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SUMMARY
Inhibitors of Mek1/2 and Gsk3b, known as 2i, and, together with leukemia inhibitory factor, enhance the derivation of embryonic stem

cells (ESCs) and promote ground-state pluripotency (2i/L-ESCs). However, recent reports show that prolonged Mek1/2 suppression im-

pairs developmental potential of ESCs, and is rescued by serum (S/L-ESCs). Here, we show that culturing ESCs in Activin A and BMP4, and

in the absence of MEK1/2 inhibitor (ABC/L medium), establishes advanced stem cells derived from ESCs (esASCs). We demonstrate that

esASCs contributed to germline lineages, full-term chimeras and generated esASC-derivedmice by tetraploid complementation.We show

that, in contrast to 2i/L-ESCs, esASCs display distinct molecular signatures and a stable hypermethylated epigenome, which is reversible

and similar to serum-cultured ESCs. Importantly, we also derived novel ASCs (blASCs) from blastocysts in ABC/L medium. Our results

provide insights into the derivation of novel ESCs with DNA hypermethylation from blastocysts in chemically defined medium.
INTRODUCTION

Mouse embryonic stem cells (ESCs) were originally derived

by coculture with a feeder layer of mitotically inactivated

fibroblasts in medium containing fetal calf serum (Evans

and Kaufman, 1981; Martin, 1981). It was later shown

that feeder cells could be replaced by the cytokine leukemia

inhibitory factor (LIF) (Smith et al., 1988), and that serum

could be substituted by bone morphogenetic protein

(BMP) (Ying et al., 2003). However, ESCs cultured in BMP

plus LIF medium show low single-cell clonogenic capacity,

and are difficult to maintain in a homogeneous state (Ying

et al., 2003). Inhibitors of Mek1/2 (PD0325901, PD) and

Gsk3b (CHIR99021, CH), known as 2i, enhanced the deri-

vation of ESCs (hereafter termed 2i/L-ECSs) and promoted

ground-state pluripotency (Ying et al., 2008), also known as

‘‘naive pluripotency’’ (Nichols and Smith, 2009), when LIF

was added. Recent reports show that prolonged culture

with PD impairs the developmental potential and genomic

stability of mouse ESCs. Defects that are efficiently rescued

by serum (Choi et al., 2017; Yagi et al., 2017) return mouse

ESCs to their original culture condition and original state.
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Thus, how cell stability, self-renewal, and pluripotency

are specifically maintained in ESCs still remain largely

unknown.

We recently developed a culture system without serum

and feeder, to derive advanced embryonic stem cells

(ASCs), and demonstrated that such pluripotent stem cells

possess enhanced in vivo developmental potential and

unique self-renewing features when compared with

mouse 2i/L-ESCs (Bao et al., 2018). We thus hypothesized

that a similar experimental paradigm of targeting key

developmental pathways could replace serum and feeder,

applied for establishing stable hypermethylated embry-

onic stem cells from control ESCs and EpiSCs (Brons

et al., 2007; Tesar et al., 2007). Here, we targeted four com-

ponents of different signaling pathways as follows: Acti-

vin A (Act A), BMP4, and two components of 2i/L, CH,

and LIF. Act A and BMP4 belong to the transforming

growth factor b family of ligands. Act A promotes activa-

tion of the SMAD2/3 transcription factors, considered

beneficial for self-renewal of human ESCs (Vallier et al.,

2005) and mouse EpiSCs derivation (Brons et al., 2007;

Tesar et al., 2007). BMP4 inhibits differentiation genes
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and sustains self-renewal of mouse ESCs in collaboration

with STAT3 (Williams et al., 1988; Ying et al., 2003). CH

acts via inhibition of GSK3 to enhance mouse ESC growth

and LIF drives STAT3-dependent self-renewal (Ye et al.,

2016; Ying et al., 2008). Counterintuitively we replaced

PD in 2i/L-ESC medium with Act A and BMP4, whose ac-

tions directly oppose those of PD and function to promote

the development of post-implantation embryo and line-

age specification. Hereafter, we refer to the medium con-

taining this cocktail of different signaling pathways as

ABC/L medium, and used it for derivation of stable stem

cell lines from 2i/L-ESCs, EpiSCs, and directly from blasto-

cysts. Using ABC/L medium we have replaced the original

coculture system of feeder and serum, and established

ESCs with higher developmental potential compared

with 2i/L-ESCs.
RESULTS

ABC/L Converts ESCs into esASCs with High Genomic

Stability

We previously reported that ABC/L medium converted

blastocyst-derived AFSCs into ASCs (Bao et al., 2018). In

this study, we investigated if ABC/L can also convertmouse

2i/L-ESCswithOct4 distal enhancer (GOF/GFP) (Yoshimizu

et al., 1999) (Figure 1A). The 2i/L-ESCs that were derived

from blastocysts in the presence of 2i and LIF medium

with N2B27 (basic medium used in this study, which ex-

cludes serum, knockout serum replacement, and feeder

cells), survived well in ABC/L medium and proliferated

similarly to 2i/L-ESCs (henceforth called esASCs); impor-

tantly these cells self-renewed for more than 30 passages

(Figures 1B and S1A). We tested five different 2i/L-ESC

cell lines (E14, SQ3.3, SQ3.4, WG3-1, and WG3-2), and

all five lines were converted to esASCs.

