plath et al., 2003). Thus, we assessed
the status of X-chromosome in haEpiSCs. Unlike diploid female
EpiSCs, in vitro derived haEpiSCs had no accumulation of the
repressive histone 3 lysine 27 tri-methylation (H3K27me3)
(Supplementary Figure S2B). qPCR analysis results suggested
that Xist RNA transcripts in haEpiSCs showed a significant low expression compared to that in diploid female EpiSCs, indicating
that the only X chromosome in haEpiSCs was not inactivated
(Supplementary Figure S2C).
Next, we analyzed the pluripotent state of haEpiSCs. The subcellular localization of Tfe3 in haEpiSCs was similar to that of primed
EpiSCs, but different from that in naı̈ve ESCs (Figure 2C).
Furthermore, both haEpiSCs and EpiSCs shared an Oct4 proximal enhancer regulatory site, while haESCs expressed Oct4 via a distal enhancer (Figure 2D). According to qPCR analysis of stemness markers
in haEpiSCs, a core group of pluripotent marker genes (Oct4, Sox2,
and Nanog) and EpiSC-specific genes (Dkk1, Fgf5, Brachyury (T),
Sox17, and Cer1) were expressed in haEpiSCs. Meanwhile, the
levels of naı̈ve ESC-specific genes in haEpiSCs were lower than
that of haESCs, indicating that the pluripotent state of haEpiSCs is
distinct from their parental haESCs (Figure 2E). The subcellular localization of transcription factor Tfe3 has been used as a sensitive
marker to distinguish the naı̈ve state and primed state of pluripotent
stem cells (Betschinger et al., 2013). Examination of global gene expression profiles indicated a high correlation (98%) between
haEpiSCs and the epiblast-derived diploid EpiSCs, but obviously different from haESCs or MEFs (Figure 2F, Supplementary Figure S2D
and Table S1).
To test whether haEpiSCs use the same signaling pathways for
self-renewal as EpiSCs, we treated the haEpiSCs, EpiSCs, and
ESCs with inhibitors for LIF/STAT3, Activin/Nodal, and MEK/ERK
pathways. Respectively, JAKi (an inhibitor repressing the LIF/
STAT3 pathway) had no obvious effect on the morphology of
haEpiSCs, but repression of either the Activin/Nodal signaling
(by SB431542) or the MEK/ERK pathway (by PD0325901) led to differentiation (Figure 2G), similar to diploid EpiSCs. The levels of
pluripotent markers (Oct4) and EpiSC-specific markers (Brachyury
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suggesting that EpiSCs possessed pluripotency in vivo (Joo et al.,
2014). In addition, mouse EpiSCs resemble human ESCs in terms
of gene expression profile and pluripotency, making them a
useful model for studying self-renewal and pluripotency of
human ESCs.
To investigate the preservation of pluripotency during the differentiation of mouse haESCs, we generated mouse haEpiSCs
by differentiation of two types of haESCs-androgenetic haESCs
(ahaESCs) and parthenogenetic haESCs (phaESCs). Both types
of haEpiSCs showed EpiSC-specific features and maintained an
intact haploid genome. We observed in vitro differentiation of
mouse haEpiSCs in the haploid state and a similar capacity of
post-implantation embryo incorporation compared with diploid
EpiSCs. The generation of haEpiSCs promised application of highthroughput genetic screening in primed haploid stem cells.
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Figure 1 Derivation of haEpiSCs. (A) Schematic overview of derivation of haEpiSCs lines from purified haESCs. Stable haESCs were selected to differentiate. LIF, 2i and feeder cells were withdrawn since the beginning, and replaced with Activin A, bFGF and fibronectin. Serial sorting for haploids was
essential, because extensive auto-diploidization accompanied with differentiation. (B) Colonies of haEpiSCs and their parental haESCs in bright field.
Scale bar, 100 mm. Distinct from domed ahaESC colony, the colony of ahaEpiSCs was flat and compact. (C) Standard G-banding karyotype of haEpiSCs
(cell line: ahaEP-5-9 P31+8, chromosome set: 19+X). (D) Cell cycle analysis of haEpiSCs. The percentage of G1, S, and G2/M phase in haEpiSCs, diploid
EpiSCs, haESCs, and diploid ESCs were indicated. (E) Analysis of the sex chromosome of ahaEpiSCs by PCR amplification of an X-chromosome specific
(Phex) gene and a Y-chromosome specific (Zfy1) gene. Male mouse tail and AH129-5 (parental ahaESC line) were used as controls. (F) DNA content
analysis of haEpiSCs during cell culture within or without FACS enrichment. Cell line ahaEP-5-9 at passage 31+30 with 58.7% of haploids was detected.
Without FACS enrichment, ahaEP-5-9 was cultured for 7 days and passaged three times, and its haploids ratio decreased to 17.2%. In a parallel group,
newly enriched ahaEP-5-9 maintained haploidy quite well in the same period, finally with 89.7% of haploids remained. (G) CGH analysis of ahaEpiSCs
(ahaEP-5-9 P31+8) and the parental ahaESCs (AH129-5 P31) with male 129Sv/Jae kidney DNA as control, on a log2 base scale.
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Table 1 Derivation of haEpiSCs from haESCs by differentiation
in vitro.
EpiSC cell line

