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SUMMARY
Embryonic diapause is a reproductive adaptation that enables some mammalian species to halt the other-
wise continuous pace of embryonic development. In this dormant state, the embryo exploits poorly under-
stood regulatory mechanisms to preserve its developmental potential for prolonged periods of time. Here,
using mouse embryos and single-cell RNA sequencing, we molecularly defined embryonic diapause at sin-
gle-cell resolution, revealing transcriptional dynamics while the embryo seemingly resides in a state of sus-
pended animation. Additionally, we found that the dormant pluripotent cells rely on integrin receptors to
sense their microenvironment and preserve their viability via Yap/Taz-mediated prosurvival signaling.
INTRODUCTION

The implantation of the blastocyst into the uterine wall is a key

step of the reproductive cycle that mediates the connection of

the mammalian embryo to the maternal tissues during the early

stages of pregnancy. Interestingly, in some species, this process

can be put on hold, diverting embryonic development into a

reversible state of dormancy, known as diapause. The dormant

embryo can reside in this state over extended periods of time,

without compromising its developmental potential. Although

the process of transient embryogenesis has been intensively

studied, the cellular and molecular mechanisms of embryonic

diapause are still obscure.

Embryonic diapause is typically initiated at the late blastocyst

stage, indicating that at this particular phase of development, the

embryo is in a competent state for commencing implantation or

dormancy. The process of implantation takes place in a restricted

period of time known as the implantation window, which is deter-

mined primarily by the effects of two hormones, ovarian estrogen

and progesterone. These hormones prepare the uterus to accom-

modate the mature blastocyst, synchronizing the timing of uterine

receptivity with the developmental progression of the embryo.1

In mice, in the case of post-delivery fertilization during lacta-

tion, the development of the newly formed embryo proceeds

normally until the blastocyst stage. Yet, the low level of estrogen

in the lactating mother hinders the establishment of a receptive

uterine environment; thus, the blastocyst is unable to initiate

implantation. Remarkably, instead of fading away, the embryo
1262 Cell Stem Cell 31, 1262–1279, September 5, 2024 ª 2024 The A
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‘‘pauses’’ its transient developmental program and enters into

a dormant state (facultative diapause). In this state, the mouse

embryo remains viable and conserves its developmental capac-

ity, whereas at any time, a surge of estrogen can swiftly establish

a receptive uterine environment, enabling developmental reacti-

vation and implantation.2

Diapause can also be experimentally induced in mice via sur-

gical removal of the ovaries (ovariectomy) or injection of anti-es-

trogenic compounds.3 Conversely, the exit of diapause and initi-

ation of implantation can be triggered by a single pulse of

externally supplied estrogen.4 This provides a simple, temporally

controlled experimental system to study embryo dormancy.

To decipher the cellular mechanisms of embryo dormancy,

here, we characterized the transcriptome of murine embryos

during entry, maintenance, and exit of diapause at single-cell

resolution, in parallel with the ‘‘normal’’ pre- to post-implantation

transition. Focusing on the pluripotent lineage, we uncovered

dynamic modulations of signaling pathways and activation of a

cryptic, diapause-specific transcriptional response. In particular,

we found that integrin/Yap signaling is required for preserving

the developmental capacity of the dormant embryo.

RESULTS

Single-cell atlas of peri-implantation embryogenesis
and embryo dormancy
At embryonic day 4.5 (E4.5), the mouse blastocyst consists of

three fully specified lineages, namely, the epiblast (Epi), primitive
uthors. Published by Elsevier Inc.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Cellular heterogeneity in the trophoblast lineage

(A) Overview of the sampled developmental time points.

(B) UMAP plot of the examined transcriptomes.

(legend continued on next page)
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endoderm (PrE), and trophectoderm (TE). In a receptive uterine

environment, the E4.5 embryo initiates implantation and by

E5.5 transforms into an early post-implantation conceptus (egg

cylinder). Alternatively, in a non-receptive uterine environment,

the embryo enters into a dormant state.

Our previous analysis using Wnt reporter mice revealed a

peak of Wnt activity at day 3 of diapause, corresponding to an

estimated day of gestation (EDG) 7.5. This was followed by a

decrease in reporter expression by EDG9.5. Within this time

frame, the Epi transformed from a simple ball of cells into an

epithelial rosette-like structure.5 To decipher the underlying tran-

scriptional dynamics, we sought to examine EDG7.5 and

EDG9.5 embryos using single-cell RNA sequencing (scRNA-

seq) alongside the transient E4.5 and E5.5 developmental stages

(Figure 1A).

To obtain a holistic view, we also included in the analysis

embryos that exit diapause. To define the time of developmental

reactivation, we induced diapause via ovariectomy and adminis-

tered a single dose of estrogen (17b-estradiol, E2). We collected

embryos after 18, 24, or 30 h and monitored the nascent RNA

synthesis via the incorporation of 5-ethynyl uridine (EU). We

found that at 30 h, both the TE and the inner cell mass (ICM) ex-

hibited an EU signal, which is indicative for the exit of the

dormant state (Figures S1A and S1B). Hereafter, we refer to

these embryos as reactivated.