We also investigated whether ABC/Lmediumwas able to

convert EpiSCs to stable ESCs (Figure 1A). EpiSCs are

derived from early post-implantation embryos and are

distinct from ESCs in culture properties, gene expression,

pluripotency, and epigenetic profiles (Brons et al., 2007; Te-

sar et al., 2007). Some molecular features of EpiSCs are

similar to AFSCs; however, they are derived from different

embryonic stages. Using ABC/L, we successfully converted

EpiSCs to stable ESCs (Figures S1B and S1C). EpiSCs con-

verted to ESCs (hereafter termed epiASCs) while maintain-

ing pluripotent properties similar to 2i/L-ESCs with GOF/

GFP reporter (Figures S1B and S1C–S1E), two active X chro-

mosomes in female epiASCs (Figures S1F–S1H), teratoma

formation with multiple tissue types (Figure S1I), and

possess normal karyotype (Figures 1C, 1D, and S1J). A pre-

vious report showed that it is difficult to convert EpiSCs to

ESCs in 2i/LIF medium (Hall et al., 2009). Here, our data
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suggested that Act A and BMP4 replacing PD improves

the genomic stability of ESCs.

esASCs Display Distinct Molecular Features for

Pluripotency and Developmental Stage

To examine whether esASCs have distinct molecular fea-

tures (Trapnell et al., 2009) and correspond to a particular

embryonic developmental stage (Boroviak et al., 2015),

we compared esASCs (passage 19, p19) and epiASCs

(p11) global expression dynamics with 2i/L-ESCs (p21),

S/L-ESCs (2i/L-ESC culture in serum + LIF medium,

p12), and EpiSCs (p15). Unsupervised hierarchical clus-

tering (UHC) shows esASCs close to 2i/L-ESCs (Figure 2A)

and a total of 989 differentially expressed genes (DEGs)

(Robinson et al., 2010) in esASCs and epiASCs compared

with 2i/L-ESCs (Figure 2B). A total of 362 upregulated

genes in esASCs and epiASCs are also upregulated in S/

L-ESCs (Figure 2B). Gene ontology (GO) analysis indi-

cated that upregulated genes in esASCs were associated

with the MAPK cascade, developmental growth, and

regulation of DNA binding (Figure 2C). To benchmark

developmental progression, we compared our esASCs

with in vivo embryonic day (E) E2.5–E6.5 embryos (Boro-

viak et al., 2015). t-SNE analysis showed that esASCs were

intermediate between E4.5 and E6.5 and close to S/L-

ESCs (Figures 2D and S2A).

Interestingly, among DEGs (Ernst and Bar-Joseph,

2006), 1,834 genes were related to stem cell develop-

ment, pattern specification process, and mesoderm

development, these genes gradually increased from 2i/

L-ESCs, esASCs, epiASCs, S/L-ESCs, and EpiSCs (Figures

S2B and S2C). Notably, a total of 1,303 genes were signif-

icantly upregulated in esASCs and epiASCs compared

with 2i/L-ESCs, S/L-ESCs, and EpiSCs (Figure S2B). GO

analysis indicated that upregulated genes in esASCs and

epiASCs were associated with methylation, covalent

chromatin modification, and DNA replication, including

synthesis of DNA, G1/S transition, and cell-cycle check-

point processes (Figure S2C). We also found that the

expression of pluripotency core factors do not change

(except for Prdm14 and Nanog) between 2i/L-ESCs and

esASCs, whereas the transcriptional level of genes known

to influence DNA methylation levels, such as Prdm14 and

Nanog, were significantly downregulated in esASCs

compared with 2i/L-ESCs (Figure S2D). Transcription fac-

tors, genes regulating signal pathways, and epigenetic

modification-associated genes that are upregulated in

the post-implantation epiblast (Chen et al., 2018; Kalkan

et al., 2017; Tsanov et al., 2017) were similarly induced in

esASCs and epiASCs (Figure S2E). These RNA sequencing

(RNA-seq) analyses suggest that esASCs and epiASCs are

in a stable state between naive and primed pluripotency

and more similar to S/L-ESCs.
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Figure 1. Characteristics of esASCs and epiASCs
(A) Experimental outline of the esASCs derivation procedures from ESCs and EpiSCs.
(B) 2i/L-ESCs (p23) were switched to ABC/L medium and cultured for 5, 10 days (d5, d10) and passages 25 (esASCs, p25). Here, we use 2i/
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(C) Karyotyping of 2i/L-ESCs (P30) and esASCs (P30).
(D) Distribution of chromosome number in 2i/L-ESCs (p30) and esASCs (p30). n (n = 50), number of spread analyzed and obtained from 2
independent experiments.
esASCs Exhibit Intermediate Features between 2i/L-

ESCs and EpiSCswith a Distinct Self-Renewal Property

To understand the properties and propagation efficiency of

esASCs in ABC/Lmedium, we examined the single-cell clo-

nogenicity and cell progression of esASCs. Single esASCs
and 2i/L-ESCs were transferred to 96-well dishes in

N2B27 with addition of ABC/L and 2i/L, respectively.