Background

Origin (cell line)

Derivation medium

ahaEP-5-1
ahaEP-5-7
ahaEP-5-9
ahaEP-6-5a
ahaEP-6-6a
ahaEP-6-7a
phaEP-3-1
phaEP-3-2

129Sv/Jae

ahaESCs (AH129-5)

N2B27+Activin A+bFGF
+Y-27632+Pifithrin-a

129Sv/Jae

ahaESCs (AH129-6)

N2B27+Activin A+bFGF
+Y-27632+Pifithrin-a

B6D2F1

phaESCs (PH1-3)

N2B27+Activin A+bFGF
+Y-27632+Pifithrin-a

a
Red fluorescent protein (RFP) labeled ahaEpiSCs lines via Piggybac transposon
system.

Durable pluripotency in haEpiSCs
We checked the pluripotency of haEpiSCs in vitro. When injected
into the hind limbs of SCID mice, haEpiSCs differentiated into three
germ-layers in teratomas (Figure 3A). Additionally, haEpiSCs could
form embryonic bodies (EBs) in vitro and had 29.8% haploid cells
remaining in the 7-day EBs (Figure 3B). In vitro differentiation
was validated by qPCR analysis of the gene expression pattern in
7-day EBs versus original haEpiSCs (Figure 3C).
To assess the pluripotency of haEpiSCs during embryonic development, we injected red fluorescent protein (RFP)-labeled
haEpiSCs (ahaEP-6-6 line) into CD-1 background blastocysts.
The reconstructed blastocysts were cultured in vitro for 24 h and
examined for the incorporation of RFP-labeled cells with the
inner cell mass (ICM). Control haESCs integrated into the ICM efficiently but very few haEpiSCs were incorporated into the ICM
(Figure 3D and E). We also injected freshly sorted, G0/G1-phase,
RFP-labeled haEpiSCs into CD-1 background blastocysts, which
were then transferred into the uterus of pseudo-pregnant CD-1
mice. No RFP positive (RFP+) fetuses were viable at E6.5 or E8.5
(Figure 3F and Supplementary Table S2). In contrast, 14 RFP+
chimeras were viable at E6.5 resulting from haESCs control
blastocyst injection (out of total 50 embryos examined), with
10.5% cells remaining haploidy in all RFP+ embryos indicated by
FACS analysis. Similar results were observed at E8.5 (Figure 3G
and Supplementary Table S2).
We also examined the full-term development of the reconstructed
embryos. As expected, no chimera was observed in the haEpiSCs
blastocyst injection group (0/30 pups from 401 reconstructed
embryos versus 2/3 pups from 40 reconstructed embryos from
control haESCs blastocyst injection) (Supplementary Table S3).
These data showed that haEpiSCs had limited differentiation and
developmental potential, consistent with the characteristics of
diploid EpiSCs reported previously (Bao et al., 2009; Guo et al.,
2009; Han et al., 2010).
We further examined the pluripotency of haEpiSCs via postimplantation embryo graft (Huang et al., 2012). RFP+ colony

