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Nuclear receptor-SINEB1 networkmodulates
expanded pluripotency in blastoids and
blastocysts

Ka Wai Wong 1,14, Yingying Zeng1,2,14, Edison Tay1, Jia Hao Jackie Teo1,
Nadia Omega Cipta 1, Kiyofumi Hamashima 1, Yao Yi1, Haijun Liu3,
TusharWarrier 1,MinhT.N. Le4,5,6, SoonChyeNg3,7,8,Qi-Jing Li 6,9, Hu Li 10&
Yuin-Han Loh 1,3,11,12,13

Embryonic stem cells possess the remarkable ability to self-organize into
blastocyst-like structures upon induction. These stem cell-based embryo
models serve as invaluable platforms for studying embryogenesis and ther-
apeutic developments. Nevertheless, the specific intrinsic regulators that
govern this potential for blastoid formation remain unknown. Here we
demonstrate an intrinsic program that plays a crucial role in bothblastoids and
blastocysts across multiple species. We first establish metrics for grading the
resemblance of blastoids to mouse blastocysts, and identify the differential
activation of gene regulons involved in lineage specification among various
blastoid grades. Notably, abrogation of nuclear receptor subfamily 1, group H,
member 2 (Nr1h2) drastically reduces blastoid formation. Nr1h2 activation
alone is sufficient to rewire conventional ESC into a distinct pluripotency state,
enabling them to form blastoids with enhanced implantation capacity in the
uterus and contribute to both embryonic and extraembryonic lineages in vivo.
Through integrative multi-omics analyses, we uncover the broad regulatory
role of Nr1h2 in the transcriptome, chromatin accessibility and epigenome,
targeting genes associated with embryonic lineage and the transposable ele-
ment SINE-B1. The Nr1h2-centred intrinsic program governs and drives the
development of both blastoids and early embryos.

Preimplantation embryonic development requires sophisticated con-
trol of lineage commitment via dynamic interactions between cell
signaling and transcription factors. Trophectoderm (TE) specification
is largely mediated by the cell contact-based Hippo signaling in con-
trolling nuclear localization of Yap in the outer cells1,2. Yap coactivates
Tead4 to induce TE-specific gene expression, such as Cdx2, establish-
ing trophoblast cell fate1,3,4. Epiblast (EPI) and primitive endoderm (PE)
segregate within inner cell mass (ICM). EPI cells could give rise to
embryonic stem cells, which are tightly regulated by the core plur-
ipotency network factors such as Oct4 and Nanog5. Nanog initiates EPI
cell fate by coordinating pluripotency gene expression in the ICM

cells6. It also regulates Fgf4 in EPI cells7–10, which activates sequential
transcription factor expression, including Gata6, Sox17 and Gata4, in
neighboring cells to commit them towards the PE lineage11–13. Recent
studies have reported blastoid formation via three-dimensional (3D)
differentiation of stem cells by administering cocktails of ligands and/
or inhibitors that drive EPI-, TE- or PE-specific transcriptional programs
and cell line derivation from each embryonic lineage14–24. Despite the
close resemblance of blastoids to blastocysts in terms of gross mor-
phology and the spatial organization of cells from all embryonic
lineages, notable differences exist in blastoid formation efficiency,
presence of intermediate cell states, and the transcriptomic
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discrepancies between blastoid cells and bona fide embryonic
lineages19–25. These differences suggest external cues alone cannot
guarantee the faithful differentiation of stem cells into blastoids. Fur-
thermore, the intrinsic programs regulating the differentiation and
self-organizing capacity of blastoid formation, such as transcriptional
and epigenetic regulations of embryonic stem cells26,27, remain to be
elucidated.

Aside from the prominent transcription factors, transposable
elements also form essential regulatory networks during embryo
development. Highly abundant transposable elements reside in the
host genome where some exert cis-regulatory functions by acting as
enhancers, promoters, or insulators28–31. Some transposable elements
are bound by pluripotency core factors (Oct4, Sox2 and Nanog) to
regulate pluripotency29. Endogenous retroviruses (ERVs) are involved
in critical transcriptional programs during embryonic development.
Murine Endogenous Retrovirus with Leucine tRNA Primer (MERVL)
transcription becomes activated along with other 2-cell embryo-spe-
cific transcripts during zygotic genomic activation32,33. MERVL is
repressed by zinc-finger protein Trim28 and the H3K9 methyl-
transferase Setdb1 which mediates H3K9me3 epigenetic repressive
mark34–37. Consequentially, Trim28-depletion leads to accumulation of
activating histone marks at MERVL38. MERVL was recently reported to
be regulated by ribosomal proteins39. Nonetheless, the role of this
sophisticated genome-wide regulation via coordination of transpo-
sable elements, transcription factors and epigenetic landscape
remains largelyunknown in expandedpluripotencyof embryonic stem
cells (ESC) and during blastoid formation.

Genomic approaches are useful in deconstructing the complex
transcription regulatory networks in stem cells as well as their dynamic
interactionwith extrinsic signals40–42. Herewe categorize blastoids into
three types based on their resemblance to blastocysts in morphology,
lineage segregation, and single-cell transcriptome. Differential gene
expressions and active gene regulons exist between the blastoid types.
Our study identifies Nr1h2 as a crucial transcription factor regulating
blastoid formation through a loss-of-function screen. Nr1h2 depletion
drastically reduced blastoid formation, whereas Nr1h2 activation sig-
nificantly enhanced blastoid efficiency. Importantly, Nr1h2 activation
empowers conventional ESC to form blastoids, resulting in the gen-
eration of more faithful TE-like cells without intermediate cell popu-
lations. These blastoids exhibit a significantly higher efficiency of
implantation into the mouse uterus compared to EPS-blastoids.
Additionally, Nr1h2 activation enables ESC to contribute to both
embryonic and extraembryonic lineages in chimeric blastocysts. Nr1h2
agonist enhances blastocyst rate and morphokinetics in both mouse
and porcine. Our integrative multi-omic analyses uncover the broad
regulatory mechanisms of Nr1h2 activation in rewiring the tran-
scriptomic and epigenetic landscape of ESC. Nr1h2 corroborates with
coactivators such as Kdm1a, as well as transposable element SINE-B1,
to upregulate genes crucial for embryonic lineage specification, tro-
phectoderm maturation and blastocyst development. Downstream
functional target genes, Scd1 and Grn, are essential for blastoid for-
mation. This study illustrates the significance of a Nr1h2-centred
intrinsic program conserved in stem cell-based and native embryos
across species.

Results
Transcriptome-based classification of blastoids
We differentiated expanded potential stem cell (EPSC) into blastoids
which consist of epiblast-like (EPI), primitive endoderm-like (PE), and
trophectoderm-like (TE) lineages based on established protocol21.
“Blastoid” was previously defined as cavitated sphere-like structures
with a diameter of 60–170μm43.We further classified the blastoids into
three grading types based on their resemblance to blastocysts in
morphology and lineage marker expression (Fig. 1a and Supplemen-
tary Fig. 1a–g): (1) Type I blastoid has a comparable size, aspect ratio

and cell ratio to the blastocyst. It consists of a large cavity space and a
small acentric ICM. It displays proper spatial lineage segregation with
an outer layer of Cdx2+ TE-like cells, and an ICM compartment with
Sox2+ EPI-like cells enclosed by Gata6+ PE-like cells. (2) Type II blastoid
has varied shapes and abnormal EPI-like/ TE-like cell ratios compared
to type I blastoid and blastocyst. Unlike blastocyst, it contains a small
cavity space and a large ICM. Cdx2+ cells are detected in the outer layer
of type II blastoid, as well as in the ICM compartment which contains
mixture of Sox2+ cells and Gata6+ cells. (3) Type III organoid is a
compact cell mass without recognizable cavity space, in which Cdx2+,
Sox2+, and Gata6+ cells localize randomly. This classification highlights
the varying degrees of similarity between blastoids types and
blastocysts.

We next performed single-cell RNA-sequencing (scRNA-seq44) of
type I and II blastoids and type III organoids (~10,000 single cells per
sample type) using the 10× Chromium platform and compared their
single-cell transcriptome to public dataset of mouse blastocysts.
Integrated analysis using SEURAT showed that cells from type I and II
blastoids and type III organoids largely overlapped with each other
(Supplementary Fig. 1h). Clustering analysis categorized all cells into
five clusters. Based on their expression patterns of lineage marker
genes, we annotated the clusters as ICM/EPI-like (Sox2), PE-like
(Col4a1), polar TE-like (Cdx2), mural TE-like (Gata2), and inter-
mediate cells which showed mixed expression of different lineage
marker genes (Supplementary Fig. 1h, i, Supplementary Data 1). Both
unsupervised hierarchical clustering (Fig. 1b, top) and principal com-
ponent analysis (PCA) (Fig. 1b, bottom) demonstrated that the tran-
scriptome of type I blastoids is more similar to blastocysts,
distinguishing it from type II blastoids and type III organoids. The
alignment between morphological features and transcriptomic analy-
sis provides further validation for the reliability of our blastoid classi-
fication metrics.

Critical regulons conserved across natural and stem cell-based
embryos
Next, we examined the lineage genes detected in E3.5 and/or E4.5
blastocysts for their differentially expressed genes (DEGs) in the ICM/
EPI-like, PE-like, and TE-like cells of blastoids (type I and II) and type III
organoids (Fig. 1c). Fifty-nine ICM/EPI-specific DEGs (e.g., Pou5f1,
Dppa3), 231 PE-specific DEGs (e.g., Sox17, Klf4) and 233 TE-specific
DEGs (e.g., Cdx2) were upregulated in type I blastoid, which are enri-
ched with functional GO terms such as DNA modification, blastocyst
development, vesicle organization, apical junction assembly and
anterior/posterior axis specification (Supplementary Fig. 1k–m, Sup-
plementary Data 1). In particular, we detected a subset of DEGs which
are highly expressed in type I blastoid with known roles in blastocyst
development, anterior/posterior axis, apical junction assembly, and
aquaporin proteins for blastocoel formation (Supplementary Fig. 1j).
The higher resemblance of type I blastoid to blastocyst could be
attributed to these critical transcriptome differences.

We then analyzed the single-cell gene regulatory networks—reg-
ulons, in both blastoids and blastocysts using SCENIC45. Clustering
analysis uncovered three regulon modules in type I blastoid, where
module 1, 2 and 3 were enriched with lineage specification regulators
for PE (Gata6 and Foxa2), EPI (Sox2 and Pou5f1), and TE (Cdx2, Gata2,
Zbta7a46) respectively (Supplementary Fig. 1n). Comparative analysis
of regulons revealed that known master regulators of embryonic
lineages are active across blastoids (type I and II), type III organoids,
E3.5 and E4.5 blastocysts, such asNanog and Sox2 in ICM/EPI, Gata6 in
PE, Cdx2 and Gata3 in TE. Out of 96 top active regulons in blastocyst,
60 regulons were enriched in type I blastoids while 55 regulons were
enriched in type III organoids (Supplementary Fig. 1o). Interestingly, a
subset of active regulons in blastocysts was exclusively detected in
type I blastoids but not in type II blastoids and type III organoids,
including transcription factors (Tcf7l1), and nuclear receptor (Rarg)
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which are essential regulators of blastocyst cell fate47–51. These findings
collectively highlight the importance of intrinsic program, which has
functional implications in blastocyst development, in fine-tuning the
transcriptional landscape in blastoids.

We next sought to uncover transcriptional regulatory factors
facilitating stem cells in forming type I blastoids. To identify crucial
regulons or genes required for blastoid formation, we investigated the
top active regulons exclusively detected in type I blastoids and blas-
tocysts, as well as the top-ranked upregulated lineage-specific DEGs in
type I blastoids. To the best of our knowledge, these candidates were

not reported for their functions in blastocyst or blastoid development.
We performed siRNA loss-of-function screening for 15 candidates to
test their effects on blastoid formation using established protocol52.
EPSCwas seeded intoAggrewells in blastoid differentiationmedia at ~5
cells/microwell and transfectedwith siRNA. AtDay 5 post transfection,
blastoids were harvested and assessed for changes inmorphology and
blastoid formation efficiency. Oct4 knockdown, serving as a positive
control for its critical role in stem cell pluripotency and blastocyst
development, resulted in significant reduction of blastoid yield. Intri-
guingly, Nr1h2 knockdown elicited the lowest blastoid formation
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efficiency corresponding to a drastic 75% reduction (Fig. 1d). Notably,
Nr1h2 abrogation significantly reduced the yield of both type I and II
blastoids and the average blastoid diameter (Fig. 1e, f, Supplementary
Fig. 1p, q). 30% of the cystic structures in Nr1h2 knockdown sample
displayed a single layer of Cdx2+ cells without any Oct4+ ICM
(Fig. 1g, h).