esASCs exhibit similar single-cell clonogenicity to 2i/L-

ESCs (Figures 2E and S2F), but possess larger clone diameter

(Figures 2F and S2G) and show increased cellular
Stem Cell Reports j Vol. 14 j 241–255 j February 11, 2020 243
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Figure 2. Analyses of Molecular Features of esASCs and epiASCs
(A) Unsupervised hierarchical clustering (UHC) of the transcriptome from three biological replicates of five stem cell lines. Note that
esASCs were clustered close to 2i/L-ESCs.
(B) Heatmap showing scaled expression values of a total of 989 differentially expressed genes (mean log2(normalized read counts) > 2,
log2(fold change) > 2, adjusted p value < 0.05) in esASCs and epiASCs compared with 2i/L-ESCs, S/L-ESCs, and EpiSCs.
(C) The top representative GO terms (biological process) for esASC- and epiASC-upregulated genes.
(D) t-SNE analysis of gene expression of pluripotent stem cells, and of E2.5–E5.5 embryos, based on 1,685 dynamically expressed genes.
Arrow indicates developmental progression from E2.5 morula to E5.5 post-implantation epiblast.
(E) The colonies derived by single cells of 2i/L-ESCs and esASCs. Scale bars, 100 mm.
(F) Representative image of FACS-based cell-cycle analysis on 2i/L-ESCs, esASCs, epiASCs, and S/L-ESCs. (G) G1, S, and G2/M phase were
compared to four stem cell lines. Error bars indicate SEM (n = 3). Results were obtained from three independent experiments. Significance
was tested using the two-tailed unpaired Student’s t test, p < 0.05.
proliferation (Figure S2H). The results of fluorescence-acti-

vated cell sorting (FACS)-based cell-cycle analysis shows

that more esASCs and epiASCs reside in the S phase
244 Stem Cell Reports j Vol. 14 j 241–255 j February 11, 2020
compared with 2i/L-ESCs, which showed more cells in

the G1 phase (Figures 2F and 2G). This result suggests

that the cell-cycle control in esASCs and epiASCs is similar
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Figure 3. Act A and BMP4 Expand the Developmental Potency of ESCs
(A) Schematic of eight-cell embryo injection protocol.
(B) Representative image of three kinds of ESCs (GOF/GFP) were introduced into eight-cell embryos and cultured for 24 h. Scale bars, 100
mm. Results were obtained from two independent experiments. (C) Percentage of GOP/GFP positive embryos after 24 h in vitro culture, at
three kinds of ESCs. Results were obtained from two independent experiments.
(D) Chimeras (E10.5) generated with 2i/L-ESCs (single cell) and S/L-ESCs (multiple cells). ESCs carried tdTomato+/GOF+ reporter. Scale
bars, 1 mm.
(E) Single esASCs contributed to embryo, yolk sac, and placental labyrinth in E10.5 chimeras. Scale bars, 1 mm.
(F) Summary of E10.5 chimera assays by ESC injection. Single cell of 2i/L-ESCs, 2i/L-ESCs cultured in ABC/L medium for 5, 10, and 15 days,
respectively, and 15 cells of S/L-ESCs were injected into eight-cell stage embryos, and transferred to pseudopregnant mice, and the
chimeras were collected at E10.5. The black bar chart shows the percentages of chimeras among the collected E10.5 conceptus embryonic
tissues (Em); gray bar, integration into both embryonic and extraembryonic mesoderm (Em + ExEm) among the recovered E10.5 chimeras.
Results were obtained from two independent experiments.
(G) Germline transmission of esASCs in E12.5 chimeras. PGCs were shown by GOF/GFP+ cells (arrow). Scale bars, 100 mm.

(legend continued on next page)
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to that in S/L-ESCs, consistent with our RNA-seq analysis,

which revealed that cell-cycle-associated genes in esASCs

were close to S/L-ESCs and distinct from 2i/L-ESCs (Figures

S2C and S2I). Indeed, we found that the level of c-MYC in

esASCswas significantly higher than 2i/L-ESCs (Figure S2J),

and that the target of Wnt/b-catenin pathway protein

CDX1 (Pilon et al., 2007) was strongly expressed in our

esASCs (Figure S2K). Together, these results suggest that

esASCs have a distinct self-renewing type of pluripotent

stem cells and exhibit intermediate features between 2i/L-

ESCs and EpiSCs.
Act A and BMP4 Improves the Developmental Potency

of ESCs

The functional attribution of mouse ESCs is their capacity

to re-enter embryonic development and contribute to

differentiated tissues in chimeric mice. We proceeded to

demonstrate the in vivo developmental potency of esASCs

by injecting H2B tdTomato reporter and GOF/GFP-positive

(tdTomato+/GOF+) single esASCs, epiASCs, S/L-ESCs, and

control 2i/L-ESCs into eight-cell embryos and investigated

chimeric development (Figure 3A). First, we assessed single

GOF/GFP+ stem cells maintaining developmental rate at

24 h after injection, and found that GOF/GFP+ cells (4/

40) in the S/L-ESCs group had significantly lower rates

than esASCs and 2i/L-ESCs (Figures 3B and 3C). Second,

we analyzed their contribution to chimeric embryos at

E10.5 and found that tdTomato-positive esASC and epiASC

donor cells contributed robustly to the embryo proper, yolk

sac, and placental labyrinth (Figures 3E and S3A–S3C).

Whereas 2i/L-ESCs contributed to the embryo, and slightly

contributed to the yolk sac, as well as placental labyrinth

(Figure 3D), no chimeric embryos were found in S/L-

ESC groups upon single-cell injection. When we injected

15–20 cells of S/L-ESCs into eight-cell embryos, chimeric

embryos collected contributed similarly to 2i/L-ESCs in

E10.5 (Figures 3B–3D). Notably, the high contribution of

esASCs to yolk sac was only in the extraembryonic meso-

derm, and there was no detectable contribution to the

extraembryonic endoderm of the yolk sac (Figure S3C).