masses of haEpiSCs were transplanted into the epiblast region of
E7.0 embryos and followed in vitro culture for 2 days. In the
haEpiSCs group, 4 chimeric embryos (out of 12) survived to E8.5,
similar to diploid EpiSCs group (Supplementary Table S2). RFP+
cells were detected in the posterior region after dissection in
both haEpiSCs group and EpiSCs group (Figure 3H). Overall, the
haEpiSCs and diploid EpiSCs had similar potential to form chimeras
when transplanted into post-implantation embryos, but failed to
contribute to pre-implantation embryos.
haEpiSCs differentiated and remained haploidy
To test how far along differentiation can haEpiSCs maintain a
haploid genome, we subjected haEpiSCs to in vitro neural differentiation (Ying et al., 2003) (Figure 4A). After withdrawing Activin A
and bFGF and adding retinoic acid (RA) to the culture medium,
neural rosette formed 4 days later (Figure 4B). The differentiated
cells expressed typical neural progenitor cell specific markers
(Nestin, Pax6, Sox2) and neuronal marker (Tuj1), while did not
express pluripotent marker Oct4 (Figure 4C). Haploid cells (10.3%)
were detectable among the differentiated cells (Figure 4D), and
could be sorted for further culture in N2B27 medium supplemented
with EGF and bFGF.
Stable haploid cell lines were established with 4 – 5 rounds of
FACS enrichment, which we called haploid differentiated (haDiff.)
cells. The haDiff. cells maintained proliferation ability for .20 passages in the presence of bFGF and EGF, and showed elongated fusiform or polygonal morphology, similar to fibroblasts rather than
neural progenitor cells (Figure 4E). DNA content analysis of the
haDiff cells showed a definite haploid state in contrast to the
diploid neural stem cells (NSCs) control (Figure 4F). Karyotype analysis also confirmed that most of the haDiff. cells had a haploid set
of 20 chromosomes (Figure 4G). CGH analysis confirmed the
genomic integrity of haDiff. cells, without obvious mutation
(Supplementary Figure S3). The haDiff. cells expressed Vimentin
and Nestin (Figure 4H), two intermediate filament proteins frequently used as differentiation markers (Coulombe and Wong,
2004). In addition, qPCR results showed that the haDiff. cells
expressed Nestin and mesodermal markers (BMP4, T, Mix1, and
Snail), but not pluripotent markers (Oct4, Nanog, and Rex1)
(Figure 4I). Furthermore, the haDiff. cells failed to form teratomas
when subcutaneously injected into SCID mice (Figure 4J).
Unfortunately, the established haploid progenitor cell line could
not differentiate into neuron or glial cells, only expressed some
neural stem cell markers. Withdrawing EGF and bFGF in the
culture medium induced the haDiff. cells to differentiate into
large (Figure 4K), flat diploid cells (Figure 4L), expressing both
Vimentin and Nestin (Figure 4M). All together, these results supported that the haDiff. cells were haploid differentiated cells, not
pluripotent stem cells.
Embryonic development potential of haEpiSCs
We used the intracytoplasmic oocyte injection technique to test
whether androgenetic haEpiSCs (ahaEpiSCs), like parental
ahaESCs, could replace sperms in zygote formation and developmental reprogramming. The intracytoplasmic ahaEpiSCs injection
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(T) and Fgf5) further confirmed the observation (Figure 2H). These
data indicated that LIF/STAT3 pathway was not essential for
haEpiSCs to self-renew, whereas both Activin/nodal and bFGF
signal pathways were crucial for self-renewals. All together, our
characterizations supported that haEpiSCs were indeed EpiSCs at
a primed pluripotent state.

| 329

330

| Shuai et al.

Downloaded from http://jmcb.oxfordjournals.org/ at Institute of Zoology, CAS on November 2, 2015