We collected blastocysts at E4.5 (206 embryos), EDG7.5 (247

embryos), EDG9.5 (223 embryos), reactivated (191 embryos)

stages, and the egg cylinder stage (E5.5, 42 embryos) and

performed scRNA-seq analysis (Figures 1A and 1B). The E4.5

dataset has also been included in another study from our lab.6

Uniform manifold approximation and projection (UMAP) clus-

tering revealed three distinct groups of cells encompassing the

Epi, PrE, and TE lineages and their derivatives (Figures 1B and

S1C). Taking advantage of the relatively large number of cells

in the scRNA-seq datasets (Figure 1B), we first examined and

validated the emerging cellular heterogeneity during the blasto-

cyst to egg cylinder transition, and then we focused on the tran-

scriptional dynamics during embryo dormancy.

Cellular heterogeneity in the trophoblast lineage
Despite the different developmental timing, the E4.5, EDG7.5,

EDG9.5, and reactivated embryos are all essentially blastocysts

that consist of three cell lineages (Epi, PrE, and TE), and the de-
(C) UMAP plot of the TE cells.

(D) Marker genes of the TE subpopulations.

(E) Cdx1 expression at E4.5. Yellow arrowheads, polar TE; cyan arrowheads, mu

(F) Quantification of relative fluorescence intensity for Cdx1 in the TE nuclei. Data

mean ± SD, n = number of cells, two-tailed unpaired Student’s t test. Three inde

(G) Aqp3 expression at E4.5. Yellow arrowheads, polar TE; cyan arrowheads, th

(H) Quantification of relative fluorescence intensity for Aqp3 in the lateral membra

TE and presented as mean ± SD, n = number of cells, two-tailed unpaired Stude

(I) UMAP plot of the E5.5 trophoblast subpopulations.

(J) Marker gene expression in the E5.5 trophoblast.

(K) E5.5 embryo stained for Esrrb, Troma1, and DAPI.

(L) E5.5 embryo stained for Cdx2, Troma1, and DAPI.

(M) E5.5 embryo stained for Eomes, Tfap2c, and DAPI.

(N) Staining for tdTomato and Dll4 in E5.5 mT/mG embryo within the maternal tis

(O) Staining for tdTomato and Cdcp1 in E5.5 mT/mG embryo within the materna

Scale bars: 10 mm in (E), (G), (K), (L), and (M) and 50 mm in (N) and (O). See also
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rivatives of these tissues emerge after implantation (E5.5).

Accordingly, the TE cells of the E4.5, EDG7.5, EDG9.5, and reac-

tivated blastocysts clustered together apart from the post-im-

plantation trophoblast (Figure S1D).

Focusing first on the TE, we delineated three subpopulations

of cells corresponding to the polar TE and mural TE (mural

TE_1 and mural TE_2) (Figure 1C). These subpopulations con-

tained cells of the E4.5, EDG7.5, EDG9.5, and reactivated blas-

tocysts (Figure S1E). The polar TE exhibited elevated expression

of markers, such as Cdx1, Ccnd1, Mki67, Ly6a, Ddah1, and Elf5,

whereas the mural TE (mural TE_1 andmural TE_2) gradually up-

regulated genes such as Aqp3, Ndrg1, Klf5, Dppa1, Gata2, and

Slc2a3 (Figure 1D). The latter finding suggests that in compari-

son with mural TE_1, the mural TE_2 cells are more advanced

in their differentiation (Figure 1C). On the protein level, we

analyzed the expression pattern of Cdx1 and Aqp3 by immuno-

histochemistry, confirming their enrichment in the polar and

mural TE, respectively (Figures 1E–1H).

The TE has two major functions: to mediate the implantation

process and to give rise to the tissues of the placenta. This

bifurcation of the TE functions becomes apparent after E4.5

during transient embryogenesis or following reactivation and

implantation of the diapause embryo. The mural TE cells

give rise to trophoblast giant cells (TGCs) that invade the uter-

ine stroma, whereas the polar TE forms the extraembryonic

ectoderm (ExE), which consists of multipotent stem cell pro-

genitors of the placental tissues. Accordingly, the scRNA-

seq analysis of the post-implantation trophoblast delineated

the establishment of TGCs (TGCs_1 and TGCs_2), ExE, and

the ectoplacental cone (EPC), which originates from the ExE

(Figure 1I).

Marker gene analysis revealed the expression of trophoblast

stem cell (TSC) factors, such as Esrrb, Sox2, Cdx2, and Eomes

in the ExE, in line with previous reports.7,8 The TSC transcription

factors were downregulated in the EPC, which exhibited an

elevated expression of Tfap2c and Krt8 (Troma-1) (Figure 1J).

Accordingly, we observed a similar expression pattern of these

factors on the protein level in the ExE and EPC of E5.5 embryos

(Figures 1K–1M and S1F).

The TGCs, which mediate implantation, also expressed

Tfap2c and Krt8 and upregulated typical TGC markers, such

as Prl3d1, Hand1, and Plac1 (Figure 1J). In addition, we detected

the expression of endothelial genes, such as Pecam-1 and Dll4
ral TE.

were normalized to the average Cdx1 signal in the mural TE and presented as

pendent experiments.

e mural TE.

nes of TE at E4.5. Data were normalized to the average Aqp3 signal in the polar

nt’s t test. Two independent experiments.

sues. White arrowheads, TGCs.

l tissues. White arrowheads, TGCs.

Figure S1.
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(Figure 1J), as previously reported.9 Using whole-mount tissue

clearing and staining of red fluorescent E5.5 mT/mG embryos

within the maternal tissues, we confirmed the expression of

Dll4 and Cdcp1 in the invasive TGCs (Figures 1N and 1O, arrow-

heads). The enrichment of TGC-specific gene expression in the

TGCs_2 cluster, in comparison with TGCs_1, suggests that

these cells are developmentally more advanced and potentially

located at the invasive front (Figures 1I and 1J).