These observations suggest that esASCs and epiASCs are

stable and possess a higher potency to contribute to

embryos and placentas compared with S/L-ESCs and 2i/L-

ESCs. Furthermore, we show that S/L-ESCs are highly het-

erogeneous and that single-cell injection fails to contribute

to embryo in chimeras.
(H) Chimeric pups generated by injecting single esASCs in ICR host b
(I) Pups generated entirely from esASCs in tetraploid ICR host blast
derived mice. Results were obtained from two independent experime
(K) Expression levels (log2(RPKM + 1)) of placenta development-relat
(n = 3). Results were obtained from three independent experiments.
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To further assess the robustness of Act A and BMP4 in the

medium, we switched 2i/L-ESCs (p20) back to ABC/L me-

dium for an additional 5, 10, and 15 days culture and de-

tected their single-cell contribution ability to chimeric em-

bryos at E10.5 (Figure 3A). We found that only 5 days of

ABC/L culture resulted in an increased contribution to

yolk sac and placental labyrinth, and the rate was further

increased after 10 and 15 days of ABC/L culture (Figures

3E and 3F). These results confirm that the function of Act

A and BMP4 is to expand the pluripotency of 2i/L-ESCs

completed in ABC/L medium for 10 days. Furthermore,

esASCs cultured from 2i/L-ESCs were able to contribute to

germline lineages (Figures 3G, S3D, and S3E), full-term chi-

meras (Figures 3H, S3F, and S3G), and tetraploid comple-

mentation (Figures 3I and 3J). However, the ratio of

esASC-derived teraploid pups (10%, 4/40) was similar to

S/L-ESCs in the multiple-cell injection (Choi et al., 2017).

This result further suggests that esASCs possess stable cell-

renewing ability with a strong potential to contribute to

embryos, yolk sac, and placental labyrinth. Interestingly,

RNA-seq data suggested that placenta development-related

genes were significantly upregulated in esASCs when

compared with 2i/L-ESCs (Figure 3K). Particularly,

knockout of Fzd5, E2f7/8, and Krt8 in ESCs critical affects

the development of placenta (Ishikawa et al., 2001; Jaque-

mar et al., 2003; Li et al., 2008; Ouseph et al., 2012). These

transcriptional differences in placenta genes partially

explain themechanism of the enhanced potency of esASCs

in chimera formation.

Activin A or BMP4 Could Replace Mek1/2 Inhibitor to

Maintain the Developmental Potency of ESCs

To explain which signaling pathway plays a critical role in

the ABC/L culture system, we prevented different signaling

by using appropriate inhibitors, and selected epiASCs to

perform the experiments. We first removed Act A, BMP4,

CHIR99021, and LIF, respectively, from ABCL medium,

and accordingly added inhibitors of SB431542, Noggin,

XAV939, and JAK inhibitor I to prevent Activin A, BMP4,

Wnt, and JAK/STAT3 signaling. The five groups of media

(ABCL medium, A� [BCL + SB431542], B� [ACL + Noggin],

C� [ABL + XAV939], and L� [ABC + JAK inhibitor I]) were

cultured with epiASCs for 6 days. We detected that Wnt

(C�) and JAK/STAT3 (L�) signaling was critical to the self-

renewal of epiASCs, qPCR results in C� and L� show key

pluripotent genes decreased and strong expression of

some epiblast and mesoderm genes in 6-day cultures
lastocysts. Detailed data are provided in Figure S3G.
ocysts by injecting about 15 cells. (J) Statistics of full-term ASCs
nts.
ed genes in 2i/L-ESCs, esASCs, and epiASCs. Error bars indicate SEM
p values were calculated by two-way ANOVA, p < 0.05.
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(A) Morphology of 2i/L-ESCs were switched to AC/L or BC/L medium at passage 18 (p18). Here, we use 2i/L-ESCs with GOF/GFP reporter.
Scale bars, 200 mm.
(B) Cell proliferation curves in ESCs cultured in five different mediums. Error bars indicate SEM (n = 3). Results were obtained from three
independent experiments. p values were calculated by two-way ANOVA, p < 0.05.
(C) Heatmap showing scaled expression values of a total of 2,105 DEGs (mean log2(normalized read counts) > 2, log2(fold change) > 2,
adjusted p value < 0.05) in AC/L-ESCs, BC/L-ESCs, and esASCs. Significantly enriched GO terms and representative genes in each cluster are
listed on the right.
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(E) Chimeras (E10.5) generated with AC/L-ESCs (single cell) or BC/L-ESCs (single cell). The images show that ESCs carried tdTomato+/GOF+

reporter. Scale bars, 1 mm.
(F) Summary of E10.5 chimera assays by ESCs injection.
(Figures S4A and S4B). Together, these data suggest that

Wnt and JAK/STAT3 signaling pathways were largely

responsible for regulating the self-renewal of ASCs.

Next, to explain whether signaling of Activin A or

BMP4 plays a more important role in the ABC/L culture

system, we added Activin A or BMP4 with CHIR99021
and LIF, named AC/L and BC/L culture media, respec-

tively. When 2i/L-ESCs (GOF/GFP reporter) were

switched to AC/L (AC/L-ESCs) or BC/L (BC/L-ESCs) me-

dium, the morphologies were similar to ESCs cultured

in 2i/L medium (Figure 4A). AC/L-ESCs and esASCs

possess increased cellular proliferation compared with
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(legend continued on next page)
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2i/L-ESCs (Figure 4B). However, the cellular proliferation

of BC/L-ESCs is significantly slower than that of 2i/L-

ESCs (Figure 4B).

In addition, the gene expression pattern showed that

there were a total of 962 upregulated genes in AC/L-ESCs,

and a total of 985 upregulated genes in BC/L-ESCs,

compared with esASCs (Figure 4C). GO analysis indicated

that upregulated genes in AC/L-ESCs were associated with

the regulation of cell cycle, cell fate specification, and regu-

lation of kinase activity (Figure 4C), whereas the upregu-

lated genes in BC/L-ESCs were associated with blood vessel

development, regulation of embryonic development,

pattern specification process, and stem cell differentiation

(Figure 4C).