Figure 2 Characterization of haEpiSCs. (A) Loss of alkaline phosphatase activity in haEpiSCs. Mouse haESCs (AH129-5, left panel) and human ESCs
(P-TJ, right panel) were used as positive control. White dashed lines ranged a haEpiSC colony. Scale bar, 50 mm. (B) Immunostaining of haEpiSC colonies (ahaEP-5-9) with various pluripotent markers. Scale bar, 100 mm. (C) Naı̈ve mouse ESCs, haESCs, primed EpiSCs, and haEpiSCs were double
stained with Oct4 and Tfe3. Scale bar, 20 mm. (D) Quantification of Oct4 distal enhancer (DE) and proximal enhancer (PE) reporter gene activity in
haEpiSCs, with mouse ESCs and EpiSCs as control. Relative luciferase activity was normalized to the activity of the empty vector. Data were repeated
in triplicate and shown as mean + SD. (E) Expression of pluripotent and EpiSC specific marker genes in haEpiSCs (ahaEP-5-9). The parental ahaESC
line (AH129-5) and one female EpiSC cell line were used as control. Data were repeated in triplicate and shown as mean + SD. (F) Global gene expression cluster analysis of transcripts in haEpiSCs lines, diploid EpiSC lines, ahaESC lines, diploid ESC lines, and mouse embryonic fibroblasts
(MEF). The values between each two groups were correlation efficiencies. (G) Morphology changes of haEpiSCs and ESCs after 3-day treatment of
three inhibitors (JAKi, SB431542, and PD0325901). Scale bar, 50 mm. (H) Expression levels of pluripotent gene (Oct4) and EpiSC specific marker
genes (T and Fgf5) in EpiSCs, haEpiSCs, and ESCs following inhibitors treatment. Data were repeated in triplicate.
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Figure 3 Pluripotency of haEpiSCs. (A) Histological analysis of teratoma formed from haEpiSCs (cell line-ahaEP-5-9) by hematoxylin and eosin
staining. Scale bar, 200 mm. From left to right were gut epithelium (endoderm), adipose tissue (mesoderm), and neural tissue (ectoderm). (B)
Embryonic bodies (EBs) formed from haEpiSCs in vitro. Shown were EBs formed from haEpiSCs (ahaEP-5-9) with sphere shape in N2B27
medium on Day 7. DNA content analysis of 7-day EBs derived from haEpiSCs showed 29.8% haploid cells remained. (C) Expression of lineage
markers in haEpiSCs-derived EBs (EBs harvested on Day 7), comparing to their original haEpiSCs. Date were repeated in triplicate. Error bars indicate SD of triplicate reactions. (D) Reconstructed embryos 24 h post microinjection. White dashed lines ranged the region of ICM, and yellow
arrows indicated contribution of donor cells. Scale bar, 20 mm. (E) Summary of donor cells contributed into ICM via blastocyst microinjection.
(F and G) Analysis of contribution of haEpiSCs by blastocyst injection assay at E6.5 and E8.5. The FACS analysis graphs indicated the DNA contents
of chimeric embryos. Scale bar, 100 mm. (F) In haEpiSCs group, none of the embryos at E6.5 showed contribution of RFP-labeled haEpiSCs.
Similarly, none of the E8.5 embryos detected showed RFP-labeled haEpiSCs’ contribution ether. (G) In haESC group, RFP-labeled haESCs could
integrate into epiblast at E6.5, with 10.5% of haploids remained. Even in haESCs derived chimeras at E8.5, there was still 1.2% haploids remained.
(H) Chimeras generated from haEpiSCs via E7.0 embryos graft. Top group was RFP-labeled epiblast-derived EpiSCs as positive control, and bottom
was RFP+ haEpiSCs. Colonies of each group were grafted to epiblast region of E7.0 embryos, and further cultured for two more days in vitro.
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Figure 4 Characterization of haDiff. cells. (A) Scheme for the differentiation of haEpiSCs into haploid differentiated cells (haDiff. cells). (B) Images
of neural rosettes differentiated from haEpiSCs. The rosettes were collected and cultured in the presence of bFGF and EGF. Red dashed lines outline
single rosette with an average diameter of 100 mm. Scar bar, 100 mm. (C) Immunofluorescence analysis of typical neural lineage markers (Nestin,
Pax6, Sox2, and Tuj1) and pluripotent marker (Oct4) in differentiated cells from haEpiSCs. Scale bar, 100 mm. (D) First sorting of haploid differentiated cells. Approximately 10.3% haploid cells were sorted for further culture. (E) Morphology of established haDiff. cells in propagation
medium. (F) FACS analysis of the DNA content of haDiff. cell line (red) with a diploid NSC line as control (blue). (G) Chromosomes spread analysis
of haDiff. cell showed a normal set of 20 chromosomes. Scale bar, 20 mm. (H) Immunofluorescence analysis of intermediate filaments proteins in
haDiff. cells using specific antibodies (Vimentin and Nestin). Scale bar, 100 mm. (I) Expression levels of pluripotent genes and three germ layer
marker genes in haEpiSCs and haDiff. Cells Data were repeated in triplicate and shown as mean + SD. (J) Teratoma formation assay. No teratoma
was formed from the ahaEpiSC-differentiated cells. (K) Morphology of haDiff. cells withdrawing bFGF and EGF. Scale bar, 100 mm. (L) DNA content
analysis of terminal differentiated cells from haDiff. cells. (M) Immunofluorescence analysis of Vimentin and Nestin in terminal differentiated cells
from haDiff. cells. Scale bar, 100 mm.
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Discussion
Our results showed that mouse haESCs (both ahaESCs and
phaESCs) could differentiate into haEpiSCs. The haEpiSCs shared