To understand the molecular consequences of Nr1h2 knockdown
in relation to embryo development, we performed Nr1h2 siRNA
microinjection into zygotes followed by bulk RNA-seq of siNr1h2 and
siNT morula embryos. 734 DEGs were upregulated while 900 DEGs
were downregulated in siNr1h2 morula (Supplementary Fig. 1r, Sup-
plementary Data 1). The downregulated DEGs in siNr1h2 morula were
enriched with 8-cell embryo gene expression signature, among which
about 25% of downregulated DEGs (230 genes) overlapped with the
genes highly expressed in 8-/16-/32-cell embryos (Supplementary
Fig. 1s). These DEGs include EPI markers (Tdgf153,54, Pramel7 55), PE
markers (Lrp256, Dab257–59), TE markers60 (Dppa1, Krt8, Ptges), lineage
specification regulator (Amotl261,62, Sumo263–66), and genes essential for
blastocyst development (Setd267, Ccnb168, Scd169) (Supplementary
Data 1).We utilized a public single-cell transcriptome dataset ofmouse
pre-implantation development70 and found that Nr1h2 expression was
first detected in 4-cell embryo, upregulated in 8-cell embryo and
peaked at 16-cell stage embryo (Supplementary Fig. 1t). These indicate
thatNr1h2 knockdown impedes blastoid formation by downregulating
broad gene sets crucial for early embryonic development.

We next tested if Nr1h2 activation would elicit opposite effects.
Indeed, supplementing Nr1h2 agonist T0901317 (T09) to blastoid dif-
ferentiation significantly improved blastoid formation efficiency from
9.2% to 16.2%. Of note, type I blastoid formation increased by ~3-fold
with T09 treatment. (Fig. 1i, j). Together, our results indicate the cri-
tical regulatory role of Nr1h2 activity to facilitate blastoid formation,
especially in type I blastoid.

Nr1h2 activation is sufficient to capacitate blastoid formation
We next effect Nr1h2 activation in conventional ESC over multiple
passages by supplementing T09 in ES culture media, followed by
comprehensive blastoid forming assay. Unexpectedly, Nr1h2 activa-
tion alone was sufficient to rewire ESC towards an expanded plur-
ipotent state with blastoid-forming competency. Specifically, Nr1h2-
activated ESC (NrESC) exhibited 2.1% blastoid formation efficiency by
3rd passage, which was further elevated to 7.5% by 20th passage
(Fig. 2a, b).

NrESC displays compact 3D dome-shaped colony morphology
resembling ESC (Fig. 2c). Since Nr1h2 was reported for its broad reg-
ulatory effects in hepatic epigenome and transcriptome71, we char-
acterized the NrESC through integrative analyses of transcriptome
(RNA-seq), chromatin accessibility (ATAC-seq), histone marks ChIP-
Seq, Nr1h2 ChIP-Seq, DNA methylome (whole-genome bisulfite
sequencing) and Nr1h2 transcriptional interactome (coimmunopreci-
pitation (Co-IP) mass spectrometry) (Fig. 2d). The bulk transcriptome
of NrESC showed 1099 upregulated DEGs and 835 downregulated

DEGs compared to ESC (Supplementary Data 2). PCA revealed that
NrESC transcriptome is distinct from both EPSC and ESC (Fig. 2e). The
upregulated DEGs in NrESC significantly overlapped with 8- and 16-cell
gene sets, suggesting NrESC transcriptome is closer to earlier
embryonic stages compared to ESC (Supplementary Fig. 2a). Heatmap
of the marker gene expression fold-change, with reference to ESC
transcriptome, showed thatNrESCmarker genes arehighly enriched in
NrESC but not in EPSC nor 2-cell-like cell (2CLC) while the marker
genes of 2CLC (Zscan4a, Zscan4b, Zscan4c, Nelfa, etc) and EPSC (H19,
Col4a1, Dnmt3a, etc) are not enriched in NrESC (Supplementary
Fig. 2b). Given that NrESC gains increasing blastoid forming capacity
under prolonged T09 treatment, we have further investigated the
NrESC bulk transcriptome changes in early and prolonged T09-treated
samples. The gene expression fold-changes (NrESC over ESC) of the
DEGs in 16th passage NrESCwere visualized in a heatmap for early and
later NrESC passages. Two gene clusters were observed, which refer to
down-DEGs (cluster 1) and up-DEGs (cluster 2) in 16th passage NrESC.
Interestingly, cluster 2, which includesmany top-rankedNrESCmarker
genes, showed increasing expression fold change over NrESC passages
(Supplementary Fig. 2c, Supplementary Data 2), suggesting a time-
dependent T09 treatment effect on NrESC transcriptome. Single-cell
transcriptome analysis of NrESC showed a homogenous population
expressing canonical pluripotencymarkers (Pou5f1, Sox2,Nanog), with
no pre-differentiated PE or TE populations. Selected NrESC markers
(Scd1, Grn, Krt8), which are among top ten up-DEGs or essential for
blastocyst formation, were detected throughout theNrESCpopulation
(Supplementary Fig. 2d, e). In addition, NrESC under prolonged T09
treatment showed a normal karyotype and three germ-layer con-
tribution in teratoma assay (Supplementary Fig. 2f, g). Our data sug-
gests that NrESC possess a unique pluripotent transcriptome.

Nr1h2 binding sites and H3K27Ac mark in NrESC were examined
in relation to transcriptional changes using Nr1h2 and H3K27Ac ChIP-
seq. A total of 11,215 H3K27Ac peaks were upregulated in NrESC. The
majority of these upregulated peaks are located at gene regions, with
around 20% peaks located at promoter regions, and around 38%
peaks located at enhancer regions. Around 40% of peaks are located
within 10 kb of genes (Supplementary Fig. 2h–j, Supplementary
Data 2). 1175 genes with upregulated H3K27Ac peaks showed
increased Nr1h2 binding in NrESC (Fig. 2f, g), among which 363
annotated genes correspond to ~33% of total upregulated DEGs in
NrESC (Supplementary Fig. 2k, Supplementary Data 2). Functional
GOTERM analysis showed enrichment in known roles of Nr1h2 in
lipid and cholesterol metabolism, such as Abca1, Abcg1, and Scd172–74.
Regulation of cell adhesion and desmosome organization is also
enriched, including genes such asDsg2, Krt17, and Krt8, which are key
structural proteins of desmosome known to regulate the adhesive-
ness of blastocyst trophectoderm75–77 (Supplementary Fig. 2l, Sup-
plementary Data 2). Importantly, Nr1h2 activation also led to
upregulated expression of transcription factors Tead4 and Gata4,
accompanied by increased H3K27Ac marks, which specify TE and PE
lineage respectively (Fig. 2h, i).

Fig. 1 | Classification of type I to III blastoids/ organoids and identification of
key regulon in blastoid formation. a Phase-contrast images of EPS-blastoids (type
I and II) and type III organoids (top, scale bar, 100 µm) and immunofluorescence for
markers of the TE (Cdx2), ICM/EPI (Sox2) and PE (Gata6) in type I to III (bottom,
scale bar, 50 µm). 5 independent experiments were repeated with similar results.
b Hierarchical clustering dendrogram (top) and principle-component analysis
(PCA) plot (bottom) of scRNA-seqdata fromcells of type I-III, public datasets of E3.5
and E4.5 blastocysts70. c Dot plot indicating the expression of differentially
expressed genes between Type I, II blastoids and Type III organoids for each linage
(EPI, PE, and TE). d Quantification of the blastoid efficiency after individual siRNA
treatment. One-way ANOVA with Bonferroni correction for multiple comparisons.
Data are represented as mean ± s.d.; n = 3 independent assays. e Representative
images of blastoids harvested at Day 5 of differentiation after transfection of

siNr1h2 and siNT respectively at Day 0 in a 24-well Aggrewell. Scale bar, 150 µm.
f Quantification of type I and II blastoid formation efficiency upon Nr1h2 knock-
down. Two-way ANOVAwith Bonferroni correction for multiple comparisons. Data
are represented as mean ± s.d.; n = 3 independent assays. g Immunofluorescence
for markers of ICM/EPI (Oct4) and TE (Cdx2) in siNr1h2 and siNT blastoids. Scale
bar, 50 µm.hQuantificationof thepercentageof cystic structureswithout inner cell
mass (ICM-absent) formed at Day 5 differentiation upon Nr1h2 knockdown. Two-
tailed Welch’s t-test. Data are represented asmean ± s.d.; n = 3 independent assays.
i Representative images of blastoids harvested at Day 5 of differentiation with or
without T09 treatment. Scale bar, 150 µm. j Quantification of the type I and II
blastoid formation efficiencywith or without T09 treatment. Two-way ANOVAwith
Bonferroni correction for multiple comparisons. Data are represented as mean±
s.d.; n = 3 independent assays. Source data are provided as a Source Data file.
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Changes in genome-wide chromatin accessibility under Nr1h2
activation in NrESC were assessed by ATAC-seq. The number of
detected ATAC-seq peaks for ESC, NrESC (Passage 1), NrESC (Passage
16) is 39,815, 18,942, and 23,016 respectively. The overall ATAC-seq
signal was slightly decreased in NrESC (Supplementary Fig. 3a). NrESC
gained accessibility in 751 genomic regions while losing accessibility in
799 open regions (Supplementary Fig. 3b). The upregulated ATAC

peaks are mainly located at intergenic regions, with around 30% peaks
at gene regions (Supplementary Fig. 3c). We observed progressive
upregulation of these peaks over prolonged T09 exposure in NrESC
(Supplementary Fig. 3d). This is consistent with PCA showing that
NrESC at 1st passage is closer to ESC and more distant by the 16th

passage (Fig. 3a). Binding motifs of EPI and TE lineage specific tran-
scription factors, such as Pou5f1, Sox2 and Tead4, showed increased
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accessibility in NrESC (Supplementary Fig. 3e). As a case in point,
ATAC-seq signal of Tead4motif significantly increased over 1st to 16th
passage of NrESC (Fig. 3b). Integrative analysis of ATAC-seq and
H3K27ac ChIP-seq showed that 9242 H3K27ac peaks overlapped with
ATAC peaks in NrESC (Passage 16), amongst which 206 peaks were
upregulated ATAC peaks with higher H3K27ac signals (Supplementary
Fig. 3f, g). Taken together, Nr1h2 activation alone is sufficient for ESC
to attain a unique expanded pluripotency state capable of blastoid
formation.

We next analyzed the global DNA methylation profiles of ESC,
NrESC and EPSC using whole-genome bisulfite sequencing (WGBS).
The global DNAmethylation level in NrESCwas higher than that in ESC
but lower to that of EPSC (Fig. 3c, Supplementary Fig. 3h–k, Supple-
mentary Data 3). The significant differentially hypermethylated (3923)
and hypomethylated CpG sites (1878) were identified between NrESC

and ESC. The hypermethylated CpG sites were mainly detected in
intergenic (62%) and intron (32%) regions of NrESC. Hypomethylated
CpG sites were mostly detected in intron (47%) and intergenic (38%)
regions (Supplementary Fig. 3l). Global DNA methylation level drops
from 2-cell embryo stage to blastocyst ICM stage which has the lowest
global methylation level before re-establishment of DNA methylation
in post-implantation stages (E6.5 and E7.5)78,79. ESC methylome under
2i condition in this study has low global methylation level, which is in
proximity with ICM in the PCA plot. EPSC methylome is intermediate
between ICM and post-implantation stage, which is consistent with the
original report80. The PCA and overall CpG methylation correlation
heatmap plots showed that NrESC methylation status is in between
ICMandE6.5/7.5. TheDNAmethylation level correlation value is higher
between NrESC and E6.5/7.5 than 2-/4-cell stages, although NrESC is
not as hypermethylated as E6.5/7.5 (Fig. 3d, Supplementary Fig. 3m).
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NrESC showed intermediate average methylation profiles of pro-
moters, exons and introns when compared to ICM (lowest) and E6.5/
7.5 (highest) (Supplementary Fig. 3n).