To understand which signaling pathway contributes to

the developmental potency of AC/L-ESCs and BC/L-ESCs,

we introduced single cells (AC/L-ESCs or BC/L-ESCs) into

eight-cell stage mouse embryos. After 24 h in vitro culture,

we tested single GOF/GFP+ stem cellsmaintaining develop-

mental rate, and foundmore GOF/GFP+ cells (36/65) in the

AC/L-ESCs, significantly higher than BC/L-ESCs (21/85)

(Figure 4D). Our results also showed that ESCs cultured in

either AC/L or BC/L contributed to the placenta and the

yolk sac in chimeras; however, the efficiency of the AC/L-

ESCs is higher than the BC/L-ESCs (Figures 4E and 4F).

Global Upregulation of DNA Methylation Level in

esASCs and epiASCs

It is known that S/L-ESCs have higher DNA methylation

levels compared with 2i/L-ESCs (Ficz et al., 2013; Habibi

et al., 2013; Hackett et al., 2013; Yagi et al., 2017). Here,

we analyzed DNA methylation profiles of 2i/L-ESCs (p13),

esASCs (p12), epiASCs (p13), and EpiSCs (p13) by whole-

genome bisulfite sequencing (WGBS) (Krueger and An-

drews, 2011) (Figure 5A). We found that global DNA

methylation levels of esASCs (median CpG methylation

level 74.6%) and epiASCs (median 72.2%) were higher

than 2i/L-ESCs (median 48.1%) and similar to EpiSCs (me-

dian 83.3%) and S/L-ESCs (median 88.9%) (Figure 5A)

(Choi et al., 2017; Hackett et al., 2017). This methylation
(B) Relative expression of DNA methyltransferase genes (Dnmt3a, Dnm
control. Error bars indicate SEM (n = 3). Results were obtained from th
Student’s t test, p < 0.05. (C) Relative expression of DNA methylation-
2i/L-ESCs were used as control. Error bars indicate SEM (n = 3). Result
calculated by unpaired Student’s t test, p < 0.05.
(D) Heatmap showing DNA methylation level of ICRs in five different
(E) Scatterplot of differential gene expression and difference in pro
upregulated in epiASCs with promoter demethylation are highlighted
(F) The top representative GO terms for Figure 5E upregulated and pr
(G) Experimental outline of ESCs differentiation. Mesoderm, endoderm
were checked after 3 days induction, 2i/L-ESCs were used as control.
independent experiments. p values were calculated by two-way ANOV
pattern occurs across most genomic regions (Figure S5A),

including exons, introns, intergenic and intragenic re-

gions, promoters, and nuclear repeat elements (SINEs,

LINEs, LTRs, and Satellite, respectively). To understand

how ABC/L medium induces global DNA hypermethyla-

tion, we checked the mRNA and protein levels of methyl-

transferases in 2i/L-ESCs and esASCs. As expected, DNA

methyltransferases (Dnmt1, Dnmt3a, Dnmt3b, and associ-

ated cofactor Dnmt3l) were upregulated at transcriptional

and protein levels in esASCs (Figures 5B and S5B). Tran-

scriptional levels of genes known to influence DNA

methylation levels, such as Prdm14 andNanog, were signif-

icantly downregulated in esASCs (Figure 5C). Notably, reg-

ulators of MAPK-ERK signaling were upregulated in esASCs

(Figure S5C). In addition, DNA methylation at imprinting

control regions (ICRs) (Xie et al., 2012) were erased in 2i/

L-ESCs, whereas most DNA methylation at ICRs was re-

tained in esASCs, epiASCs, S/L-ESCs, and EpiSCs (Figures

5D and S5D). Analysis of the difference in promoter

methylation and gene expression between epiASCs and

EpiSCs showed that, compared with EpiSCs, a small frac-

tion of genes (796) were upregulated in epiASCs and ex-

hibited promoter demethylation (Figure 5E). These genes

were involved in methylation, meiotic cell cycle, and

DNA modification (Figure 5F). Importantly, we converted

ASCs back to 2i/L culture condition (referred to as asESCs)

and performed WGBS, the data showed that the DNA

methylation levels of asESCs were convertible (Figures

5A, 5D, and S5A). We conclude that ABC/L culture causes

a reversible effect on global DNA methylation levels and

genomic imprints upon 2i/L-ESCs.

In addition, upon 2i and LIF withdrawal, pluripotent

ESCs differentiate into three germ layers, mesoderm, endo-

derm, and ectoderm (Shen et al., 2008). To investigate the

differentiation capacity of epiASCs, we withdrew four fac-

tors (Act A, BMP4, CH, and LIF) over 3 days (Figure 5G)

and performed qPCR analysis. Compared with withdrawal

of 2i and LIF from 2i/L-ESCs, withdrawal of the four factors

from epiASCs significantly increased mesoderm and endo-

derm markers (Figure 5G). The expression of pluripotent
t3b and Dnmt3l) measured by qPCR in esASCs. 2i/L-ESCs were used as
ree independent experiments. p values were calculated by unpaired
associated genes (Prdm14 and Nanog) measured by qPCR in esASCs.
s were obtained from three independent experiments. p values were

stem cells.
moter DNA methylation level between EpiSCs and epiASCs. Genes
in orange. Source data are provided in Table S2.
omoter demethylation genes.
, and pluripotency-associated genes were tested by qPCR, epiASCs
Error bars indicate SEM (n = 3). Results were obtained from three
A, p < 0.05.
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genes decreased in general, but the expression level ofOct4,

Nanog, and Klf4were relatively high in epiASCs after 3 days

of culturing compared with 2i/L-ESCs (Figures 5G, S5E, and

S5F). These results show that esASCs derived from 2i/L-

ESCs, exist in a condition of ‘‘precarious balance’’ (Loh

and Lim, 2011), but are simultaneously allowed to poise

for multi-lineage induction, due to their higher differentia-

tion ability and unique pluripotent state comparedwith 2i/

L-ESCs.