various features with post-implantation epiblast-derived EpiSCs,
and could further differentiate into haploid progenitor cells under
specific culture condition. Moreover, ahaEpiSCs could support embryonic development and contribute to the germ-line by ICAEI. All of
these results suggested that mammalian haESCs and haEpiSCs
maintained durable pluripotency in the haploid state.
Previous reports showed that the mouse haESCs could differentiate
into E6.5 epiblast cells in vivo or differentiate to Nestin positive neural
progenitors in vitro. However, haploidy was not maintained in these
settings and differentiated cells were found to be diploid mostly.
Since the fish haESCs could maintain haploid state after differentiation (Yi et al., 2009), it was important to explore how far could mammalian haploid stem cells maintain haploidy during differentiation.
Here we show that mammalian haESCs can differentiate into
haEpiSCs, in which haploidy can be maintained in cell culture. In contrast to previously failed attempts (Leeb et al., 2012), our success can
be attributed to two possible reasons. First, we introduced two inhibitors (Pifithrin-a and Y27632) to prevent cell apoptosis during the derivation of haEpiSCs. This might help keep the haploid, pluripotent cells
alive throughout the process; however, the actual mechanism warranted further investigation. Second, the mouse strains we used
were 129Sv/Jae background and B6D2F1 hybrid (C57 × DBA) background, two widely used strains to derive EpiSCs, which contributed
to the successful derivation of haEpiSCs either.
The CGH analysis suggested that haEpiSCs and haDiff. cells had
no major genomic alteration in a haploid genome. Our data
showed that the maintenance of haploidy had no significant difference between the primed haploid stem cells and the naı̈ve haploid
stem cells, suggesting that the instability of haploidy in haploid
stem cells was observed irrespective of the pluripotent state.
Diploidization phenomenon was observed during the differentiation
of haESCs and haEpiSCs, consistent with previous report (Leeb et al.,
2012). Nevertheless, in our study haploid progenitor cells could be
obtained with serial FACS purification, suggesting that haEpiSCs
possessed durable pluripotency and had the differentiation potential with a haploid genome. However, why haEpiSCs failed to differentiate into haploid NSCs, but fibroblast-like characteristics,
warranted further investigation. The high expression level of
Brachyury (T) in haEpiSCs might contribute to the high expression
of mesoderm markers in the haploid progenitor cells. By optimizing
the differentiation process using more efficient FACS enrichment, or
inhibiting diploidization, lineage specific somatic haploid cells could
someday be obtained, which would facilitate the high-throughput
screening in the specific cell types in the future.
Our data showed that the primed haploid stem cells could also be
reprogrammed by the oocyte cytoplasm, and could transmit
genetic modifications to the germ-line. However, so far, full-term
development from haEpiSCs have failed, likely due to severe loss
of imprinting. According to previous reports, severe loss of imprinting might affect the developmental potential (Li et al., 2012; Yang
et al., 2012). However, previous observation also suggested that
the imprinting in monkey haESCs was more stable during in vitro
culture (Yang et al., 2013), which provided a new clue to generate
transgenic non-human primate animals efficiently with the primed
haESCs in the future. Recently, the efficient CRISPR/Cas system
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(ICAEI) procedure was similar with previous reports (Li et al., 2012;
Yang et al., 2012) with minor modification (Figure 5A). RFP-labeled
(ahaEP-6-5, ahaEP-6-6, ahaEP-6-7) (Figure 5B) and unlabeled
(ahaEP-5-9) ahaEpiSCs with high percentage of haploid cells
(Figure 5C) were chosen for injection. The reconstructed embryos
were activated and allowed to develop to the 2-cell stage in vitro.
The ahaEpiSCs underwent reprograming to form a pseudomale pronucleus similar to process of intracytoplasmic sperm injection (ICSI)
6 h post injection (Figure 5D). The reconstructed embryos developed
to the blastocyst stage, and the ICM retrieved from such blastocysts
could be used to establish ESCs, indicating preserved pluripotency
(Supplementary Figure S4A). The ESCs derived from ICAEI blastocysts (traced by RFP) showed domed morphology and expressed pluripotent marker (Oct4) (Supplementary Figure S4B and C). DNA content
analysis data showed that the ICAEI-derived ESCs were diploid, suggesting complete zygote formation, similar to ICSI or normal fertilization (Supplementary Figure S4D). These ESCs could contribute
into chimeras in high percentage (Supplementary Figure S4E).
To assess development potential of ICAEI embryos in vivo, we
transferred ICAEI embryos at 2-cell stage to the oviducts of
0.5-dpc pseudo-pregnant CD-1 mice. From 268 embryos transferred, 5 fetuses at E12.5 with strong RFP expression were
obtained. The RFP+ phenotype indicated the RFP+ ahaEpiSCs originated from ICAEI (Figure 5E and Supplementary Table S4).
Importantly, the genital ridge from E12.5 ICAEI embryos contained
cells showing both germ cell marker VASA and RFP, indicating that
ahaEpiSCs could contribute to germline specification (Figure 5F).
However, no full-term pup had been viable thus far from 485 transferred ICAEI embryos (Supplementary Table S4).
We further examined the inactivation status of the X chromosome and the methylation status of imprinted genes in E12.5
ICAEI fetuses. Results showed that the two detected ICAEI
fetuses had a similar expression level of Xist to wild type (WT)
E12.5 female fetus and higher than the WT E12.5 male fetus significantly (Figure 5G), which indicated that ICAEI fetuses underwent
random inactivation of one X chromosome in early embryogenesis
as normal female embryos. Compared with the wild-type (WT)
fetus, ICAEI fetus showed loss of imprinting at the H19 differentially
methylated region (DMR) (Figure 5H), similar to previously reported intracytoplasmic injection pups produced from ahaESCs.
We sequenced three maternal imprinted DMRs (H19, Gnas,
and IG) and one paternal DMR (Snrpn) in ahaEpiSCs. All three
maternal DMRs exhibited hypomethylation, indicating loss of imprinting, whereas the paternal DMR was hypomethylated as in sperms
(Figure 5I). Interestingly, diploid, epiblast-derived EpiSCs maintained
a hypermethylation state in all DMRs detected (Figure 5I), suggesting
that the loss of paternal DMR imprinting in ahaEpiSCs likely came
from that in the ahaESCs. Collectively, our date indicated that the
ahaEpiSCs could be successfully reprogrammed by the cytoplasm
of the oocyte, but failed to produce live offspring which might resulted
from severe loss of imprinting.
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Figure 5 Intracytoplasmic ahaEpiSCs injection (ICAEI). (A) Schematic overview of ICAEI procedure. (B) Colony of RFP+ ahaEpiSCs (ahaEP-6-6) for injection. Scale bar, 50 mm. (C) DNA content analysis of selected ahaEpiSCs before injection. (D) Reprograming of ahaEpiSCs in ICAEI process. 5 mC (red)
and 5 hmC (green) were observed in ICAEI embryos and ICSI zygotes, respectively. (E) Generated ICAEI fetuses at E12.5 inherited RFP from the donor
ahaEpiSCs. Scar bar, 5 mm. (F) Immuno-histochemical analysis of genital ridge from E12.5 ICAEI fetus. Red, showing inherited RFP from ahaEpiSCs.
Green, VASA-positive germ cells. Blue, DNA. (G) Expression level of Xist in E12.5 ICAEI fetuses. Wild type (WT) E12.5 male fetus was used as negative
control, and WT female E12.5 fetus was used as positive control. Each sample was performed with three repeats. (H) Methylation status of H19 DMR in
ICAEI pup compared with wild type pup at E12.5. (I) Methylation analysis of the DMRs of H19, Gnas, IG, and Snrpn in ahaEpiSCs, sperm and EpiSCs (cell
line: FT.2 P40) as control. Filled black circle represented methylated CpG island, open circle meant unmethylated.