Although we observed more downregulated genes with hyper-
methylation, there are moderate number of DEGs with significant
changes in methylation level at the gene, promoter, exon and intron
regions (Supplementary Fig. 3o). The methylation level of 2-cell mar-
kers Zscan4d and Rarg is higher in NrESC than ESC. The methylation
level of pluripotency marker Pou5f1 and NrESC marker Scd1 is low in
both NrESC and ESC compared to E6.5/7.5 (Supplementary Fig. 3p).
These indicate that DNA methylation is not the direct effector of gene
expression changes in NrESC.

Amongst the differentially hypermethylated CpG sites in NrESC
compared to ESC,wehave observed significant enrichment ofmultiple
transposable elements such as ERVK, ERV1 and L1 (Fig. 3e). In contrast,
B1 and MIR elements contained significantly higher levels of differen-
tially hypomethylated CpG sites in NrESC (Fig. 3f). Hypomethylation at
gene regions was detected in upregulated DEGs in NrESC, such as Scd2
and Ring1. Hypermethylation was detected at ERVK families
IAPLTR2_Mm and IAPLTR1a_Mm nearby Clca3b and Ercc4 genes
respectively, which are downregulated DEGs in NrESC (Fig. 3g). The
differential gene methylation patterns observed support the notion
that Nr1h2 activation regulates additional epigenetic feature in trans-
posable elements throughDNAmethylation inNrESC. In summary, the
integrative multi-omic analysis revealed the diverse regulatory role of
Nr1h2 in rewiring the transcriptional and epigenetic landscape in ESC
towards a distinct pluripotency state (NrESC) capable of blastoid
formation.

Activation of Nr1h2 facilitates blastoid implantation and blas-
tocyst development
We next characterized the transcriptome and assessed the in vivo
development potential of NrESC-derived blastoids (Fig. 4a). NrESC-
blastoid showedproper lineage segregationwith a singleouter layer of
Cdx2+ TE-like cells, and Oct4+ ICM enclosed by a layer of Gata6+ PE-like
cells (Fig. 4b). By integrating the scRNA transcriptome of published
EPS-blastoid (Li et al. EPSblastoid), EPSC blastoid (current study),
published E4.5 blastocyst and NrESC-blastoid, NrESC-blastoid dis-
played threemajor clusters (ICM/EPI-like, PE-like andTE-like) following
the sameannotation in EPS-blastoids, which largely overlappedwith its
blastocyst counterparts. Correlation coefficients and PCA showed that
NrESC-blastoids transcriptomehasoverall higher correlationwith type
I EPS-blastoid and E4.5 blastocysts, compared to original Li et al. EPS-
blastoids21 (Supplementary Fig. 4a, b). Of note, NrESC-blastoid cells do
not contain intermediate cell clusters (Figs. 4c, S4c, Supplementary
Data 4), unlike EPSC-derived blastoids (Supplementary Fig. 1h). NrESC-
blastoid TE-like cells clustered more closely with blastocyst TE cells
than EPSC-blastoid TE-like cells, which could be attributed to the
expression of Gata2, a critical TE lineage specification factor, in the
majority of TE-like cells in NrESC-blastoid but not EPSC-blastoid
(Fig. 4d). A higher expression of Gata2 (mural TE marker) at the mural
region and Cdx2 (polar TE marker) at the polar region was detected in
NrESC-blastoids respectively (Supplementary Fig. 4d, e). This supports
the presence of the polar-mural TE axis in NrESC-blastoids.Further
analysis showed that most TE-like cells in NrESC-blastoid, but not
EPSC-blastoid, express TEmarkers (Tagln2, Krt8, Krt18,Gata2) that are
crucial in TE maturation and blastocyst implantation (Fig. 4e), sug-
gesting that Nr1h2 activation induces more faithful TE differentiation.
In addition, Krt8 expressionwas exclusively detected in NrESC but not
in ESC nor EPSC (Supplementary Fig. 4f).

In linewith these observations, we have assessed the implantation
potential of NrESC-blastoids by transferring them to surrogate females
at 3.5 days post coitum (dpc). At 10.5 dpc, about 11% and 3% of trans-
ferred NrESC-blastoids and EPSC-blastoids, respectively, implanted
and induced decidualization (Fig. 4f, g). The implantation rate of

NrESC-blastoids is higher than the reported 7% implantation rate of
EPSC-blastoids that were harvested at an earlier time point 7.5 dpc21.
Moreover, the majority of NrESC-blastoid decidua were significantly
larger than those induced by EPS-blastoid andwere within the range of
natural E10.5 decidua control (Fig. 4h). In addition, when GFP-labelled
NrESCs were microinjected into 8-cell embryos, they contributed to
both ICM and trophectoderm in about 10% of the chimeric blastocysts
(Fig. 4i, Supplementary Fig. S4g, h). These showed that Nr1h2 activa-
tion alone is sufficient to capacitate expanded pluripotency in NrESC
to form high quality blastoids with vastly improved implantation
potential and to induce more faithful TE differentiation.

We have also tested the effect of Nr1h2 activation in blastocyst
development by supplementing embryo culture media with T09.
Mouse blastocyst rate was significantly improved from 48% to 62%
when T09 treatment was maintained from zygote or 8-cell embryo to
blastocyst stage (Fig. 4j, Supplementary Fig. 4i, j). This corroborates
Nr1h2 upregulation at 8-cell stage during blastocyst development.
Similar result was achieved when Nr1h2mRNA was microinjected into
1-cell embryo, mouse blastocyst rate was significantly improved from
52% to 73% (Fig. 4k, Supplementary Fig. 4k). Importantly, porcine
somatic cell nuclear transfer (SCNT) blastocyst rate nearly doubled
from 19.9% to 38.6% upon T09 treatment post-SCNT (Fig. 4l). Mor-
phokinetics of T09-treated SCNT embryos showed that T09 acceler-
ated SCNT blastocyst maturation by about 30 h earlier than control
(Fig. 4m, Supplementary Fig. 4l, m). These collectively demonstrated
the importance of Nr1h2 activation in pre-implantation embryo
development conserved across species.

Nr1h2-specific transcriptional regulation via coactivator com-
plex and SINE-B1 element
We sought to understand the molecular mechanism of Nr1h2 activa-
tion regarding its multifaceted roles in blastoid and blastocyst for-
mation. We first confirmed the specificity of ligand activated Nr1h2 in
conventional ESC by transient Nr1h2-FLAG overexpression for 72 h,
along with T09 activation. This approach allowed ESC to acquire
blastoid formation ability with similar efficiency as NrESC (~7.5%)
without requiring prolonged culture or extensive passages. Con-
versely, neither EGFP-FLAG control nor C-terminus truncated Nr1h2
mutant overexpressing ESC (ΔLBD-Nr1h2-FLAG), which lacks the
ligand binding domain81,82, yielded any increase in blastoid formation
efficiency under T09 treatment (Fig. 5a, b, Supplementary Fig. 5a, b).

We next performed immunoprecipitation pulldown of Nr1h2-
FLAG using an anti-FLAG antibody and subsequentmass spectrometry
to identify Nr1h2 protein partnerswith orwithout T09. EGFP-FLAGwas
used as control. Proteins detected from triplicate runs of MS/MS were
filtered by inclusion criteria of detection in at least one run, fold
change ≥2 and p-value ≤0.05, which resulted in total 801 and 66 pro-
teins enriched with Nr1h2-FLAG immunoprecipitation with and with-
out T09 respectively (Supplementary Fig. 5c). Of note, Nr1h2 and its
known heterodimer partners Rxra and Rxrb were identified among the
top 15 ranked hits (Supplementary Data 5). Interestingly, T09-
mediated activation of Nr1h2 increased its binding with many coacti-
vator (Ncoa1, Ncoa2, Ncoa3, Rbbp7, Kdm1a, etc) and corepressor
(Nrip1, Hdac1, Dnmt1, Trim28, Setdb1, etc) complex proteins (Fig. 5c,
Supplementary Data 5). Protein-protein interaction network showed
that active Nr1h2 transcriptional interactome proteins are involved in
negative regulation of gene expression/ epigenetic/ negative regula-
tion of chromatin organization (Hdac1, Trim28, Dnmt1, Setdb1,
Smarcd1), DNA-methylation dependent heterochromatin formation
(Kdm1a, Ssrp1), in utero development, etc (Supplementary Fig. 5d).
Knockdown of several coactivator complex proteins (Ncoa3, Rxra,
Rxrb) led to exclusive reduction of blastoid formation efficiency in
NrESC but not in EPSC (Fig. 5d). These suggest a dual role of Nr1h2 in
partnering with both coactivator and corepressor complex for broad
regulationof thepluripotent transcriptomeandepigenome landscape.
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Next, we performed FLAG ChIP-seq to identify binding regions of
Nr1h2-FLAG with or without T09 treatment. 23,826 and 28,317 peaks
were detected in Nr1h2-FLAG and Nr1h2-FLAG with T09 sample
respectively, indicating an increase in overall Nr1h2 binding sites upon
T09 treatment. In contrast, only 1345 and 2716 peaks were detected in
control EGFP-FLAG and EGFP-FLAG with T09 samples, respectively,
indicating a high signal-to-noise ratio of the FLAG ChIP-seq dataset.
Consistently, the detected peaks of Nr1h2 ChIP-seq were largely cap-
tured in the Nr1h2-FLAG ChIP-seq dataset (Supplementary Fig. 5e),
indicating high specificity of the FLAG-tagged Nr1h2. Differential
Nr1h2-FLAG ChIP peaks with T09 treatment were analyzed to under-
stand the changes in Nr1h2 binding upon activation (Supplemen-
tary Data 6).

In line with the differential DNA methylation pattern observed in
transposable elements, Nr1h2 binding on B1 regions were significantly
enriched with T09 treatment. (Supplementary Fig. 6a). H3K27Ac ChIP-
seq showed that 1,283 and 4,663 H3K27ac peaks at B1 elements were
upregulated in T09-treated Nr1h2-FLAG ESC and NrESC respectively
(Supplementary Fig. 6b). Among 1491 annotated genes nearby B1 ele-
ments with upregulated H3K27Ac signals, 158 genes were upregulated
DEGs (Supplementary Fig. 6c). Consistently, genes within 20 kb dis-
tance to Nr1h2-bound SINE-B1 elements showed increased Nr1h2
binding, H3K27ac marks, and upregulated gene expression than those
with >20 kb distance (Supplementary Fig. 6d). 634 peaks in B1 regions
overlapped between upregulated Nr1h2-FLAG ChIP peaks and
H3K27Ac ChIP peaks in NrESC (Supplementary Fig. 6e).
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We hypothesize that Nr1h2 activation regulates downstreamgene
expression via B1 elements as enhancers. We conducted a luciferase
assay to validate whether T09-activated Nr1h2 regulates B1 enhancer
activity which in turn upregulate downstream gene expression. The
pGL3 luciferase reporter vector with SCP1 promoter (pGL3-SCP1) was

utilized to evaluate enhancer activities of various inserts during Nr1h2
activation (NrESC vs ESC) and Nr1h2 knockdown in NrESC (Fig. 6a).
Candidate Nr1h2-B1 enhancer regions were selected based on three
criteria: increased Nr1h2 binding, increased H3K27ac histone activa-
tion mark, and proximity (~20 kb) to upregulated genes in NrESC.