ABC/L Is Capable of Establishing Intermediate ESCs

Directly from Blastocyst

Finally, as a stringent test of robustness of ABC/L medium,

we attempted to derive novel ESCs directly fromblastocysts

(Figure 6A). As expected, we established GOF/GFP+

advanced pluripotent stem cells derived from blastocysts

(referred to as blASCs) under ABC/L conditions from 129/

sv and ICR background mice (Figures 6B and 6C). Blasto-

cysts were cultured into ABC/L medium, the GOF/GFP+ in-

ner cell mass (ICM) cells were retainedwell and proliferated

to around 200 mm in diameter after 7 days of culture. This

colony was cut into smaller pieces using glass needles and

then transferred into new culture plate. When these col-

onies had grown for 6–7 days, they were treated with Accu-

tase, and the resulting cells were cultured to produce GOF/

GFP+ colonies, which were capable of self-renewal for over

20 passages and AP positive (Figure 6B). Furthermore,

blASCs exhibited the same pluripotency, such as expres-

sion of Oct4, Sox2, and Nanog; c-MYC and CDX1 were

also significantly expressed in blASCs (Figures S6A and

S6B). We further demonstrated that the in vivo develop-

mental ability of blASCs was similar to esASCs, single

blASCs donor cells contributed robustly to the embryo

proper, yolk sac, and placental labyrinth (Figure 6D).

Notably, the gene expression patterns of blASCs were also

similar to S/L-ESCs (Figures 6E, S6C, and S6D), a total of

475 upregulated genes in blASCs are also upregulated in

S/L-ESCs (Figure 6E). GO analysis indicated that upregu-

lated genes in blASCs and S/L-ESCs were associated with
Figure 6. Characteristics of blASCs Directly Derived from Blastoc
(A) Experimental outline of blASCs derived from blastocysts.
(B) GOF/GFP and AP-positive blASCs lines were directly derived from b
(C) Derivation rate of blASCs from blastocysts.
(D) The blASCs contributed to embryo, yolk sac, and placental labyrin
assays (right) by single blASCs injection. The black bar chart shows
embryonic tissues (Em); gray bar, integration into both embryonic and
chimeras. Results were obtained from two independent experiments.
(E) Heatmap showing scaled expression values of a total of 826 DEG
adjusted p value < 0.05) in blASCs and S/L-ESCs compared with 2i/L-ES
cluster are listed on the right.
(F) Violin plot showing DNA methylation level of 2-kb genomic tiles.
(G) Schematic representation of self-renewal of different ESC lines in
the ERK cascade, DNA methylation, meiotic cell cycle,

regulation of stem cell proliferation, and condensed chro-

mosomes (Figure 6E). Importantly, blASCs exhibit normal

karyotyping (Figure S6E), high global DNA methylation

level (Figure 6F), and most imprints were retained (Fig-

ure S6F). This result suggested that ABC/L medium could

establish intermediate ESCs directly from blastocysts and

support long-term in vitro culture. Furthermore, single

blASC donor cells contributed robustly to the embryo

proper. Therefore, our data show that blASCs are a novel

type of stem cells which is an intermediate state between

the naive and primed states.
DISCUSSION

Despite the great application potential of ESCs, the quality

and stability of ESCs still remains to be improved; however,

the mechanism underlying genetic and epigenetic modifi-

cation following different culture media remains largely

undefined. Here, we show that a chemically defined me-

dium enables the conversion of 2i/L-ESCs to esASCs, as

well as derivation of blASCs directly from blastocysts (Fig-

ure 6G). We demonstrate that esASCs converted from 2i/

L-ESCs contributed to germline lineages and full-term chi-

meras, and generated esASC-derived mice by tetraploid

complementation. We show that esASCs possess distinct

molecular features, a stable DNA hypermethylated epige-

nome, and higher genomic stability (Figure 6G). Further-

more, the cell-cycle control of esASCs and epiASCs is

different from 2i/L-ESCs but similar to S/L-ESCs, which

show distinct cell-cycle control different from 2i/L-ESCs

and S/L-ESCs (Ter Huurne et al., 2017). Interestingly,

compared with esASCs and 2iL-ESCs, blASCs showed

intermediate levels of DNA methylation (Figure 6F). The

difference of methylation level is mainly due to the

different origins of esASCs and blASCs. esASCs are derived

from 2i/L-ESCs, and blASCs are directly established from

the ICM of blastocysts. However, the precise regulatory
ysts

lastocysts. The blASCs stable passages over 20. Scale bar, 100 mm.

th in E10.5 chimeras. Scale bars, 1 mm. Summary of E10.5 chimera
the percentage of chimeras among the collected E10.5 conceptus
extraembryonic mesoderm (Em + ExEm) among the recovered E10.5

s (mean log2(normalized read counts) > 2, log2(fold change) > 2,
Cs. Significantly enriched GO terms and representative genes in each

Source data are provided in Table S1.
mice.
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mechanism needs to be further explored. We found that

the levels of c-MYC in esASCs were significantly higher

than in 2i/L-ESCs, which may associate with the cell-cycle

properties of esASCs. A report showed that c-Myc potenti-

ates theWnt/b-catenin signaling pathway in ESCs (Fagnoc-

chi et al., 2016; Pilon et al., 2007). Together, these results

support the role of c-Myc via the Wnt/b-catenin pathway

to promote self-renewal in esASCs; however, further studies

are required to investigate the precise molecular mecha-

nism. Furthermore, when we cultured 2i/L-ESCs in AC/L,

cellular proliferation and chimeric effect were more

similar to esASCs than BC/L-ESCs. Our results reveal that

the degree of Activin A signaling dictates the epigenetic

state and chromosomal stability of 2i/L-ESCs, which

lies between the naive ICM and the developmentally

more advanced post-implantation epiblast. In addition,

CHIR99021 and LIF (CL) combination medium was suffi-

cient to maintain the cell-renewal of ASCs (epiASCs) for

at least 10 passages (data not shown).