Cellular heterogeneity in the PrE lineage
Next, we examined the cellular heterogeneity in the second

extraembryonic lineage, the PrE. Similar to the pre-implantation

trophoblast, the PrE cells of the E4.5, EDG7.5, EDG9.5, and re-

activated blastocysts clustered together apart from the E5.5

cells (Figures 2A and S1G). During the implantation stages,

the PrE gives rise to two main major cell types, namely, the pa-

rietal endoderm (PaE), which migrates over the mural TE/TGC

compartment, and the visceral endoderm (VE), which sur-

rounds the emerging egg cylinder. Accordingly, in addition to

the PrE cluster of the blastocysts, we identified the PaE and

VE cell populations of the post-implantation conceptus. More-

over, we could also clearly delineate the subcompartments of

the VE, namely, the cells overlying the ExE (extraembryonic

VE [exVE]), overlying the Epi (embryonic VE [emVE]) and the

cells positioned at the distal tip (distal VE [DVE]) (Figures 2A,

2E, and S1I).

Marker gene analysis showed the expression of the master

transcription factors Sox17, Gata4, and Gata6 in the PrE

(Figures 2B–2D). In the VE at the egg cylinder stage, Sox17

expression was enriched in the exVE as previously shown,10

whereas Otx2 and Eomes were expressed predominantly in

the emVE, and Gata4 was expressed in both the exVE and

emVE. We validated this compartmentalized expression pattern

also on the protein level in E5.5 embryos (Figures 2B–2H and

S1H). In addition, the DVE cells, which are positioned within

the emVE, expressed the Nodal antagonist Cer1 (Figures 2B

and 2F), whereas the PaE cells downregulated the expression

of the cell adhesion molecule Cdh1 (E-cadherin) (Figure 2I), in

line with previous reports.6,11

Altogether, the analyses show that the PrE and TE lineages

maintain their cell identity during diapause, exhibiting no major

signs of differentiation. The latter is promptly initiated during

the blastocyst to egg cylinder transition, leading to the emerging

heterogeneity in the extraembryonic tissues.
Figure 2. Cellular heterogeneity in the PrE lineage and pluripotent stat

(A) UMAP plot of the PrE lineage cells (left) and subclustering (right).

(B) Marker gene expression in the PrE lineage.

(C) Schematic representation of blastocyst with PrE in orange.

(D) E4.5 embryo stained for Sox17, Nanog, and DAPI.

(E) Schematic representation of E5.5 mouse embryo with annotated DVE, emVE

(F) E5.5 embryo stained for Cer1, Otx2, and DAPI.

(G) E5.5 embryo stained for Eomes and DAPI.

(H) E5.5 embryo stained for Sox17, Tfap2c, and DAPI.

(I) E5.5 embryo stained for Cdh1, Sox17, and DAPI.

(J) UMAP plot of the Epi cells.

(K) Marker gene expression in the Epi.

(L) E4.5 embryo stained for Nanog, Oct4, Otx2, and DAPI.

(M) E5.5 embryo stained for Nanog, Oct4, Otx2, and DAPI.

Scale bars, 10 mm. See also Figure S1.
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Pre- to post-implantation transition in the Epi lineage
During the E4.5 to E5.5 transition, the naive pluripotent state is

dismantled and transforms into more developmentally advanced

(formative) pluripotency, which has been suggested to capaci-

tate the Epi for further somatic and germ cell lineage specifica-

tion.12 Accordingly, the scRNA-seq analysis showed the down-

regulation of an array of naive transcription factors, such as

Tbx3, Tfap2c, Esrrb, and Nanog, and the upregulation of post-

implantation markers, such as Lef1, Fgf5, Pou3f1, and Otx2, in

the Epi (Figures 2J and 2K).

To illustrate this transcriptional switch, we stained E4.5 and

E5.5 embryos for Nanog, Otx2, and Oct4. Although the core plu-

ripotency transcription factor Oct4 was expressed in the pre-

and post-implantation Epi, Nanog, and Otx2 exhibited mutually

exclusive expression patterns at the E4.5 and E5.5, respectively

(Figures 2L and 2M), as previously shown.13,14

The UMAP analysis also showed that the Epi cells of the E4.5,

EDG7.5, EDG9.5, and reactivated embryos clustered apart

from the post-implantation Epi (Figures 2J and 2K). Although

this indicates that the exit of naive pluripotency is halted in

the dormant embryo, in the following experiments, we aimed

to uncover potential ‘‘hidden’’ transcriptional changes during

diapause.

Transcriptional dynamics during entry, maintenance,
and exit of embryo dormancy
Based on the examined developmental stages, we delineated

three main phases of diapause progression, namely, entry (E4.5–

EDG7.5),maintenance (EDG7.5–EDG9.5), and exit (EDG9.5–reac-

tivated) of diapause (Figures 3A, S2A, and S2C). We performed

weighted gene co-expression network analysis (WGCNA)15 to

construct networksof genes that showsimilar expressionpatterns

across the three phases and to identify modules of co-expressed

genes. Notably, we found two major co-expression modules

showing up- or downregulation in the Epi (Figures 3A and 3B;

Table S1).