Fig. 4 | Nr1h2 activation enhances blastoid implantation and multi-species
blastocyst development. a In vivo approaches depicted to examine Nr1h2 acti-
vation in blastoid implantation and blastocyst development. Created in BioR-
ender.com. b Immunofluorescence for markers of the TE (Cdx2), ICM/EPI (Oct4)
and PE (Gata6) in NrESC blastoid derived from 16th passage NrESC. Scale bar,
50 µm. 5 independent experiments were repeated with similar results. c A Umap
plot showing the clustering of cells from Li et al. EPSblastoid, EPSC blastoids
(current study), E4.5 blastocyst (GSE159883), and NrESC blastoids single-cell
transctipome. d Umap plot showing Gata2 expression in clustered TE lineage cells
from (c). e Polar bar chart displaying the percentage of Krt8/Krt18/Gata2/Tagln2
expressing cells in TE lineage for different blastoids or blastocysts. fRepresentative
brightfield images showing the decidua formation in three mouse uteri at E10.5, as
well as 7 days after NrESC-blastoidor EPSC-blastoid transfer at 3.5dpc. Red asterisks
indicate deciduae. Scale bar, 1 cm. g Quantification of the decidua formation effi-
ciency from the NrESC- or EPS-derived blastoids at 10.5dpc. Two-tailed Welch’s t-
test.Data are representedasmean ± s.d.;n = 9 independent assays.hQuantification
of the decidua length induced by E10.5 natural embryo, NrESC- or EPS-derived

blastoid 10.5dpc. One-way ANOVA with Bonferroni correction for multiple com-
parisons. Data are represented as mean ± s.d.; n = 23 E10.5 natural embryo, n = 13
NrESC-derived blastoid 10.5dpc, n = 3 EPS-derived blastoid 10.5dpc. i Left, max-
imum projection image of immunofluorescence for GFP and TE marker (Cdx2) in
chimeric E4.5 blastocysts microinjected with psinGFPNrESC. Right, single confocal
plane insets showing Cdx2-GFP double positive cell and GFP single positive cells.
Scale bar, 20 µm. Quantification of the developmental rate of mouse blastocysts
after supplementing T09 in culture media from one-cell stage (j) or microinjection
of GFP or Nr1h2mRNA into one-cell embryo (k). Two-tailedWelch’s t-test. Data are
represented as mean± s.d.; n = 5 independent assays. l Quantification of the
developmental rate of porcine SCNT blastocysts with or without T09 in culture
media from one-cell stage. Two-tailed Welch’s t-test. Data are represented as
mean ± s.d.; n = 3 independent assays. m Representative images of porcine SCNT
morula and blastocyst in T09-treated and control group post-SCNT. Scale bar,
50 µm. 3 independent experiments were repeated with similar results. Source data
are provided as a Source Data file.
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Fig. 5 | Active Nr1h2 partners with coactivator proteins to regulate blastoid
formation. a A schematic diagram showing transient overexpression of Nr1h2-
FLAG in ESC with T09 treatment, followed by pull-down mass spectrometry and
ChIP-seq of FLAG-tagged Nr1h2. Created in BioRender.com. b Quantification of
blastoid formation efficiency harvested at Day 5 of differentiation from ESC over-
expressing EGFP-FLAG, Nr1h2-FLAG or ΔLBD-Nr1h2-FLAGunder T09 treatment.
One-way ANOVA with Bonferroni correction for multiple comparisons. Data are
represented as mean± s.d.; n = 3 independent assays. c Volcano plot summarising

the quantitative results of the proteins enriched significantly in Nr1h2-FLAG mass
spectrometry data in ESC with T09 from three replicates. The specific proteins
interacting with Nr1h2 in ESC with T09 were colored red (Two-sided t-test; p-
value < 0.05 & FC> 2). d Quantification of the blastoid efficiency after individual
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with Bonferroni correction for multiple comparisons. Data are represented as
mean ± s.d.; n = 3 independent assays. Source data are provided as a Source
Data file.
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Approximately 2kbp candidate regions nearby target genes,
includingScd1, Abcg1, and Scd2, were cloned into the pGL3-SCP1
vectors (Fig. 6b). The results showed that these three top-ranked
B1 enhancer candidates exhibited a significant increase in luci-
ferase activity in NrESC compared to ESC (Fig. 6c, top). The
luciferase activity under these candidates was reduced sig-
nificantly upon Nr1h2 knockdown in NrESC, indicating the

specificity of Nr1h2 interaction with target B1 enhancers (Fig. 6c,
bottom). These findings indicate that increased Nr1h2 binding to
specific B1 sites boost their enhancer activities, thereby upregu-
lating nearby Nr1h2 target gene expression in NrESC. Taken
together, our data support the hypothesis that Nr1h2-B1 reg-
ulatory axis regulates downstream target genes by modulating B1
enhancer activity.

Grn Scd1

5kb 5kb

Nr1h2_FLAG_T09
Input

Nr1h2_FLAG
Input

NrESC
ESC

Kdm1a

0

50

0

50

0

50

0

50

0

50

0

500

0

500

0

50

0

50

0

50

0

50

0

50

0

500

0

500

C
hI

P
R

N
A

i kj

a c

l

5
10
15

0

2

4

6

8

10

12

14

-3kb Center +3kb

FL
AG

 p
ea

ks
 in

  
N

r1
h2

-F
LA

G
+T

09
 E

SC

Input Kdm1a
Nr1h2
FLAG

Nr1h2
FLAG
+T09

g h

0

5

10

15

20

B
la

st
oi

d
fo

rm
at

io
n

ef
fc

ie
nc

y
(%

)

-       +     -      +T09

SCD1i -       -      +     +

p=0.001811

p=0.000178

p=0.000004

0

5

10

15

B
la

st
oi

d
fo

rm
at

io
n

ef
fc

ie
nc

y
(%

)

Grn

Anti-Grn
T09

Igg
-
-
-
-

+
-
-
-

-
+
-
-

-
-
+
-

-
+
-
+

-
-
+
+

p = 0.0491

p = 0.0142

p = 0.0018

p = 0.0128

p = 0.0020

ESC NrESC
0

2

4

6

8

Scd1 B1

N
or

m
al

iz
ed

Lu
m

in
es

ce
nc

e p = 0.0006

ESC NrESC
0.0

0.5

1.0

1.5

2.0

2.5

Abcg1 B1
p = 0.0335

ESC NrESC
0

2

4

6

8

10

12

Scd2 B1
p = 0.0004

siNT siNr1h2
0.0

0.5

1.0

1.5

N
or

m
al

iz
ed

Lu
m

in
es

ce
nc

e

p = 0.0012

siNT siNr1h2
0.0

0.5

1.0

1.5

p = 0.0126

siNT siNr1h2
0.0

0.5

1.0

1.5

p = 0.0032

ESC

NrESC

DAPI  SCD1

DAPI  SCD1

b

e

f

Input
Nr_FLAG_T09

Input

ESC
NrESC

C
hI

P
R

N
A

ES H3K27ac
Input

NrES H3K27ac

0

0

0

0

0

0

0

0

100

100

75

75

75

75

600

600

Scd1 Abcg1 Scd2

5kb 5kb 5kb

B1 enhancers

0

0

0

0

0

0

0

0

75

75

50

50

50

50

100

100

0

0

0

0

0

0

0

0

100

100

75

75

75

75

3000

3000

pGL3

Luciferase

pRL
Renilla 

Luciferase

SINE-B1 candidates
Promoter

ESC NrESC

Transfection

Quantify
luminescence

siNr1h2

Blastocyst ↑

NrESC

Blastoid ↑

B1-SINE ↑

Rxrα/βNr1h2

Nr1h2-Coactivator Complex
(Kdm1a, Ncoa3, Rxrα/β, Nr0b1, Parp1)

Promoter

Ac Me

Scd1
Grn
Krt8
Dsg2Me Rxrα/βNr1h2Ac

↓↑ ↓↑
H3K27ac H3K9me2/3

Input InputIP: Anti-FLAG
G-FLAG
G-HA

Nr-FLAG
Kd-HA

G-FLAG
G-HA

Nr-FLAG
Kd-HA

G-FLAG
G-HA

Nr-FLAG
Kd-HA

G-FLAG
G-HA

Nr-FLAG
Kd-HA

IP: Anti-FLAG

Anti-Nr1h2 Anti-Kdm1a
55 95

kDa kDa

d

Abca1 Hdac2 Grn Scd1 Neg
0

5

10

15
Nr1h2 FLAG-Kdm1a

Fo
ld

en
ric

hm
en

to
ve

r
EG

FP
FL

A
G

co
nt

ro
l

-T09
+T09

Grn Scd1 Krt8
0

5

10

15

20

R
el

at
iv

e
ex

pr
es

si
on

le
ve

l(
2-Δ

Δ
C

t )

EGFP FLAG
Nr1h2 FLAG

Article https://doi.org/10.1038/s41467-024-54381-0

Nature Communications |        (2024) 15:10011 10

www.nature.com/naturecommunications


On the other hand, RT-qPCR showed that B1 transcript expression
level increased by ~2.5-fold in NrESC (Supplementary Fig. 6f). The
regulation of B1 transcription by Nr1h2 was further validated in vivo by
microinjecting Nr1h2 mRNA into fertilized one-cell embryos, which
showed ~2.5-fold increase of B1 transcript expression level at 8-cell
embryo stage, compared to EGFP mRNA as control (Supplementary
Fig. 6g). Unlike the signature peak ERVL transcript level at two-cell
stage, B1 transcript level showed an increasing trend from zygote to
blastocyst stage while another transposable element, ERV1, did not
show major upregulation during preimplantation development (Sup-
plementary Fig. 6h). These suggest Nr1h2 also induces B1 transcript
upregulation.

To explore the gene regulatory relationship between Nr1h2 and
partner proteins, we first validated the Nr1h2-Kdm1a protein interac-
tion by FLAG co-immunoprecipitation, where Kdm1a was detected
only in T09-treated Nr1h2-FLAG overexpressing sample but not in GFP
control (Fig. 6d). Consistently, 10,211 peaks in Nr1h2-FLAG and 11,348
peaks in T09-treated Nr1h2-FLAG overlapped with Kdm1a ChIP-seq
public dataset (Fig. 6e, Supplementary Data 6). Around 70% of Nr1h2
and Kdm1a overlapping regions are located in the gene promoter
regions, and 16% of peaks are in distal intergenic regions (Supple-
mentary Fig. 6i). We assessed whether Nr1h2 interacts with histone
demethylase Kdm1a83,84 to demethylate target gene regions. Average
H3K9me3 level was decreased at Nr1h2-bound sites in T09-treated
Nr1h2-FLAG ESC (Supplementary Fig. 6j). Specifically, 3,523 Nr1h2-
Kdm1a co-binding sites showed lower H3K9me3 level in T09-treated
Nr1h2-FLAG ESC compared to GFP-FLAG control (Supplementary
Fig. 6k). For example,Dsg2 (NrESCmarker) gene region is co-bound by
Nr1h2 and Kdm1a, accompanied by decreased H3K9me3 level in T09-
treated Nr1h2-FLAG ESC (Supplementary Fig. 6l). We also assessed the
level of H3K9me2, which is specifically demethylated by Kdm1a, at
sites with increased Nr1h2-Kdm1a co-binding in NrESC by performing
H3K9me2 ChIP-qPCR. Regions near upregulated DEGs in NrESC, such
as Klhl24, Pcmtd1, Casp8, Pcsk9 and Spats2, displayed lower H3K9me2
level in NrESC compared to ESC control (Supplementary Fig. 6m).

We analyzed the Nr1h2-Kdm1a co-binding peaks in NrESC DEGs
and showed that T09 increased Nr1h2 binding to the same promoter/
enhancer regions where Kdm1a binds at NrESC markers such as Grn
and Scd1 (Fig. 6f). Both genes were upregulated under Nr1h2-FLAG
overexpression with T09 (Fig. 6g), and downregulated upon Nr1h2
knockdown (Supplementary Fig. 6n). Scd1 expression is upregulated in
NrESC (Fig. 6h), mouse embryos microinjected with Nr1h2mRNA, and
porcine SCNT embryos treated with T09 (Supplementary Fig. 6o, p).
Importantly, the role of Kdm1a as a coactivator was illustrated by
sequential ChIP of Nr1h2-FLAG ChIP followed by Kdm1a-ChIP. Upon
T09 treatment, Kdm1a showed increased binding to the Nr1h2-Kdm1a

co-bound regions atAbca1,Hdac2,Grn and Scd1 (Fig. 6i). Furthermore,
exogeneous addition of recombinant Grn protein significantly
improved NrESC blastoid formation efficiency. Conversely, anti-Grn
antibody treatment significantly reduced the blastoid formed. The
beneficial effect of T09 treatment boosting blastoid formation effi-
ciency was offset by anti-Grn antibody treatment (Fig. 6j, Supple-
mentary Fig. 6q). On the other hand, Scd1 inhibitor significantly
abolished blastoid formation even with T09 treatment (Fig. 6k, Sup-
plementary Fig. 6r). These indicate that Nr1h2 recruits Kdm1a and
possibly other coactivator proteins to remove repressive H3K9me2/3
histone marks, which leads to upregulation of functional downstream
targets, such as Grn and Scd1, facilitating blastoid formation.