Derivation of haploid epiblast stem cells

helped to generate homozygous mutant library had been achieved
in human ESCs (Shalem et al., 2014). Finally, mouse haEpiSCs
shared many features with the human ESCs, making it a good
model in which to generate libraries for genetic screening of pluripotency regulators. All together, the haEpiSCs were useful in the
high-throughput screening and research.

ALP activity assay and immuno-staining
ALP activity of haEpiSCs was performed with Alkaline-phosphatasestaining kit (Sigma), according to the manufacturer’s instructions.
Mouse haESCs and human ESCs were provided as ALP activity positive control. For immuno-staining, cells on glass coverslips were
fixed with 4% paraformaldehyde in PBS for 15 min, and blocked
in 2% BSA (diluted with 0.1% Triton X-100 in PBS) for 2 h. Cells
were incubated with primary antibodies overnight at 48C. Alexa
Fluor-conjugated secondary antibodies were utilized to visualize
the primary antibodies. The nuclei were stained with DAPI
(Sigma) for 15 min at room temperature. The antibodies used were
as following: Oct4 (Santa Cruz sc-8628, 1/100); Sox2 (Millipore
AB5603, 1/400); Nanog (Abcam ab80892, 1/400); Tfe3 (Sigma
HPA023881, 1/300); 5mC (Eurogentec B1-MECY-1000, 1/200);
5hmC (Active Motif 39769, 1/500); H3K27me3 (Millipore 07-449,
1/200); Pax6 (covance PRB-278P, 1/500); Tuj1 (covance MMS435P, 1/1000); Vimentin (Santa Cruz sc-7557, 1/100); Nestin
(Millipore MAB353, 1/200); eGFP (millipore MAB3580, 1/500);
VASA (abcam ab13840, 1/200); Alexa-488- and Cy3-conjugated secondary antibodies were obtained from Jackson Immuno-research. All
images were captured on a ZEISS 780 confocal microscope.
Genomic integrity analysis and global gene expression profiles
Comparative genomic hybridization (CGH) analysis was performed to detect genomic integrity of haEpiSCs and haDiff cells.