The extraembryonic lineages also exhibited overall similar

transcriptional dynamics. The majority of the active genes at

E4.5 were downregulated during diapause, followed by their

upregulation in the TE or PrE of the reactivated embryos. In

addition, smaller groups of genes were transcriptionally acti-

vated at EDG7.5 and EDG9.5 or at EDG9.5 and reactivated em-

bryos (Figures S2A–S2D; Table S1). This shows that both the

embryonic and the extraembryonic lineages exhibit specific
es transition in the Epi

, exVE, and PaE.
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transcriptional signatures associated with the entry, progres-

sion, and exit of diapause.

Gene Onotology (GO) enrichment analysis revealed that the

genes downregulated in the Epi during diapause were mainly

related to replication (‘‘single-stranded DNA binding’’ and

‘‘DNA replication’’), transcription, and splicing (‘‘TFIID-class

transcription factor complex binding’’ and ‘‘spliceosomal com-

plex’’), as well as translation and protein folding (‘‘translation fac-

tor activity, RNA binding,’’ ‘‘structural constituent of ribosome,’’

and ‘‘chaperone complex’’) (Figure 3C; Table S2). Interestingly,

in contrast to E4.5 and reactivated Epi cells, GO terms associ-

ated with protein degradation, such as ‘‘proteasome complex,’’

‘‘peptidase complex,’’ and ‘‘endopeptidase complex,’’ were also

downregulated at EDG7.5 and EDG9.5 (Figure 3C). Thus,

although protein synthesis is reduced during diapause, this sug-

gests that the opposite process of degradation might also be

diminished, which may prolong the time of protein turnover.

Similarly, the TE and PrE also showed GO terms associated

with reduced protein degradation at EDG7.5 and EDG9.5 (Fig-

ures S2E and S2F; Table S2). Interestingly, in contrast to the

Epi, where gene sets associated with ribosomal biogenesis

were downregulated during diapause, GO terms such as struc-

tural constituent of ribosome, ‘‘rRNA processing,’’ ‘‘rRNA bind-

ing,’’ ‘‘ribosomal small subunit biogenesis,’’ ‘‘ribosomal small

subunit assembly,’’ ‘‘polysome,’’ and ‘‘cytosolic ribosome’’

were enriched at EDG9.5 in the TE and PrE (Figures S2E and

S2F). This appears somewhat surprising because the blastocyst

becomes biosynthetically quiescent during embryo dormancy.

However, this response might not be required for the dormant

state per se, but it could be a prerequisite for an adequate reac-

tivation of the translational machinery during the exit of diapause.

Embryo dormancy is also associated with reduced energy

metabolism.16 It is worth mentioning that the total amount of

mitochondria in the embryo remains constant during the

zygote-to-blastocyst transition. Thus, the cleavage divisions

that generate smaller blastomeres also halve the number ofmito-

chondria per cell with each division.17 Moreover, in comparison

with the post-implantation embryo, the mitochondria in the pre-

implantation embryo are relatively immature, exhibiting low oxy-

gen consumption and reduced ATP production.18–20 Therefore,

the pre-implantation embryos are referred to as metabolically

quiet.21

Our scRNA-seq analysis revealed that GO terms associated

with mitochondrial energy production were underrepresented

at EDG7.5 and EDG9.5 compared with E4.5 and reactivated em-
Figure 3. Transcriptional dynamics in the Epi
(A) WGCNA identifies two modules of co-expressed genes in the Epi; x axis, d

each stage.

(B) Heatmap plot of 1,127 genes in the two co-expression modules in the Epi.

(C) GO enrichment analysis in the Epi. MF, molecular function; BP, biological pro

(D) Pluripotency marker gene expression.

(E) KEGG pathways, E4.5 vs. EDG9.5 Epi.

(F) KEGG pathways, EDG9.5 vs. reactivated Epi.

(G) Oct4 expression in the Epi.

(H) Oct4 expression at E4.5 and EDG9.5.

(I) Quantification of relative fluorescence intensity for Oct4 in the Epi nuclei at E4.5

stages. The Epi cells are positive for Oct4 and negative for Sox17. Data were norm

SD, n = number of cells, two-tailed unpaired Student’s t test.

Scale bars, 10 mm. See also Figure S2.
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bryos. These gene sets were associated with the ‘‘respiratory

chain complex’’ and ‘‘respiratory chain’’ (Epi, TE, and PrE),

‘‘cytochrome-c oxidase activity’’ and ‘‘cytochrome complex’’

(TE and PrE), ‘‘mitochondrial protein complex’’ (Epi and TE),

‘‘mitochondrial inner membrane’’ (TE), and ‘‘inner mitochondrial

membrane protein complex’’ (PrE) (Figures 3C, S2E, and S2F).

Moreover, GO terms related to purine nucleoside metabolic pro-

cesses and energy production were associated only with E4.5

and/or reactivated embryos (Figures 3C, S2E, and S2F).

Altogether, this indicates that following the relatively low oxy-

gen consumption and ATP production during the transient pre-

implantation embryogenesis, the metabolic rate further slows

down during diapause until the embryo exits this state of meta-

bolic quiescence upon reactivation.

Expression dynamics of the pluripotency transcription
factors
During embryo dormancy, the pluripotent cells remain undiffer-

entiated as the transition from naive to formative pluripotency

is halted. Historically, this was used experimentally to increase

the efficiency of embryonic stem cell (ESC) derivation.22,23

Accordingly, GO term analysis revealed the enrichment of

gene sets associated with ‘‘maintenance of cell number’’ and

‘‘stem cell populationmaintenance’’ at EDG7.5 and EDG9.5 (Fig-

ure 3C). Gene expression analysis also showed that overall, the

naive pluripotency transcription factors were not onlymaintained

during diapause but also generally exhibited higher transcript

levels compared with E4.5 and reactivated embryos (Figure 3D).