Multiple global DNA methylome analyses have shown

that S/L-ESCs are globally hypermethylated, whereas ICM

cells from preimplantation embryos are hypomethylated

(Habibi et al., 2013; Hackett et al., 2017; Stadler et al.,

2011). The DNA methylation levels of esASCs and epiASCs

were shown to be between ESCs and EpiSCs, similar to

S/L-ESCs. The transcriptional levels of Prdm14 and Nanog

were significantly downregulated, and regulators of

MAPK-ERK signaling were upregulated in esASCs compared

with 2i/L-ESCs. These observations are consistent with the

previous notion that Prdm14 co-occupies with Nanog, and

represses expression of de novo DNA methyltransferases

(Leitch et al., 2013; Yamaji et al., 2013). These transcrip-

tional differences partially explain the mechanism of the

DNA methylation levels of esASCs. In addition, 2i/L-ESCs

have reduced DNA methylation (Stadler et al., 2011), corre-

lating to cellular transformation and chromosomal insta-

bility (Choi et al., 2017; Yagi et al., 2017). This study pro-

vides insight into the DNA methylation dynamics of ESCs,

which exist in a different milieu of cell culture conditions.

Also, we established ESCs directly from blastocysts using

the ABC/L medium, and these results reinforce the robust-

ness of the ABC/L medium, providing evidence that Act A

and BMP4 signaling could instruct blastocysts toward self-

renewal, and capture a novel developmental state in vitro.

In conclusion, we demonstrate that a chemically defined

medium, in particular Activin A and BMP4 signaling, en-

ables 2i/L-ESCs to convert to esASCs with a unique DNA

methylation state and a specific gene expression pattern,

advanced differentiation status, and greater functional po-

tential in vivo. These findings enhance our understanding

about the complexity of signaling pathways in pluripo-

tency, revealing the similarities and differences between

distinct pluripotent states and expanding our knowledge
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on both early embryonic development and the molecular

mechanisms of pluripotency regulation. We demonstrate

the robustness of the ABC/L culture system to establish

ESCs directly from blastocysts, and it is likely that these

culture conditions could be utilized in other mammalian

species to generate pluripotent stem cells to uncover their

precise genetic and epigenetic regulatory mechanisms.
EXPERIMENTAL PROCEDURES

Mice
Oct4-DPE-GFP (GOF/GFP) transgenicmice (Yoshimizu et al., 1999)

were used here with a mixed background of MF1, 129/sv, and

C57BL/6J strains. All animal experiments were performed

following the ethical guidelines approved by Animal Research

Committee of Inner Mongolia University, China.
Derivation of Mouse ESCs
Mouse embryo blastocysts (E3.5) were isolated from 129/sv fe-

males mated with GOF/GFP transgenic males. Green fluorescence

indicated that GFP expression of the reporter was under the con-

trol of the Oct4 promoter and distal enhancer. This GFP transgene

shows expression in the ICM of blastocysts and PGC in vivo, and in

ESCs (Yoshimizu et al., 1999). Further information is provided in

Supplemental Experimental Procedures.
Flow Cytometry
ESCswere harvested byAccutase andfixed for 30min in 3.7%para-

formaldehyde at room temperature. After fixing, cells were incu-

bated with Hoechst 33342 (Invitrogen) for 1 h at 37�C and

analyzed on the BD LSRFortessa. Further information is provided

in Supplemental Experimental Procedures.
Western Blot
Cells were collected with trypsin, washed 3 times with PBS, and

lysed in buffer that contained 20 mM Tris (pH 8.0), 137 mM

NaCl, 100 g/L glycerol, 50 g/L Triton X-100, and 4 g/L EDTA;

1 ml PMSF (0.1 M) and 10 ml phosphatase inhibitor (10 g/L)

were added per 1 ml lysis buffer immediately before use. Proteins

were denatured with 2 3 SDS at 95�C for 5 min. A total of 20 mg

denatured protein was run on 8% or 10% SDS-PAGE gel and

transferred to polyvinylidene difluoride membrane. Membranes

were blocked with 5% nonfat milk in 1 3 TBS with 0.05% Tween

20 (TBST) for 1 h. Samples were probed with primary antibodies

overnight at 4�C. The primary antibodies used were anti-

DNMT3A (CST, 3598S; dilution 1:1,000), anti-DNMT3B (Abcam,

ab78922; dilution 1:2,000), anti-DNMT3L (Abcam, ab3493; dilu-

tion 1:2,500), anti-DNMT1 (Abcam, ab19905; dilution 1:1,000),

and anti-b-ACTIN (Abcam, ab8227; dilution 1:5,000). Blots were

rinsed with TBST. Membranes were incubated with horseradish

peroxidase-conjugated secondary antibodies for 60 min at

room temperature, and proteins were detected by ECL plus re-

agent. After rinsing with TBST, Clarity Western ECL Substrate

(Bio-Rad) was used for visualization, and ChemiDoc MP Imaging

System (Bio-Rad) was used for band detection.