Discussion
Intertwining intrinsic and extrinsic pathways facilitate cells to respond
and feedback to extrinsic inductions during cell fate specification. For
example, EPI/PE segregation involves non-cell autonomous
Fgf4 signaling, stimulated by Oct4, Sox2, and Nanog in EPI cells, to
induce PE specification (Gata6 expression) in neighboring cells and
repress Nanog expression in EPI cells7,85–88. This segregation is further
reinforced by the cell-autonomous reciprocal transcriptional repres-
sion and self-activation of Nanog and Gata6 in EPI and PE cells10,85,89–91.

Various recipes of exogenous cues in mouse blastoid media
combined signaling ligands (such as Fgf4, Tgf β1, Bmp4) and activa-
tors/ inhibitors of signaling pathways (such as Wnt activator
CHIR99201 and TGFβ inhibitor A83-01) that were presumed to induce
pre-implantation embryonic lineage specification in blastoids19–24.
Nonetheless, blastoids contain cells expressing post-implantation
markers; for example, mesoderm marker Brachyury is detected in
TE-like cluster. This correlateswell with theuseofBmp4andTgfβ in 2D
differentiation studies tomodel post-implantation embryonic lineages
such as mesoderm and parietal endoderm92–95.

We classified different types of blastoids formed from the same
pool of EPSCbasedonmorphology, lineage segregation and single-cell
transcriptome. ICM/EPI-like, PE-like and TE-like lineages are present in
blastoids (type I and II) and type III organoids, which manifest the
expanded potential of EPSC to differentiate into all three embryonic
lineages regardless of blastoid grade. Hence, exogenous cues inmedia
donot guaranteeproper self-organizationof stemcells during blastoid
development. Single-cell transcriptome analysis reveals lineage-
specific DEGs and differential active regulons enriched in functional
terms related to lineage specification andblastocyst development. The
blastoid classification presented in our current study thus provides
more clarity, enabling exploration of the heterogeneous response
during blastoid induction. We hypothesize that intrinsic regulations
during the dynamic process of differentiation and self-organizationare

Fig. 6 | Molecular mechanism of the activation of Nr1h2 intrinsic program. a A
dual-Glo luciferase assay depicted to test SINE-B1 enhancer activity in ESC and
NrESC, as well as siNr1h2 and siNT NrESC samples. Created in BioRender.com.
b Genome browser view of Nr1h2-FLAG ChIP-seq (turquoise), H3K27ac ChIP-seq
(orange, ESC; purple, NrESC) and RNA-seq signal profile (red) surrounding NrESC
up-DEGs (Scd1, Abcg1 and Scd2). Red-colored boxes and dashed lines indicate the
candidate SINE-B1 enhancer regions being tested. c Quantification of the normal-
ized luminescence (normalized to Renilla signal and ESC signal) in three constructs
testing for SINE-B1 candidates nearby Scd1, Abcg1 and Scd2 in ESC and NrESC (top),
or siNTand siNr1h2NrESC (bottom).Two-tailedWelch’s t-test. Data are represented
as mean± s.d.; n = 3 independent assays. d Western blot analysis showing that
Kdm1a is only associated with Nr1h2-FLAG in T09-treated Nr1h2-FLAG and Kdm1a-
HA overexpressing sample (Nr-FLAG and Kd-HA), compared to GFP control sample
(G-FLAG and G-HA). 3 independent experiments were repeatedwith similar results.
e Heatmap of ChIP-seq signal on Nr1h2-FLAG ChIP-seq peaks. The ChIP-seq of
Kdm1a133 was obtained from the GEO database. f Genome browser view of Nr1h2-
FLAG ChIP-seq (turquoise), Kdm1a ChIP-seq (blue) and RNA-seq signal profile (red)
surrounding NrESC markers (Grn and Scd1). g Expression of Grn, Scd1 and Krt8 in

ESC overexpressing EGFP-FLAG or Nr1h2-FLAG under T09 treatment. Expression is
relative to Gapdh and normalized to EGFP-FLAG ESC expression. Data are repre-
sented as mean± s.d.; n = 3 technical replicates. h Immunofluorescence of Scd1 in
ESC and NrESC. Scale bar, 20 µm. 3 independent experiments were repeated with
similar results. i Sequential ChIP-qPCR indicating the increased co-binding of
Kdm1a and Nr1h2-FLAG under T09 treatment at Abca1, Hdac2, Grn and Scd1, nor-
malized to EGFP-FLAG control. Regions not bound by Kdm1a and Nr1h2-FLAGwere
used as negative control. Data are represented as mean± s.d.; n = 3 technical
replicates. jQuantificationof blastoid formation efficiency fromNrESC treatedwith
recombinant Grn, Igg, Anti-Grn, Igg + T09, or Anti-Grn + T09. One-wayANOVAwith
Bonferroni correction for multiple comparisons. Data are represented as mean±
s.d.; n = 3 independent assays. k Quantification of blastoid formation efficiency
from NrESC treated with T09 and/ or Scd1 inhibitor. One-way ANOVA with Bon-
ferroni correction for multiple comparisons. Data are represented as mean ± s.d.;
n = 3 independent assays. lModel schematic showingmultifaceted regulatory roles
of Nr1h2-specific intrinsic program in NrESC. Created in BioRender.com. Source
data are provided as a Source Data file.
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crucial for blastoid formation. Regulon analysis has revealed many
active master transcriptional regulators in all three embryonic linea-
ges, albeit with significant morphological and transcriptional differ-
ences among blastoids (type I and II) and type III organoids. This
indicates that additional active regulons are essential to guide stem
cells through the dynamic differentiation process and facilitate their
self-organization into type I blastoids.

We then sought out exclusive active regulons detected in type I
blastoids and blastocysts. To this end, we uncovered the essential role
ofNr1h2 in blastoid formation. Nr1h2, or LXRβ (Liver X receptor β), is a
transcription factor belonging to nuclear receptors superfamily. Its
natural ligands include oxysterols, oxidized cholesterol. Synthetic
agonist T09 activates Nr1h2 by dimerizing it with retinoid X receptors
(RXR), which then bind on to target gene locus on LXR-responsive-
elements (LXREs)96. Nr1h2 regulates genes involved in cholesterol
transport and metabolism in liver and other tissues, and controls
transcriptional landscape by regulating chromatin accessibility. It is
also a lineage-determining factor for Kupffer cells71. In our study, ~25%
downregulated genes upon Nr1h2 knockdown during mouse blas-
tocyst development are enriched in early embryo signature markers.
The improved blastocyst rate with T09 treatment corroborates the
functional significance in embryo development, from the molecular
changes induced by Nr1h2 activation.

In addition to the characterization of the Nr1h2 regulon in blas-
toids, we discovered that Nr1h2 activation rewires ESC into a unique
pluripotency state. NrESC requires only three passages in culture to
acquire expanded pluripotency, compared to other blastoid-
competent cell types such as EPSC, totipotent blastomere-like cell
(TBLC) or totipotent potential stem (TPS) cell that require main-
tenance for at least five passages in their respective culture media23,24.
In particular, NrESC is established through treatment with a single
gene-specific agonist, contrasting with the use of multiple non-gene
specific signaling activators and inhibitors in EPSC and TPS cell media,
or pladienolide B-induced widespread splicing inhibition in TBLC23.
NrESC shows no alteration of pluripotent genesOct4, Sox2 and Nanog,
which are downregulated in TBLC and TPS cell resembling 2CLC
state23,24. Furthermore, NrESC retains similar proliferation rate as ESC,
which was markly reduced in TBLC23 and EPSC80. No observable mor-
phological differenceswere found betweenNrESC and ESC, in contrast
to the flattened EPSC colonies. NrESC displays a unique transcriptional
landscape that is different from 2CLC or EPSC signatures, which
mimics 2-cell or 4- to 8-cell embryo signature, respectively74,75.
Importantly, this distinct pluripotency state in NrESC is functionally
competent in self-organization to form blastoids in vitro and con-
tribution to both embryonic and extraembryonic lineage in vivo.

Integrative analysis of transcriptome, DNA methylation, chroma-
tin accessibility and epigenome97,98 revealed genome-wide molecular
consequences upon Nr1h2 activation. Nr1h2 is well-known to activate
target gene transcription by binding to their DR4 motifs. Our data
showed that Nr1h2 in ESC binds to and upregulates classical target
genes in lipid metabolism (Abca1, Fasn, Srebf1, and Scd1)99–101, which is
in line with a recent study reporting the importance of lipid home-
ostasis during peri-implantation development102. SCD1 inhibition was
reported to robustly eliminate human pluripotent stem cells as well as
impeding mouse blastocyst development, while supplementing oleic
acid, a monounsaturated fatty acid synthesized by Scd1, improves
blastocyst development69. These findings align with our observation
that Scd1 inhibition drastically reduces blastoid formation even with
T09 treatment. Unexpectedly, activeNr1h2upregulatesmultiple genes
important for lineage segregation (Bmp4), trophectoderm archi-
tecture (Dsg2 and Krt8), and blastocyst development (Grn). Nr1h2
activation also alters the epigenetic landscape by adding H3K27Ac
enhancer marks and increasing chromatin accessibility at genes spe-
cific to EPI (Pou5f1, Sox2), PE (Gata4) and TE (Krt8, Tagln2, Tead4)
lineages. These findings indicate that Nr1h2 regulates genes vital for

stem cell pluripotency and the development of both blastoids and
blastocysts.

While the above integrative analyses provide a valuable overview
of native NrESC expanded pluripotency, we adopted an exogenous
overexpression system (Nr1h2-FLAG) with robust performance in
capturing the Nr1h2 protein and its partners, thereby facilitating sub-
sequent mechanistic studies of the Nr1h2 protein. Nr1h2, upon ligand
binding, interacts with multiple coactivator proteins and epigenetic
regulators such as Ncoa3 and Kdm1a to upregulate target genes
expression. Ncoa3 is well known for its essential coactivator role in
mediating the functions of another nuclear receptor, Esrrb, in the
pluripotency gene regulatory network103,104. Our findings suggest
additional roles of Ncoa3 in the Nr1h2 regulatory network in mouse-
expanded pluripotency and blastoid formation. On the other hand,
Nr1h2 activation recruits Kdm1a to target gene loci, especially in
functional target genes Grn and Scd1. The Nr1h2-Kdm1a partnership
also modulates di-/tri-methylated histone H3K9 landscape in NrESC,
where Kdm1a functions as a co-activator by demethylating target gene
regions.

We have discovered a regulatory mode of Nr1h2 in expanded
pluripotency via transposable elements. Nr1h2 activation leads to
increased Nr1h2 binding, DNA demethylation and H3K27Ac enhancer
marks at specific SINE-B1 sites. These result in increased SINE-B1
enhancer activities which in turn upregulate nearby gene expression.
Interestingly, active Nr1h2 upregulates SINE-B1 transcript level in both
NrESC and mouse 8-cell embryos. This Nr1h2-SINE-B1 cis-regulatory
axis aligns with a recent study reporting another nuclear receptor,
Nr5a2, as an essential pioneering factor broadly regulating ZGA
(zygotic genome activation) genes through binding onto SINE-B1
elements105. These collectively elucidate the multifaceted regulatory
roles of Nr1h2 in capacitating ESC to self-organize into blastoids
(Fig. 6l). Further studies on Nr1h2 potential regulations in other DNA
and histone modifications106,107, genome topology108–110 as well as epi-
transcriptomic landscape111 would provide additional insights in NrESC
and its developmental potential.