Genomic DNA of one haEpiSC cell line (ahaEP-5-9), the parental
haESC line (AH129-5), and one haDiff cell line (haDiff.5.26) were
extracted and hybridized to NimbleGen 3 × 720K whole-genome
tiling arrays (NimbleGen) individually with 129Sv/Jae background
male kidney DNA as control. DNA copy number variants (CNVs) of
haEpiSCs and haDiff cells were analyzed using the NimbleGen software. Global gene expression analysis was carried out based on
RNA of each sample being hybridized to Mouse Genome 430 2.0
Array (Affymetrix). Comparison of all samples was analyzed with
GeneSpring 11.5.1 (Agilent).
Differentiation potentials of haEpiSCs
For in vivo differentiation, about 1 × 107 haEpiSCs with high percentage of haploids were injected subcutaneously into the hind
limbs of 6-week-old male SCID mice. Approximately 4 weeks
later, fully formed teratomas were dissected and followed with
standard hematoxylin and eosin staining protocol. For in vitro differentiation, embryonic-body formation assay was carried out.
Firstly, haEpiSCs were digested with 0.05% trypsin and cultured
as floating aggregations in the differentiation medium (N2B27
medium). After 7 days, standard embryonic bodies like spheres
formed and were collected for qPCR analysis.
To assess haEpiSCs’ potential to form chimeras, two different
strategies were used in chimera production. The first one was conventional blastocyst injection. In brief, 12– 15 small and smooth
haEpiSCs were microinjected into each blastocyst. Constructed chimeric blastocysts were cultured in KSOM-AA medium at 378C, 5%
CO2 waiting for further detection. Both haEpiSCs and haESCs
were labeled with RFP marker to locate the contributing cells. To
analyze the integration region of haEpiSCs and haESCs in blastocyst 24 h post manipulating, all of the constructed embryos were
analyzed by confocal microscope (ZEISS 780). In an individual experiment, all of the constructed blastocysts were transferred to
uterine horns of pseudo-pregnant CD-1 mice at 2.5 d.p.c.,
Embryos transferred were collected from the pseudo-pregnant
mice at E6.5 day and E8.5 day, and images of them were captured
on DMIL (LEICA). DNA contents of fetuses at E6.5 and E8.5 were
analyzed by FACS according to previous reports. In another experiment, two haEpiSCs lines were chosen as donor cells in blastocyst
injection. Then, constructed embryos were transferred to uterine
horns of pseudo-pregnant mice at 2.5 d.p.c. One ahaESC line was
parallel provided as control. Full-term pups would be generated
and raised; their coat colors were used to judge chimerism.
The second strategy to assess haEpiSCs’ chimeric contribution
ability was grafting colony mass of them directly to epiblast
region of E7.0 embryos. The specific protocol referred to previous
description with slight adjustment (Huang et al., 2012). Colonies
of RFP+ haEpiSCs were scraped gently from the culture dish and
resuspended in 100 ml EpiSC medium for grafting. E7.0 embryos
collected from pregnant CD-1 female mice at 7.0 d.p.c were prepared as recipients. On a piezo-drilled (PMAS-CT150, PrimeTech)
micromanipulator (DMIRB, Leica), colony mass was injected into
epiblast region with a 20 mm injection pipette. Reconstructed
embryos were cultured in DMEM supplemented with 50% rat
serum in a 4-well plate for 1 day. Then, embryos were transferred
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Materials and methods
Derivation of haEpiSCs
Newly enriched haESCs were selected for differentiation. Feeder
cells, LIF and ‘2i’ were withdrawn from the ESCs medium. All haESCs
were trypsinized with 0.25% trypsin/EDTA into single cells and
seeded in fibronectin pre-coated culture dish in N2B27 medium
supplemented with Activin A (10 ng/ml) and bFGF (12 ng/ml).
During the conversion process, serial FACS enrichment served for
haploid maintenance. Y-27632 (final concentration: 5 mM) and
Pifithrin-a (final concentration: 2 mM) were introduced into
culture medium and staining buffer to reduce cell apoptosis.
Approximately 2 weeks later (4 – 5 rounds of sorting), purified
haEpiSC lines could be established. Each haEpiSC line was digested
to single cells by 0.05% trypsin/EDTA and passaged every 2– 3
days and had culture medium replaced every day. Images of
haEpiSCs were captured on DMIL (LEICA), and all the FACS protocols were followed with previous report (Li et al., 2012). FACS
data analysis, calculation and images out-put were performed
with software Flowjo v7.6 (Flowjo, USA) according to instructions
of manufacturer. Standard Giemsa banding karyotype analysis
was performed following previous description with minor modification (Mann et al., 1990).
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were amplified by nested-PCR using Q5 DNA polymerase and
cloned into pEasy-Blunt vector (Transgen) for further sequencing.
All the used primers were listed in Supplementary Table S5.