Production of Chimeras
A single cell was injected gently into the ICR mice eight-cell stage

embryos using a piezo-assisted micromanipulator attached to an

inverted microscope. The injected embryos were cultured in

KSOMmedium (Millipore) at 37�C in a 5% CO2 atmosphere over-

night and then transferred to the uteri of pseudopregnant ICR

mice at 2.5 days post coitus. The embryos were isolated at embry-

onic stage E9.5–E13.5 to check chimeric contribution. Full-term

chimeras were confirmed by the coat color pattern of the pups at

birth.
Real-Time PCR
Total RNA was isolated with the RNeasy Plus Mini Kit (QIAGEN)

and reverse transcribed into cDNA using the Reverse Transcription

System (Promega) according to the manufacturer’s instructions.

Further information is provided in Supplemental Experimental

Procedures.
RNA Extraction and Sequencing
Total RNA were extracted from approximately one to two million

cells using an RNeasy Mini Kit (QIAGEN) according to the recom-

mendations of manufacturer and then an NEBNext Poly(A) mRNA

Magnetic Isolation Module was used to isolate mRNA from total

RNA. Using mRNA as input, the first- and second-strand cDNAs

were synthesized using the NEBNext RNA First Strand Synthesis

Module and the NEBNext Ultra II Non-Directional RNA Second

Strand Synthesis Module, respectively. Final libraries were pre-

pared using KAPA Hyper Prep Kits (eight PCR cycles) and

sequenced on a HiSeq 4000 platform.
RNA-Seq Data Analysis
Before alignment, raw data were first trimmed to remove reads with

more than 10% low-quality bases and to trim adaptors. Then the

clean reads were mapped to mouse reference genome (mm10)

with TopHat (2.0.12) with default settings (Trapnell et al., 2009).

HTSeq (0.6.1) was used for reads counting, and then RefSeq gene

expression level was estimated using the RPKM method (reads per

kilobase transcriptome per million reads). In vivo data of mouse em-

bryos E2.5–E5.5 (Boroviak et al., 2015), in vivodata ofmouse embryo

E6.5 (GSM2588691/GSM2588692), and EpiLC (GSE99494) from a

previous study were downloaded and identically processed. DEGs

in different samples were determined using the edgeR package

with fold change R 2 and p % 0.5 (Robinson et al., 2010). UHC

analysis was performed by the R hclust function. t-SNE was carried

out with the R Rtsne function. Heatmaps of select genes were

performed using the R heatmap.2 function. Principal component

analysis was performed with the R prcomp function. GO analysis

was performed usingMetascape (http://metascape.org). Trend anal-

ysis of DEGs was performed using Short Time-series Expression

Miner software (Ernst and Bar-Joseph, 2006).
Genomic DNA Isolation and WGBS Library

Preparation
Following the manufacturer’s instructions, genomic DNA was

extracted from stem cells using the DNeasy Blood & Tissue Kit

(QIAGEN). Remaining RNAwas removed by treatment with RNase
A. Three replicated samples from each of these stem cells were used

for library preparation to ensure repeatability of the experiment. In

short, 2 mg of genomicDNA spikedwith 10 ng of lambdaDNAwere

fragmented to about 300 bp with Covaris S220. Next, end repair

and A-ligation were performed to the DNA fragments. Methylated

Adaptor (NEB) was then ligated to the DNA fragments. To reach

>99% bisulfite conversion, the adaptor-ligated DNA was treated

twice using EZ-96 DNA Methylation-Direct MagPrep (Zymo

Research). The resulting single-strand DNA fragments were ampli-

fied by four PCR cycles using the KAPA HiFi HotStart Uracil +

ReadyMix (23). Finally, the libraries were sequenced on an HiSeq

4000 platform to generate 150-bp paired-end reads.
DNA Methylation Data Analysis
WGBS reads were trimmed with Trim Galore (v.0.3.3) to remove

adaptors and low-quality bases. Then we used Bismark (v.0.7.6)

(Krueger and Andrews, 2011) tomap the clean reads tomouse refer-

ence genome (mm10)witha paired-end andnon-directionalmodel,

then the unmapped readswere realigned to the same genomewith a

single-end and non-directional model. PCR duplications were

removed with command ‘‘samtools rmdup’’ (v.0.1.18). WGBS data

of S/L-ESCs were downloaded from a previous study (GSE98517)

(Hackett et al., 2017) and identically processed. The global DNA

methylation level, estimated using a 2-kb window across the

genome, and DNA methylation level in each genomic region was

estimated basedon33CpG sites (CpGs coveredmore than3 times).

Only regions with more than 3 CpGs covered were retained.

Genomic annotation, such as exons, introns, and repeat regions

were downloaded from the UCSC genome browser. Promoters

were regions 1 kb upstream and 0.5 kb downstream of transcription

start sites. ICRswereobtained fromaprevious study(Xie etal., 2012).

For the low coverage of published S/L-ESCs data, DNAmethylation

level on ICRs were estimated based on 13 CpG sites. Locations of

ICRs were converted with UCSC LiftOver frommm9 to mm10.
Statistical Analyses
All values are depicted as mean ± SEM. Statistical parameters

including statistical analysis, statistical significance, and n values

are reported in the Figure legends and Supplementary Fig-

ure legends. Statistical analyses were performed using Prism Soft-

ware (GraphPad Prism v.6). Significance differences weremeasured

by an unpaired two-tailed Student’s t test or two-way ANOVA. A

value of p < 0.05 was considered significant.
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