It has beenwell established that leukemia inhibitory factor (Lif)/

Gp130-mediated activation of the Jak/Stat3 pathway is critical

for ESC self-renewal.24,25 Although Gp130 function is dispens-

able for the pre- and early post-implantation embryogen-

esis,26,27 deletion of this receptor is detrimental to the mainte-

nance of the pluripotent lineage during late diapause.28

Accordingly, we found GO terms ‘‘response to Lif’’ and ‘‘cellular

response to Lif’’ enriched at EDG9.5 (Figure 3C). Moreover,

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis of E4.5 vs. EDG9.5 Epi cells also showed the enrichment

of Jak/Stat, as well as Wnt, Notch, and mitogen-activated pro-

tein kinase (MAPK) signaling during embryo dormancy (Fig-

ure 3E; Table S2). The MAPK cascade can be activated down-

stream of the Gp130 receptor and also as a response to Fgf

stimulation.29 Interestingly, we found Fgf4 upregulation in the

EDG7.5 and EDG9.5 Epi cells, which may supply this ligand to

the extraembryonic tissues in a paracrine manner (Figure 3D).
evelopmental stages; y axis, log2-transformed, normalized intensity ratios in

cess; CC, cellular component.

(two independent experiments) and EDG9.5 (three independent experiments)

alized to the averageOct4 signal in the EDG9.5 group and presented asmean ±



Figure 4. Integrin/Yap signaling during embryo dormancy

(A) Integrin beta subunits expression.

(B) E4.5 and EDG9.5 embryos stained for active Itgb1, laminin, and DAPI.

(C) E4.5 Itgb1 control and KO embryos stained for Oct4, Sox17, Yap, and DAPI.

(D) Epi cell number at E4.5. Three independent experiments.

(E) PrE cell number at E4.5. Three independent experiments.

(F) EDG7.5 Itgb1 control and KO embryos stained for Oct4, Sox17, Yap, and DAPI. Yellow arrowheads, Epi; white arrowheads, PrE.

(G) Epi cell number at EDG7.5. Five independent experiments.

(H) PrE cell number at EDG7.5. Five independent experiments.

(legend continued on next page)
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Although, in general, the pluripotency transcription factors ex-

hibited elevated transcript levels during diapause comparedwith

E4.5 and reactivated embryos, Oct4 (Pou5f1) expression in the

Epi was toned down (Figures 3D and 3G). We confirmed this

also on the protein level, comparing Oct4 expression in E4.5

vs. EDG9.5 embryos (Figures 3H and 3I). At first glance, this is

unexpected because Oct4 is a core pluripotency transcription

factor. However, it has been shown that ESCs with reduced

expression of Oct4 (heterozygous ESCs) exhibit a stabilized

pluripotent state. These cells show increased Oct4 binding at

pluripotency-associated enhancers, elevated Wnt expression,

enhanced sensitivity to Lif, reduced Fgf responsiveness, and

more homogeneous expression of pluripotency transcription

factors. Similar to the diapause embryo (Figure 3D), the Fgf4

and Stat3 transcripts were also elevated in Oct4 heterozygous

ESCs.30 Thus, the Oct4 reduction during diapause could be

the physiological manifestation of the more stable pluripotent

state of the Oct4 heterozygous ESCs in vitro.

Integrin signaling during embryo dormancy
We have previously shown that during the EDG7.5 to EDG9.5

period of embryo dormancy, the Epi undergoes epithelialization

forming a rosette-like structure. In accord with this morphoge-

netic transformation, the GO term analysis showed an enrich-

ment of gene sets associated with epithelial polarity (‘‘apical

part of cell’’ and ‘‘microvillus membrane’’), as well as integrin

signaling and extracellular matrix (ECM) interactions (‘‘integrin

binding,’’ ‘‘collagen-containing ECM,’’ and ‘‘cell-substrate adhe-

sion’’) (Figure 3C). Similarly, the KEGG pathway analysis also

indicated an enrichment of ‘‘ECM receptor interactions’’ in the

Epi of the diapause embryos (Figures 3E and 3F). Thus, we

sought to investigate the functional significance of integrin-

ECM signaling during embryo dormancy.

First, we examined the expression of integrins and found that

integrin beta-1 (Itgb1) was the predominantly expressed beta

subunit in the Epi and PrE lineages (Figures 4A and S3A–S3C).

We also confirmed the expression of Itgb1 in the ICM of E4.5

and EDG9.5 embryos on the protein level (Figure S3D). Because

integrin-ECM binding depends on the protein conformation of

the integrin receptors,31 we stained E4.5 and EDG9.5 embryos

using an antibody that recognizes the open conformation of

the Itgb1 extracellular domain (active Itgb1). To detect the

ECM, we co-stained for laminin, which is a key component of

the basement membrane (BM) in the embryo.32 At EDG9.5, we

found an increased signal of the active form of Itgb1 co-localizing

with laminin, indicating an ongoing engagement of this receptor

with the ECM (Figure 4B).

To examine the functional significance of Itgb1, we generated

Itgb1 knockout (KO) embryos via heterozygous intercrosses. We

found no obvious alterations in the morphology of the Itgb1 KO
(I) EDG5.5, EDG7.5, EDG9.5, and EDG11.5 embryos stained for Yap, Par6, and

(J) Schematic representation of the morula aggregation experiments.