Generation of haploid progenitor cells
For differentiation, haEpiSCs with high percentage of haploids
were dissociated into single cells and seeded at 1 × 106 cells/
well in fibronectin pre-coated 35 mm dish with EpiSC medium.
After 24 h, the medium was replaced with differentiation medium
(N2B27 medium without bFGF and Activin A, and supplemented
with 0.5 mM RA). All medium were replaced every day. On fourth
differentiation day, rosette cells were collected and sorted by
FACS for haploids and the medium was changed to NSC culture
medium (N2B27 medium supplemented with 10 ng/ml bFGF and
10 ng/ml EGF).

Vector construction
For Oct4 DE-SV40-Luc and PE-SV40-Luc constructs, distal enhancer and proximal enhancer of mouse Oct4 were amplified from
mouse genomic DNA and inserted into the KpnI site of pGL-4.10
vector (Promega) using in-fusion HD Enzyme Premix (Clontech), respectively.

Intracytoplasmic ahaEpiSCs injection
To assess ahaEpiSCs’ development potential when they were
microinjected into oocytes, ICAEI experiment was carried out.
Briefly, ahaEpiSCs with high rate of haploids were selected for injection, some cell lines of which had RFP marker gene to trace the
following development. MII oocytes of CD1 background were prepared as recipient and pre-activated in 10 mM SrCl2 in calcium-free
CZB medium for 30 min before injection. Among all the single
ahaEpiSCs, small and smooth cells were chosen to inject. All reconstructed embryos were transferred back to 10 mM SrCl2 in calciumfree CZB medium at 378C with 5% CO2 for 3 h to fulfill complete activation. Then, activated embryos were transferred to KSOM-AA
medium 378C, 5% CO2 for further culture. ICAEI embryos at 2-cell
stage or blastocyst stage were transferred to the oviducts of
pseudo-pregnant CD-1 mice at 0.5 d.p.c. At embryonic 12.5
(E12.5) day, pseudo-pregnant CD-1 mice were sacrificed to
collect E12.5 ICAI fetus. Images of E12.5 fetuses were captured
on M165FC (LEICA).
To evaluate pluripotency of ICEAI blastocysts, we placed ICAEI
blastocysts in ESCs culture medium (N2B27 medium supplemented with LIF and ‘2i’) on feeder cells to derive ESCs. Almost 5 days
later, outgrowths of these blastocysts were picked manually and
trypsinized to single cells, which were seeded in fresh ES medium
and feeder cells. DNA content of each ES cell line was analyzed
with FACS, and all ES cell lines performed blastocyst-injection
chimera production assay to test their pluripotency.
Quantitative reverse transcription PCR (qPCR) and bisulphite
genomic sequencing
For qPCR, total RNA was prepared using TRIzol (Invitrogen) kit as
described previously. Reverse transcription was done according to
the instruction of Superscript III (Invitrogen). The reactions of qPCR
were performed as the manufacturer’s instructions and monitoring
with the SYBR Green Realtime PCR Master Mix (Toyobo) by using
the Bio-Rad CFX96 detection System. GAPDH was used as the internal control in all the assays. Each sample was analyzed in triplicate. For Bisulphite genomic sequencing, a total of 2 mg genomic
DNA was treated with EpiTect Bisulphite Kit (Qiagen) according
to the manufacturer’s instructions. DMRs of H19, Gnas, IG, Snrpn

Accession numbers
Microarray data sets can be assessed as the GEO reference
series GSE62887 (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE62887).
Supplementary material
Supplementary Material is available at Journal of Molecular Cell
Biology online.
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