In species such as porcine, which lack similar elements to mice’s
SINE-B1, we speculate that Nr1h2 regulates the transcriptome mainly
through direct binding to target gene promoter and enhancer regions.
Nonetheless, a recent study discovered a full-length PRE0-SS, a mem-
ber of SINE families, in the 3′-UTR of the pig PDK1 gene, which aligns
with previous reports that Alu and B1 regulate PDK1 orthologs112.
Future mechanistic studies of Nr1h2 relationship with PRE0-SS in
transcriptional regulation are thus required.

We hypothesize that the Nr1h2-specific intrinsic program
improves blastoid quality. Single-cell transcriptome analysis
showed absence of intermediate cell types in NrESC-blastoids.
This could be attributed to the gene-specific activation in NrESC
compared to multiple broad-range signaling manipulation in
EPSC. NrESC-blastoid TE-like cells clustered more closely with
blastocyst TE compared to EPS-blastoid TE-like cells. The majority
of NrESC-blastoid TE-like cells express classical TE markers such
as Gata2 at a level similar in blastocyst TE. This aligns with a
recent review study showing low percentage of TE-like cells in
EPS-blastoid without proper expression of TE markers25. Of note,
most NrESC-blastoid TE-like cells express Tagln2 which is essen-
tial for blastocyst implantation113. This correlates well with the
higher implantation efficiency of NrESC-blastoids into uterus,
suggesting NrESC gives rise to more faithfully differentiated TE-
like cells. Nr1h2 activation also benefits both mouse and porcine
SCNT blastocyst development with improved blastocyst rate and
morphokinetics. These demonstrate the pivotal role of Nr1h2
regulatory program conserved in both stem cell-based embryos
and embryos across species. Further exploration of additional
intrinsic programs will benefit the current rapid development and
application of stem cell-based embryo models.
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Methods
Cell culture
Experiments were done using the following cell lines;mouse ESC lines:
E14 ESC (ES-E14TG2a, ATCC, CRL-1821), E14 ESC transduced with pSIN-
GFP virus. ESCs were cultured on gelatin-coated plates in ESCmedium
with DMEM basal medium (Thermo Fisher Scientific, 11330-032) sup-
plementedwith 15%ESC-screenedFBS (ThermoFisher Scientific, 16141-
079), 1X NEAA (Thermo Fisher Scientific, 11140-050), 1X L-glutamine
(Thermo Fisher Scientific, 25030-081), 0.1mM 2-mercaptoethanol
(Thermo Fisher Scientific, 21985-023), 103 units/ mL recombinant
mouse LIF (Sigma-Aldrich, ESG1107), 3 µM CHIR99021(Tocris, 4953)
and 1 µM PD0325901 (Tocris, 4192). The cells were incubated at 37 °C
with 5%CO2 and replacedwith freshmedia every 24 h.MouseESCwere
converted to EPSC through culturing in EPSCmedium for 5 passages in
gelatin-coated 6-well plates as previously reported80. EPSC medium is
made up of DMEM/F-12 basal media supplemented with 20% knockout
serum replacement (Thermo Fisher Scientific, 10828-033), 1X L-gluta-
mine, 1X NEAA, 0.1mM2-mercaptoethanol, 103 units/ mL recombinant
mouse LIF, 3 µM CHIR99021, 1 µM PD0325901, 4 µM JNK Inhibitor VIII
(Tocris, 3222), 10 µMSB203580 (Tocris, 1402), 0.3 µMA-419259 (Santa
Cruz, SC-361094) and 5 µM XAV939 (Tocris, 3748). Mouse ESC were
converted into NrESC through culturing in NrESC medium for 3 pas-
sages in gelatin-coated 6-well plates. NrESC medium is composed of
ESC medium supplemented with 10 µM T0901317 (MedChemExpress,
HY-10626). Cells were routinely passaged every two to three days. All
cell cultures have been routinely tested negative for mycoplasma.

Blastoid formation
Blastoid formation was based on established protocol21, which was
performed on 6-well AggreWell 400 plates (STEMCELL Technologies,
34425). On Day 5, blastoids weremanually picked with a Cook Flexipet
pipette under a stereomicroscope for analysis. For blastoid experi-
ments involving Nr1h2 agonist treatment, 10 µM T0901317 (MedChem
Express, HY-10626) was added to the complete blastoid medium. For
blastoid experiments involving recombinant Grn protein or Grn neu-
tralizing antibody, 5 µg/mLof RecombinantMouse Progranulin Protein
(R&D Systems, 2557-PG-050), Mouse Progranulin Antibody (R&D Sys-
tems,MAB2557) orRat IgG2A IsotypeControl (R&DSystems,MAB006)
was added to the complete blastoidmedium. For blastoid experiments
involving SCD1 inhibitor, 5 µM SCD1 inhibitor (Abcam, ab142089) was
added to the complete blastoid medium.

Gene knockdown during blastoid formation
For blastoid generation experiments involving gene knockdown by
siRNA transfection, a transfection mix containing DharmaFECT 1
transfection reagent (Horizon Discovery, T-2001-03) and 50nM siRNA
diluted inOpti-MEMwas added to theblastoid seedingmediumonDay
0 following manufacturer’s protocol. Gene knockdown efficiency was
verified at 48h post transfection.

Animal Work
All procedures related to animals were performed following the ethical
guidelines of the A*STAR. Animal protocols were reviewed and
approved by A*STAR Institutional Animal Care and Use Committee
(IACUC) for mouse work (IACUC #231771), and A*STAR Institutional
Biosafety Committee (IBC) for porcinework (IBC#HSE-IBC-ESCAR-05-
01). All mice were housed in a specific pathogen-free facility in the
Biological Resource Centre, A*STAR, with temperature maintained at
21 ± 1 °C, 45–70% humidity and a 12/12 h dark/light cycle.

Microinjection of ESC and NrESC
8-cell embryos were flushed out of the uterus of pregnant female
C57BL/6J. Injections were performed with a Nikon Eclipse TE2000-U
inverted microscope unit. The micromanipulator was an Eppendorf
InjectMan NI2. The outside diameter of the Holding pipette, with

95–105μm outer diameter (O.D.) and 20–25μm inner diameter (I.D.),
and injectionpipettewith 18–20μmO.D. and 16–18μm. I.D. were used.
psinGFP-ESC/ NrESC microinjection was performed at room tem-
perature in an injection drop of 1.0mL M2 medium (Sigma, M7167)
with 7.5μg cytochalasin B (Sigma, C6762). Each 8-cell embryo was
injected with five to eight ESC or NrESC. All mouse embryos are cul-
tured in M16 media, covered with mineral oil, in humidified incubator
at 37 °C with 5% CO2.

mRNA and siRNA microinjection and drug treatment in
mouse embryo
EGFP and Nr1h2 mRNA were synthesized in-house using mMESSAGE
mMACHINE™ T7 ULTRA Transcription Kit (Invitrogen, AM1345).
SMARTPool siNT and siNr1h2 siRNA (Horizon Discovery, D-001206-13,
M-042839-01) were used for Nr1h2 knockdown in mouse embryos.
Capillary glass tubes (outer diameter 1mm, inner diameter 0.8mm,
and length 10 cm) with cut diameter 30–70μm were used. 4–5pL of
100ng/ μLmRNA or 100μM siRNAwas injected into fertilized one-cell
embryos. Injected embryoswere then transferred into adroplet ofM16
mediumcoveredwithmineral oil in a 30mmdish, and cultured until 8-
cell, morula or blastocyst embryo stage before harvest. For T09
treatment, 1-cell or 8-cell embryos were cultured in M16 media sup-
plemented with 10 µM T0901317.

Blastoid transfer
Blastoids (NrESC-blastoid or EPSC-blastoid) were manually picked up
under a stereomicroscope and transferred into M16 media droplets
using a Cook Flexipet pipette. The surrogate female at 3.5 dpc was
anesthetized with avertin. Uterine horn was exposed surgically and
punctured with 27G surgical needle. Blastoids, which were washed
three times in M16, were loaded to the pipette with air bubble and
transferred to the uterine horn. 15–20 blastoids were transferred into
each uterine horn. 9 female mouse replicates for each group. A
C-sectionwas performed at 10.5 dpc, and the uterus was dissected out.
Blastoid-induced decidua has a minimum length of 24mm.

Teratoma assay
Around 2.5million ESCs or NrESCs in 200 µLMatrigel suspension were
subcutaneously injected into one side of the dorsal flanks of NSGmice
(5-week old). 3 mouse replicates for each group. Approximately
4 weeks post injection, primary teratomas (diameter ~20mm) were
harvested and fixed in 4% paraformaldehyde solution overnight at
4 °C. Fixed teratoma samples were embedded in paraffin and sec-
tioned for hematoxylin-eosin (HE) staining and histology analysis.

In vitro maturation of porcine oocytes
Immature pig ovaries were collected from a local abattoir and trans-
ported to the laboratory in PBS around 30 °C in a thermal box.
Cumulus–oocyte complexes (COCs) were released by scarification of
theovarian follicles intoTCM199-Hepesmedium (Gibco, Grand Island,
NY, USA) with 4mg/ml BSA. Only oocytes with homogeneous-dark
ooplasmsurroundedby at least two layers compact cumulus cells were
selected for in vitro maturation (IVM). Subsequently, 30–40 COCs
were allocated to one well of four‐well plates (Nunc, Roskilde, Den-
mark) containing 1ml of TCM‐199 supplemented with 4mg/ml BSA,
1mM Sodium Pyruvate, 1.2mM Cysteine, 0.5 IU/ml FSH, 0.5 IU/ml LH,
20 ng/ml EGF, 100 IU/ml Penicillin, 100μg /ml Streptomycin, and cul-
tured at 38.5 °C in a humidified atmosphere of 5% CO2, 5%O2, 90%N2.
After culture for 42–44h, cumulus cells surrounding the oocytes were
removed with the help of 0.5% hyaluronidase. Oocytes excluded first
polar bodies with normal morphology were selected for SCNT.

Somatic cell nuclear transfer for porcine
Porcine skin fibroblasts with passage 2 or 3 were used as donor cells,
which were purchased from Cell Biologics (Chicago, IL, USA). Before
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enucleation,metaphase II oocyteswere incubated inTCM‐199medium
(Grand Island, NY, USA) supplemented with 10μg/ml Hoechst 33342
and 5μg/ml cytochalasin B for 15min. Metaphase II spindle was
removed with the aid by exposure to UV light for location. Fibroblasts
were introduced into the perivitelline space of enucleated oocytes.
Fusion for the oocyte–fibroblast couplets was inducedwith twopulses
of 1.2 KV/cm for 30μs each with a 1‐s interval in fusion medium (0.3M
mannitol, 0.1mM CaCl2 and 0.1mMMgSO4). The fused couplets were
activated at the same time.

In vitro culture of porcine SCNT embryos
The reconstructed embryos were cultured individually in 25μl dro-
plets with PZM-3 medium in a EmbryoScopeTM time-lapse incubator
(Vitrolife, Gothenburg, Sweden) at 38.5 °C with 5% CO2, 5%O2, 90%N2

for 160 h. Images of embryos were captured every 5min in five dif-
ferent focal planes.

Karyotypic analysis
Karyotyping preparation was carried out following previous
protocols114. Briefly, logarithmic growth phase cells were treated with
0.03 μg/ml Colcemid, trypsinization, hypotonic 0.075M KCl for
15min at 37° followed by fixation (3:1 methanol: acetic acid). We
follow public guidelines (http://www.pathology.washington.edu/
research/cytopages/idiograms/mouse/) used for karyotypic desig-
nations and chromosome breakpoint determination of murine
metaphase chromosomes.

Bulk RNA-seq library preparation
Total RNAwas extracted from each sample usingMonarch® Total RNA
Miniprep Kit (New England Biolabs, T2010S). Isolated RNA was then
used for RNA-seq library preparation using NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (New England Biolabs, E7775L), following
manufacturer’s instructions. Formousemorula bulk RNA-seq libraries,
morulae samples were processed for RNA-seq library preparation
using SMART-Seq® v4 Ultra® Low Input RNA Kit for Sequencing and
Nextera XT DNA Library Preparation Kit, following manufacturers’
instructions.