(K) EDG7.5 embryos harboring donor cells stained for Venus, Sox2, and DAPI. S

(L) Epi cell number in EDG7.5 embryos harboring donor cells. Three independen

Itgb1 D/D Yap S112A group.

(D, E, G, and H) Data represent mean ± SD, n = number of embryos, two-tailed u

mean ± SD, n = number of embryos, one-way ANOVA with Tukey’s post hoc tes

Scale bars, 10 mm. See also Figures S3 and S4.
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blastocysts or changes in the cell number of the Epi and PrE at

E4.5 compared with control littermates (Figures 4C–4E and

S3E). However, after inducing diapause, we found that the loss

of Itgb1 was detrimental for the Epi and PrE lineages (Figures

4F–4H). Accordingly, already at the onset of diapause, Itgb1

KO embryos showed increased levels of cleaved caspase-3-

positive apoptotic cells in the ICM and scattered throughout

the cavity (Figure S3F). Altogether, this suggests that Itgb1 plays

a critical role in maintaining the ICM during embryo dormancy

(Figures 4F–4H).

Integrin receptors bind to the ECM, establishing focal adhe-

sions that transmit signaling cues, including mechanical force,

to the cells.33 It has been shown that Yap and Taz, which are

the central components of the Hippo pathway, can sense such

mechanical inputs, which induce cytoplasmic to nuclear translo-

cation of these factors.34 Therefore, we analyzed Yap localiza-

tion during the progression of embryo dormancy (EDG5.5 to

EDG11.5) and found that it accumulated in the nuclei of the Epi

and PrE cells (Figures 4I and S3G). Moreover, the few remaining

ICM cells in the dormant Itgb1 KO blastocysts failed to accumu-

late Yap in the nucleus (Figures 4F and S3H), indicating that this

is an Itgb1-dependent process.

We next askedwhether active Yap can compensate for the loss

of Itgb1 in the Epi during diapause. To test this, we used our pre-

viously characterized ESCs harboring Itgb1 floxed allele (Itgb1

fl/fl) and Cre-ERT2-IRES-Venus transgene mediating Itgb1

excision (Itgb1 D/D) in the presence of 4-hydroxytamoxifen

(4-OHT).35 In addition, we integrated a constitutively active form

of Yap in which serine 112 was converted to alanine (Yap

S112A).36 We aggregated morulae with these three cell lines

(Itgb1 fl/fl, Itgb1 D/D, or Itgb1 D/D Yap S112A) and generated

chimeric blastocysts comprising wild-type extraembryonic host

cells and Venus-positive Epi cells derived from the donor ESCs

(Figures S3I and S3J). The embryos were then transferred into

the uteri of foster mothers, where diapause was induced by ovari-

ectomy and subsequently isolated at EDG7.5 for analysis (Fig-

ure 4J). We found that chimeric embryos containing Itgb1 D/D

cells exhibited a substantially reduced number of Epi cells, which

was rescued by the expression of Yap-S112A (Figures 4K, 4L,

and S4A). Thus, in the following experiments, we aimed to further

investigate the potential role of Yap and Taz during embryo

dormancy.

Yap/Taz function in the ICM during embryonic diapause
First, we examined Yap and Taz transcript levels in the Epi and

PrE and found that Yap was the more predominantly expressed

paralog in the Epi cells, whereas in the PrE lineage, both factors

were expressed in a similar manner (Figures 5A and 5B).

Because a combined genetic ablation of Yap and Taz results in

a failure of TE specification and embryonic lethality at the morula
DAPI. Yap accumulation in the nuclei of the ICM is marked by arrowheads.

eparate channels are presented in Figure S4A.

t experiments for Itgb1 fl/fl or Itgb1 D/D and two independent experiments for

npaired Student’s t test, p value is presented on the figures; (L) data represent

t, p value is presented on the figures.
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stage,36 we analyzed the effects of individual Yap or Taz loss of

function during embryo dormancy.

It has been reported that Taz KO mice exhibit polycystic kid-

ney disease and pulmonary emphysema.37,38 We examined

Taz KO diapause embryos (EDG9.5 and EDG11.5) and found

no substantial changes in the organization and the cell number

of Epi and PrE lineages (Figures 5C–5H and S4B), suggesting

that Yap expression might compensate for the Taz loss of

function.

Yap deletion has been associated with defects in yolk sac

vasculogenesis, embryonic axis elongation, and chorioallantoic

attachment, resulting in developmental arrest at E8.5.39 We

analyzed the effects of Yap ablation during the transient blasto-

cyst to egg cylinder transition (E4.5–E5.5) and found that the Yap

KO embryos were indistinguishable from the wild-type and het-

erozygous littermates (Figures S4C and S4D).

Next, we examined the effects of Yap deletion in the ICM dur-

ing embryo dormancy. Marker gene expression analysis re-

vealed that the PrE lineage in the Yap KO embryos was properly

organized as a monolayer covering the pluripotent cells. More-

over, the number of PrE cells was similar to that of the control

embryos at EDG7.5, EDG9.5, and EDG11.5 (Figures 5I, 5K, 5L,

5N, 5O, and 5Q). Thus, the loss of Yap did not affect the organi-

zation and maintenance of the PrE cells during embryo

dormancy. Because both Yap and Taz exhibited similar expres-

sion levels (Figure 5B), this could govern the potential functional

redundancy of these factors in the PrE.