Single-cell RNA-sequencing library generation
Blastoids were manually picked by Flexipet pipette and washed three
times in PBS containing0.04%BSA. All blastoidsweredivided into type
I-II blastoids and type III organoids based on the metrics presented in
current study, with around 150 blastoids or organoids per sample
group. All samples were dissociated into single cells with enzyme mix
composed of 0.5X versene (Lonza, 17711E), 0.5X Accumax (Innovative
Cell Tech, AM105), and0.05XDnase (STEMCELLTechnologies,07900)
at 37 °C for 30min with agitation. NrESC was dissociated into single
cells with Accumax at 37 °C for 3–5min. Single cell suspensions were
centrifuged at 400 × g, and the resultant cell pellets werewashed three
times and resuspended in PBS +0.04% BSA. Cell count was performed
by an automated cell counter. Approximately 10,000 cells for each
sample were loaded into the Chromium Next GEM Chip G (10X
Genomics, 2000177) and processed with the Chromium controller
(10X Genomics, 1000204) to generate gel beads in-emulsions
according to manufacturer’s instructions. Libraries were generated
using the Chromium Next GEM Single Cell 3′ GEM, Library & Gel Bead
Kit v3.1 (10X Genomics, PN-1000121) according to manufacturer’s
protocol. The libraries were pooled and sequenced using HiSeq3000.

Transfection
Transfection was carried out using Lipofectamine 3000 (Invitrogen),
following the manufacturer’s instructions. Briefly, 50,000 cells were
seeded 24 h prior to transfection. A total of 3000ng of plasmid DNA
(pCAG- EGFP-FLAG or pCAG- Nr1h2-FLAG) was mixed with 125 µL of
Opti-MEMmedium and 6 µL of P3000 reagent. In a separate tube, 6 µL

of Lipofectamine 3000 was combined with 125 µL of Opti-MEM med-
ium. Subsequently, the Lipofectamine 3000mixture was added to the
plasmid DNA mixture. Following a 20-min incubation period at room
temperature, the transfectionmixturewas addeddropwise to thewells
containing the seeded cells. After 24 h, the culture medium was
replaced with fresh medium with antibiotic selection. Puromycin
(0.6 µg/mL) was applied to the cells for 48 h before they were har-
vested for further analysis. For Nr1h2-FLAG Co-IP experiment, pCAG-
EGFP-HAandpCAG- EGFP-FLAGorpCAG-Kdm1a-HAandpCAG-Nr1h2-
FLAG plasmids were transfected into HEK293T cells with same trans-
fection protocol.

Immunofluorescence staining
Blastoid samples were fixed with 4% PFA in PBS for 20min at room
temperature, washed and permeabilizedwith 0.2% Triton X-100 in PBS
for 15min. Samples were then blocked with blocking buffer (PBS
containing 3% BSA and 0.1% Tween 20) at room temperature for 2 h or
overnight at 4 °C. Primary antibodies diluted in blocking buffer were
added to the samples and incubated overnight at 4 °C. Samples were
washed for three timeswith PBS containing 0.1%Tween 20 followedby
the incubation with fluorescence conjugated secondary antibodies
diluted in blocking buffer for 2 h at room temperature. Samples were
washed for three times with PBS containing 0.1% Tween 20. Nuclei
were counterstained with DAPI at 1 µg/mL. Image acquisition was
performed using a Zeiss LSM 700 confocal microscope. Images were
processed using Zen (Zeiss). The primary antibodies and dilutions
used were: Mouse anti-CDX2 (1:100; BioGeneX, MU392A-5UC), Rabbit
anti-CDX2 (1:100; Abcam, ab76541), Rabbit anti-SOX2 (1:200; Abcam,
ab97959),Mouse anti-GATA2 (1:50; Santa Cruz Biotechnology, sc-267),
Goat anti-GATA6 (1:200; R and D Systems, af1700), Mouse anti-OCT4
(1:200; Santa Cruz Biotechnology, sc-5279) and Rabbit anti-GFP Alexa
Fluor® 488 (1:100; Abcam, ab225314). The secondary antibodies and
dilutions used were: Alexa Fluor 488 Donkey anti-Mouse IgG (H+L)
(1:1000; Invitrogen, A32766), Alexa Fluor 488 Donkey anti-Rabbit IgG
(H+L) (1:1000; Invitrogen, A32790), Alexa Fluor 647 Donkey anti-
Rabbit IgG (H+L) (1:1000; Invitrogen, A32795), Alexa Fluor 555 Donkey
anti-Goat IgG (H+L) (1:1000; Invitrogen, A32816) and Alexa Fluor 647
Donkey anti-Mouse IgG (H+L) (1:1000; Invitrogen, A32787).

ATAC-seq library preparation
ATAC-seq was performed with Illumina tagment DNA TDE1 Enzyme
andBuffer kit (Cat No: 20034197) andNexteraDNA library preparation
kit (Cat No.:FC-121-1030) following manufactory’s instruction. ES,
EPSC, and NrES cells were lysed with 50μl lysis buffer (10mM Tris·Cl
(pH7.4), 10mMNaCl, 3mMMgCl2, 0.1% (v/v) Igepal CA-630), and spun
down at 500 × g for 10min at 4 °C. The supernatant was removed. The
cell pellet was resuspendedwith 50μl transposition reactionmix (25μl
TD, 2.5μl TDE1, 22.5μl Nuclease-free water) and incubated at 37 °C for
30min. Subsequent DNA purification was performed with Qiagen
MInielute PCR purification kits. The purified DNA was then prepared
into sequencing libraries following the protocol of the Nextera DNA
library preparation kit.

Whole genome bisulfite sequencing library preparation
Genomic DNAwas extracted using DNeasy Blood & Tissue Kit (Qiagen,
69556), followed by sonication to generate ~200bp fragments using
Bioruptor® Pico (Diagenode, B01080010). Libraries were prepared
using Premium WGBS Kit (Whole Genome Bisulfite Sequencing)
(Diagenode, C02030034). All procedures follow manufacturer’s
instructions.

Co-immunoprecipitation
Fifty million transfected embryonic stem (ES) cells or 130 million
293T cells were lysed using IPH lysis buffer (50mM Tris pH 8.0,
150mM NaCl, 5mM EDTA, 0.5% NP-40, protease inhibitor cocktail
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(Roche)) and incubated on ice for 30minutes. Subsequently, the lysed
cells were subjected to resuspension using a 21G needle, repeating the
process 50 times. The lysate was then centrifuged at 16,000 × g at 4 °C
for 30min, and the resulting supernatant was collected for immuno-
precipitation, with some kept as input. Dynabeads Protein G (Invitro-
gen; 50 µL per sample) were washed three times with IPH lysis buffer
and incubated with anti-Flag (Merck, F3165) and IgG (Santa Cruz
#sc2025) antibodies at room temperature for three hours. After
incubation, the beads were isolated using a magnetic stand and
washed three times with IPH lysis buffer. During each wash, the beads
were resuspended in the buffer, rotated for 5min, and placed on the
magnetic stand for 30 s to allow for bead separation. The washed
beads were then incubated with the collected lysate at 4 °C overnight.
Following incubation, the beads were washed three more times with
IPH lysis buffer using the same procedure as described earlier. After
the final wash, the beads were resuspended in 50μl elution buffer
(100mM Tris pH7.5, 4% SDS and 40mM DTT) and incubated at 99 °C
for 10min for elution. The eluted proteins were subsequently sent for
mass spectrometry (MS) analysis or subjected toWestern blot analysis
to determine their composition and relative abundance.

Western blot
Co-IP samples were denatured by boiling at 99 °C in Laemmli buffer
(Biorad) for 10min before electrophoresis. 2.5μL of input and 20μL of
IP samples were resolved using 4–12% NuPAGE™ Bis-Tris Protein gels
(Invitrogen) before transfer to a nitrocellulosemembrane.Membranes
were blockedwith 5%blotting-grade blocker (Biorad) inTBST (Thermo
Scientific) for 2 h at room temperature with shaking, followed by
overnight incubation at 4 °C with the following antibodies and dilu-
tions: anti-Kdm1 1:10,000 (Abcam, ab129195) or anti-Nr1h2 1:3000
(Novus Biologicals, NB100-1464). After three five-minute washes in
TBST, the membranes were then incubated with the corresponding
HRP-conjugated secondary antibodies at 1:10,000 dilution for 2 h at
room temperature. Three more washes in TBST were performed
before visualization using Clarity Western ECL substrate (Biorad) and
imaged using iBright (Invitrogen).

Chromatin Immunoprecipitation (ChIP) and ChIP-seq library
preparation
For preparation of chromatin the protocol previously described was
utilized as the template5. Cells were trypsinized, harvested and the cell
number was estimated. Cross-linking was performed for 10 × 106 cells
using 1% formaldehyde for 10min at room temperature followed by
quenchingwith0.125MGlycine. Crosslinked cellswere resuspended in
1ml of FA lysis buffer (10mM Tris–Cl (pH 8), 100mM NaCl, 10mM
EDTA, 0.25% Triton X-100 and protease inhibitor cocktail (Roche)),
nutated at 4 °C for 15min and spun down at 1300 × g for 5min at 4 °C.
Supernatant was removed and the pellet was re-suspended in 1% SDS
lysis buffer (50mM HEPES–KOH (pH 7.5), 150mMNaCl, 1% SDS, 2mM
EDTA, 1% Triton X-100, 0.1% NaDOC and protease inhibitor cocktail).
After 15min of incubation, the pellet was spun down and washed two
times with 0.1% lysis buffer (50mM HEPES–KOH (pH 7.5), 150mM
NaCl, 0.1% SDS, 2mM EDTA, 1% Triton X-1s00, 0.1% NaDOC and pro-
tease inhibitor cocktail). Cell pellet was sonicated by Biorupter (Diag-
enode) for 14 cycles (30 s on and 60 s off for each cycle). Cell debris
was removed from the sheared chromatin by centrifugation at
21,000 × g at 4 °C for 30min. Protein G Dynabeads (Life Technologies)
was incubated with antibodies (Nr1h2 ChIP antibody (NB100-1464,
Novus Biologicals), FLAG ChIP antibody (F1804, Sigma-Aldrich),
H3K9me2 ChIP antibody (Abcam, ab1220), H3K9me3 ChIP antibody
(Abcam, ab8898) and H3K27Ac ChIP antibody (ab4729, Abcam)) for
3 h at room temperature and washed three times by PBS with 0.1%
TritonX-100. 5%of the sheared chromatin was separated as input while
the remaining was subject to overnight incubation with antibody-
bound Dynabeads. In total 7 washes were performed to remove

unspecific bindings, including three washes with 0.1% SDS lysis buffer,
one with 0.1% SDS lysis buffer/0.35M NaCl, one with 10mM Tris–Cl
(pH 8.0), 1mM EDTA, 0.5% NP40, 0.25 LiCl, 0.5% NaDOC, and two with
TE buffer (pH 8.0). Dynabeads were resuspended in elution buffer
(50mM Tris–HCl (pH 7.5), 10mM EDTA, 1% SDS) and incubated at
68 °C for 1 h with 1400 rpm shaking. Eluted samples were de-
crosslinked at 42 °C for 2 h and 67 °C for 6 h with Pronase (Sigma).
DNA purification was further performedwith QIAGEN PCR Purification
kit (for inputs) and theQIAGENMinELute PCR Purification kit (for ChIP
samples). Quantitative PCR with CXF384 Real-time System (Bio-Rad)
and Kapa SYBR Fast qPCR kit (Kapa Biosystems). For ChIP-seq library
preparation, ACCEL-NGS®2S Plus DNA library kit (IDT) and 2S™
Adapter Set A (IDT)was used aspermanufacturer’s instruction starting
with 5–10 ng DNA for both input and ChIP sample.