Similar to in the PrE, the deletion of Yap also did not affect the

organization of the Epi, which formed a polarized rosette-like

structure, indicating that the loss of Yap is not associated with

defects in the tissue-scale organization of the pluripotent lineage

(Figures S4E and S4F). However, in comparison with control em-
Figure 5. Yap/Taz function during embryo dormancy

(A) Yap and Taz expression in the Epi.

(B) Yap and Taz expression in the PrE.

(C) Taz control and KO EDG9.5 embryos stained for Sox2, Sox17, and Cdx2.

(D) Epi cell number in Taz control and KO at EDG9.5. Six independent experime

(E) PrE cell number in Taz control and KO at EDG9.5. Six independent experime

(F) Taz control and KO EDG11.5 embryos stained for Sox2, Sox17, and Cdx2.

(G) Epi cell number in Taz control and KO at EDG11.5. Four independent experim

(H) PrE cell number in Taz control and KO at EDG11.5. Four independent experim

(I) Yap control and KO EDG7.5 embryos stained for Yap, Oct4, Sox17, and DAP

(J) Epi cell number in Yap control and KO at EDG7.5. Four independent experim

(K) PrE cell number in Yap control and KO at EDG7.5. Four independent experim

(L) Yap control (+/+) and KO (D/D) EDG9.5 embryos stained for Yap, Oct4, Sox1

(M) Epi cell number in Yap control and KO at EDG9.5. Four independent experim

(N) PrE cell number in Yap control and KO at EDG9.5. Four independent experim

(O) Yap control and KO EDG11.5 embryos stained for Yap, Oct4, Sox17, and DA

(P) Epi cell number in Yap control and KO embryos at EDG11.5. Three independ

(Q) PrE cell number in Yap control and KO at EDG11.5. Three independent expe

(R) Percentage of Yap control and KO at EDG7.5 (four independent experiment

experiments) The number of embryos is indicated on the graph.

(S) Percentage of Yap control and KO after 48 h of E2 administration at EDG7.5

EDG11.5 (four independent experiments). The number of embryos is indicated o

(T) Yap control and KO embryos isolated after 48 h of E2 administration at EDG7

(U) Yap control and KO embryos isolated after 48 h of E2 administration at EDG9

(V) Epi cell number in Yap control and KO after 48 h of E2 administration at EDG

(W) Epi cell number in Yap control and KO after 48 h E2 administration at EDG9.

(D, E, G, H, J, K, M, N, P, Q, V, and W) Data represent mean ± SD, n = number

the figures.

Scale bars, 10 mm. See also Figure S4.
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bryos, Yap mutants exhibited a substantial decrease in the num-

ber of Epi cells (Figures 5I, 5J, 5L, 5M, 5O, and 5P). At the same

time, Yap KO embryos showed increased levels of cleaved cas-

pase-3-positive apoptotic cells (Figure S4G). Thus, although

dispensable for the transient (E4.5–E5.5) embryogenesis, Yap

is required for the maintenance of the pluripotent lineage during

embryo dormancy. Because Taz is also expressed in the Epi

(Figure 5A), albeit at a lower level, one can speculate that Taz

may partially compensate for the loss of Yap. Therefore, a puta-

tive deletion of both factors in the pluripotent cells may lead to

more pronounced effects in the dormant embryo.

The analysis of YapKOembryos showed that homozygousmu-

tants were still present during diapause (Figure 5R). Interestingly,

it has been reported that nuclear Yap is required for the re-entry of

quiescent cells into the cell cycle.40 Thus, we examined the local-

ization of Yap in implanted reactivated embryos and found an

enrichment of nuclear Yap (Figures 5T and 5U, controls).

To understand whether Yap is involved in the re-entry into a

proliferative phase, we administered E2 at EDG7.5, EDG9.5,

and EDG11.5 to induce the exit of embryo dormancy, and after

48 h, we analyzed the number and morphology of the implanted

embryos. We found that the number of implanted Yap KO em-

bryos gradually decreased as reactivationwas initiated frompro-

gressively deeper stages of embryo dormancy (Figure 5S). In

addition, the number of Epi cells in the implanted Yap KO em-

bryos was reduced compared with the controls (Figures 5T–

5W), potentially reflecting the lower starting cell number at

EDG7.5 and EDG9.5 (Figures 5J and 5M). Although Yap KO em-

bryos were still present at EDG11.5, we found no mutant em-

bryos following E2 administration (Figures 5R and 5S), indicating

that Yap KO embryos reached a putative ‘‘point of no return’’ for

efficient re-entry into transient embryogenesis.
nts.
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ent experiments.
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Altogether, these analyses show that Yap is required to

preserve the developmental capacity of the embryo during

diapause. The failure of developmental re-entry from a deep

state of dormancy could be a systemic defect because Yap is

ubiquitously expressed in all tissues. Results from the Epi lineage

show that Yap is required for the maintenance of the pluripotent

cells, and this function may be shared to some extent with Taz,

whichmay partially compensate for the Yap deficiency. Because

the combined Yap and Taz deletion results in an earlier develop-

mental defect, precluding analysis at the blastocyst stage and

beyond,36 in the final set of experiments, we examined Yap/

Taz loss of function in vitro in ESCs.

Yap/Taz function in ESCs
First, we analyzed the expression of Yap and Taz and found

transcripts of both paralogs in ESCs (Figure 6A). Moreover,

staining for Yap revealed nuclear accumulation in the pluripo-

tent cells (Figure S5A). To decipher the functional significance

of Yap and Taz, we established ESCs harboring conditional

(floxed) alleles of both factors (Yap fl/fl Taz fl/fl) and ESCs

harboring Yap floxed and Taz KO alleles (Yap fl/fl Taz D/D).