Sequential chromatin immunoprecipitation (Sequential ChIP)
Equimolar ratio of Protein A and Protein G Dynabeads (Invitrogen)
were combined in 50μl per sample. The beads were washed three
times with PBS with 0.1% Triton X-100 and then resuspended in 600μl
of Pre-Adsorption buffer (equal amounts of ChIP lysis buffer and ChIP
dilution buffer) (1% Triton X-100, 2mM EDTA, 20mM Tris–HCl,
150mM NaCl, 1X Protease inhibitor cocktail). BSA was added to the
resuspended beads for blocking non-specific binding at a final con-
centration of 200 μg/ml, followed by overnight incubation at 4 °C. The
beads were subsequently washed with ChIP dilution buffer. The first
antibody (FLAG) was added to 100μl of the bead mixture, which was
incubated at room temperature for 3 h. Sonicated E14 DNA (see
Chromatin Immunoprecipitation method) was pre-cleared with 100μl
of the beads for 3 h at 4 °C. After pre-clearing, 50μl of the chromatin
was isolated as input while the rest was added to the antibody-bound
beads for overnight incubation at 4 °C. For the first elution, the
chromatin-antibody-bound beads were washed three times with 0.1%
SDS lysis buffer, oncewith 0.1% SDS lysis buffer/0.35MNaCl, oncewith
10mM Tris–Cl (pH 8), 1mM EDTA, 0.5% NP40, 0.25 LiCl, 0.5% NaDOC,
and once with TE buffer (pH 8.0). The beads were collected by cen-
trifugation at 800× g for 1min, and were resuspended in 75μl of elu-
tion buffer (50mMTris–HCl (pH7.5), 10mMEDTA, 1% SDS) at 37 °C for
30min. The eluted DNA was separated from the beads by a brief
centrifugation at 1000 × g for 2min. 15μl of the eluted DNA was used
for validation of the first ChIP, whereas the remaining 60μl wasdiluted
by 20 times with ChIP dilution buffer to 1200μl total volume. The
second antibody (Kdm1a) was added to incubate with 100μl freshly
pre-adsorbed Protein A and GDynabeads at room temperature for 3 h.
To maintain a 1:19 Input:IP ratio, 63μl of the first eluted sample was
separated out. The remaining 12μl sample was added to incubate with
the antibody-bound beads overnight at 4 °C. DNA elution for the sec-
ond ChIP follows the same procedure as the first ChIP, which was then
incubated at 68 °C for 60min while shaking at 1400 rpm. Subse-
quently, the samples were de-crosslinked, purified and used for
ChIP qPCR.

SINE-B1 enhancer luciferase reporter assay
Genomic DNAwas extracted usingQIAGENDNeasy Blood &Tissue Kit.
Candidate B1-enhancers were amplified from genomic DNA by PCR
using KAPA HiFi HotStart ReadyMix (Roche). Using NEBuilder® HiFi
DNA Assembly (NEB), the PCR products were inserted into a modified
pGL3-basic plasmid, which contains SCP1 minimal promoter upstream
of the luciferase gene. 12 h before transfection, cellswere seeded into a
96 well-plate, at 7000 cells per well density. The cells were then co-
transfected with 150ng pGL3-B1-enhancer luciferase reporter plasmid,
1 ng pRL renilla luciferase plasmid (Promega), and 4.5 pmol siRNA
(Dharmacon) according to Lipofectamine 2000 (Invitrogen) user’s
protocol. Luciferase signal wasmeasured 48 h after transfection, using
Dual-Glo Luciferase Assay System kit (Promega) and GloMax Explorer
(Promega) plate reader.
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RNA extraction, cDNA synthesis and quantitative RT-PCR
RNA was extracted using the Monarch® Total RNAMiniprep Kit (New
England Biolabs, T2010S), followed by cDNA synthesis using iScript™
Reverse Transcription Supermix (Bio-Rad Laboratories, 1708841).
qPCR reactions were performed using SYBR Green qPCR Master Mix
on QuantStudio 5 Real-Time PCR System. Gene expression level was
quantified using the relative cycle threshold (Ct) method. Relative
expression levels were normalized to GAPDH. The primers used for
the qPCR analysis are listed in Supplementary DataSupplemen-
tary Data 7.

Blastoids scRNA-seq analysis
For 10X analyses, alignment and UMI counting were performed by
using Cellranger program with default parameters and mouse mm10
reference genome. Feature-barcode count matrix obtained from
Cellranger were used for the downstream analyses using Seurat115 in R.
For the quality control, cells whose number of expressed genes <500,
percentage ofmitochondrial genes >10were treated as abnormal ones
and filtered out. Genes expressed in less than three cells were
removed. UMAP was used to do the visualization with 20 dimensions
after dimension reduction using PCA. Differentially expressed genes in
each cluster or cell type were identified using FindAllMarkers. Genes
that were differentially expressed between samples were identified by
FindMarkers using Wilcoxon’s rank sum tests with a minimum upre-
gulation of 0.1 log-fold and a p-value of 0.01. DoHeatmap was used to
visualize the top markers for each lineage. To integrate single cell
datasets between blastoids and blastocysts, Seurat’s FindInte-
grationAnchors and IntegrateData functions were used. UMAP were
used for the dimensionality reduction. Transcriptome correlation was
calculated using the integrated gene expression values and average
expression values were calculated for each cell typein each sample.
Based on the average expression values of celltypes, PCA and hier-
archical clustering were performed between samples. The AddModu-
leScore functionwas used to calculate the average overexpression of a
set of gene signatures.

SCENIC analysis
Regulons were inferred using pySCENIC45,116 in Python. First, the gene
regulatory network for each sample was constructed using “grn”
function in pyscenic with the loom file produced from Seurat and
mouse transcription factor list. The regulons were then identified
using the “ctx” function. Lastly, the “aucell” function was used with
standard settings to compute the area under each curve, which
represents each regulon’s activity. To obtain a cell type-specific rank-
ing of regulons, regulon specificity scores were computed per regulon
and cell type. The correlation of the regulon activity is visualized using
pheatmap package in R.

RNA-seq analyses
For bulk RNA-seq analysis, reads were mapped to the mm9 gen-
ome using STAR117 with the default parameters. GTF annotation
file of genes (mm9) was downloaded from the UCSC genome
browser. Cufflinks (v2.2.1)118 were used for gene assembly and
gene quantification to generate fragments per kilobase per mil-
lion mapped reads (FPKM) table based on mapped bam files and
GTF annotation file. Count numbers of transcripts were computed
by Htseq119 software (v0.12.4). DESeq2120 was used to perform
differential gene analysis for samples with replicates. The cutoff
p-value was set as 0.05, and the cutoff fold change was set as 1.5.
EdgeR121 was used to perform differential gene analysis for sam-
ples without replicates. The cutoff p-value was set as 0.05. For
siNr1h2 embryo and prolonged cultured ESC/NrESC analysis,
RSEM122 was used for the quantification of count numbers of
transcripts. K-means gene clusters were identified by R function
pheatmap.

ATAC-Seq analysis
The sequencing reads weremapped to themousemm9 genome using
STAR with the following parameters: --alignIntronMax 1 --alignEnd-
sType EndToEnd. Peak calling was performed by MACS2123. The com-
mon ATAC-seq peaks for replicates were kept for further analysis.
ATAC-seq read counts for each sample were then calculated using
featureCounts124. The differential peaks were identified using DESeq2.
Significant differential ATAC-seq peaks were determined using cutoff
p-value < 0.05 and |log2FC| > 1. Replicates were merged into one sam-
ple, and Deeptools125 was used to create bigwig files, metaplots and
heatmaps.

Whole genome bisulfite sequencing (WGBS) data analysis
Raw paired-end reads were aligned to the mouse mm10 genome
reference with Bismark126/Bowtie2 mode with default parameters.
Duplicate reads were removed by the command deduplicate_bismark
fromBismark. Themethylation callswereextracted andbedGraphfiles
were produced by bismak_methylation_extractor. The differential
hypermethylated/hypomethylated CpGs were identified by
methylKit127 with parameters: minimum read coverage of 10,minimum
methylation difference of 20%, and q-value cutoff of 0.05. PCA based
on WGBS data was done by methylKit. The coordinates of genomic
features (promoters, exons, introns, CpG islands, and transposable
elements) were downloaded from the UCSC browser. GAT128 was used
to perform the nucleotide overlap between genomic features and
differentially hyper/hypomethylated bases and calculated the log2-
fold change and significance p-value by comparing with 10,000 ran-
dom samplings of background genome regions. The bar plot of the
enrichment result was plotted using R. The DNA methylation data of
preimplantation embryo cells were downloaded from the GEO data-
base (GSE56697)129.WGBSdata of PSC cultured in serumconditionwas
downloaded from the GEO database (GSE168728)23.

Mass spectrometry analysis
The averageMS/MScounts between replicates for proteins detected in
IP MS samples were calculated. And log2-fold change between Nr1h2-
FLAG and EGFP-FLAG was computed. The statistical significance was
assessed using t test. Protein-protein interaction (PPI) network of
Nr1h2 and its interacting proteins were constructed based on
STRINGdb130. The network was visualized using Cytoscape.

ChIP-seq data analysis
FastQCwasused to check the sequencequality. Readsweremapped to
the mm9 genome using STAR software with the parameters
‘–alignIntronMax 1 –alignEndsType EndToEnd’. MACS2 were used to
call H3K27ac peaks (q-value < 0.05) and Nr1h2 peaks (p-value < 0.01).
H3K27ac peaks from samples were merged with bedtools, and read
counts for each sample on merged peaks were then calculated using
featureCounts. The differential peaks were identified by EdgeR. Sig-
nificant differential H3K27ac peaks were determined using cutoff p-
value < 0.05 and |log2FC| > 1.5. Bigwig files were produced by Deep-
tools and visualized inWashUEpigenomeBrowser131.Motif enrichment
analysis was performed using Homer132 with function findMotifsGen-
ome.pl. The p-value of known motifs was used for the visualization.

The enrichment analysis of genomic features on differentially
upregulated/downregulatedNr1h2peakswas performedusing Fisher’s
exact test. The log2-odds ratio and significance p-value was shown in
the bar plot. The public ChIP-seq data of Kdm1a133 (GSE27841) used in
Fig. 6 and S6 was downloaded from GEO database. For the analysis of
Nr1h2-FLAG and EGFP-FLAG cells, significant differential H3K27ac
peaks were determined using cutoff p-value < 0.05 and |log2FC| > 1.
Genome-wide H3K9me3 peaks were first determined by MACS2 and
featureCounts followed by edgeR workflow similarly using cutoff p-
value < 0.05 and |log2FC| > 1. The overlapping peaks with Nr1h2 bound
sites were then selected using bedtools intersect function.
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Principle component analysis
PCAwasperformed onRNA-seq counts with at leastfivemapped reads
across at least 10% of samples. Batch effects were adjusted with the
ComBat function in the sva Bioconductor package (v.3.34.0). Facto-
MineR R package was used to perform PCA analysis. The cluster den-
drogram was plotted after hierarchical clustering was performed with
the hclust function.

Gene ontology analysis
Duplicate genes were removed from the gene list of interest and
entered into Metascape for gene ontology analysis134 (http://
metascape.org). Gene ontology terms were sorted according to
[-log(p-value)], and visualized in R using ggplot2.

Interaction networks
In order to obtain protein-protein interactions, the gene symbols were
entered into the STRING database135. From the interaction networks,
a.tsv file was created, and Cytoscape136 was used to visualize the
networks.

GSEA analysis
Gene set enrichment analysis (GSEA)137 was used to determine if gene
marker sets are significantly enriched in the transcriptome. Python
package gseapy138 was used to do the analysis with parameters: ‘gseapy
prerank -f pdf –max-size 100000 –r a.rnk -g b.gmt –o result’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq, scRNA-seq, ATAC-seq, ChIP-seq and WGBS data gener-
ated during this study were deposited into the Gene Expression
Omnibus database are available at GEO.: RNA-seq: GSE210788; Single-
cell RNA-seq: GSE210789 and GSE217826; ATAC-seq: GSE217825; ChIP-
seq: GSE217824; WGBS: GSE244019. The Co-IP mass spectrometry
dataset was deposited to the ProteomeXchange Consortium via the
PRIDE139 partner repository with the dataset identifier PXD057257.
Published E3.5 and E4.5 blastocyst single cell RNA-seq data is obtained
from GSE12304670 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE123046]. Raw datasets of early development stage single cell
RNA-seq are obtained from GSE136714140 [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE136714]. Early development stage bulk
RNA-seq datasets are downloaded fromGSE98150141 [https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE98150]. 2C-like cells RNA-seq
raw data is downloaded from GSE85627142 [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE85627]. Published EPS-blastoids and
blastocysts single cell RNA-seq data from GSE13570121 [https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135701]. Source data are
provided with this paper.
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