The latter were stably transfected with a Cre-ERT2 transgene

mediating Yap excision in the presence of 4-OHT. We

confirmed the deletion of Yap on mRNA and protein levels after

48 h of treatment with 4-OHT, resulting in the efficient conver-

sion of the Yap fl/fl Taz D/D into Yap D/D Taz D/D cells

(Figures 6B and 6C).

Next, we compared the morphology, cell cycle distribution,

apoptosis, and expression of pluripotency markers in Yap fl/fl

Taz fl/fl, Yap fl/fl Taz D/D, and the Yap D/D Taz D/D cells, which

were cultured in the presence of 4-OHT for 48 h to induce Yap

depletion. The double floxed and the Taz KO ESCs appeared

morphologically indistinguishable, forming typical dome-shaped

colonies. Similarly, the double KO ESCs also formed dome-

shaped colonies, showing no obvious signs of differentiation.

However, the colonies were smaller, and the cells appeared to

exhibit an ongoing process of cell death (Figure 6D).
Figure 6. Yap/Taz function in ESCs

(A) Yap and Taz expression in ESCs, based on Fan et al.5 Data represent mean

(B) qPCR of Yap and Taz expression relative to GAPDH.

(C) Western blot analysis of Yap and Taz levels at day 2 of culture.

(D) Brightfield images on day 2 of culture.

(E) Cell cycle distribution determined by EdU assay. Data represent mean ± SEM, o

n = three independent experiments.

(F) Annexin V assay at day 2 of culture.

(G) Principal component analysis (PCA) of the transcriptomes; n = three indepen

(H) Volcano plot of gene expression.

(I) Sox2 and Oct4 expression analysis.

(J) qPCR of Sox2, Oct4, and Nanog expression relative to GAPDH.

(K) Gene expression of Bik based on the RNA-seq analysis (left) and qPCR relati

(L) Control and ectopically expressing Bik Yap fl/fl Taz D/D ESCs at day 2, staine

(M) Control and ectopically expressing mutBik Yap fl/fl Taz D/D ESCs at day 2, s

(N) Annexin V assay of control and ectopically expressing Bik Yap fl/fl Taz D/D E

(O) Annexin V assay of control and ectopically expressing mutBik Yap fl/fl Taz D

(P) Control and ectopically expressing Bcl2 Yap D/D Taz D/D ESCs at day 2, sta

(Q) Annexin V assay of control and ectopically expressing Bcl2 Yap D/D Taz D/D

(B and J) Data represent mean ± SD, n = three independent experiments for each

test, n = three independent experiments for each figure, p value is presented on t

post hoc test, n = three independent experiments for each figure, p value is pres

Scale bars, 10 mm. See also Figures S5 and S6.
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To understand whether proliferation and/or apoptosis were

affected by the combined depletion of Yap and Taz, we analyzed

the cell cycle distribution and the level of apoptotic cells. The cell

cycle analysis revealed that the double KO ESCs did not exhibit

ablock inaparticularphaseof thecell cycleprogression.However,

compared with the double floxed and the Taz KO ESCs, the

Yap D/D Taz D/D cells showed a reduction in the S phase and

enrichment in the G2/M and slight enrichment in the G1 phases

(Figures 6E and S5B). Thus, Yap/Taz may contribute to the cell

cycle progression to the S phase, thereby promoting ESC

proliferation.

To examine the level of apoptosis, we performed an annexin V

assayandanalyzed the signal via flowcytometry.We foundnosig-

nificant difference in the proportion of apoptotic cells comparing

the double floxed vs. Taz KO ESCs. By contrast, there was a sub-

stantial increase in the annexin V-positive cells in the double KO

(Figures 6F and S5C), indicating that Yap/Taz play a critical role

in the survival and maintenance of the pluripotent cells.

Next, we performed RNA-seq analysis to get insight into the

transcriptional response to Yap/Taz depletion. Principal compo-

nent analysis (PCA) showed that the double floxed and Taz KO

cells clustered closely together in relation to the double KO cells

(Figure 6G). Accordingly, the number of deregulated genes in Taz

KO vs. double-floxed cells was substantially lower in comparison

with the Yap D/D Taz D/D vs. double-floxed ESCs (Figures 6H

and S5D; Table S3).

Focusing first on the pluripotency markers, we found no signif-

icant changes in the expression of the core (Oct4 and Sox2) and

the ancillary pluripotency transcription factors, such as Nanog,

Rex1, Klf4, Nr0b1, Tfcp2l1, Tbx3, and Prdm14, in Taz KO or dou-

ble KO cells in comparison with the double-floxed ESCs

(Figures 6H and S5D). We confirmed the expression of Oct4

and Sox2 on the protein level and verified the overall similar tran-

script levels of Oct4, Sox2, and Nanog using quantitative PCR

(qPCR) (Figures 6I and 6J).

Although the combined Yap/Taz deletion did not affect

the pluripotency network, among the significantly upregulated
± SD, n = three technical replicates.

ne-way ANOVAwith Tukey’s post hoc test, p value is presented on the figures,

dent RNA-seq datasets for each condition.

ve to GAPDH (right).

d for Venus, Sox2, Oct4, and DAPI.

tained for Venus, Sox2, Oct4, and DAPI.

SCs at day 2.

/D ESCs at day 2.

ined for Venus, Sox2, Oct4, and DAPI.

ESCs at day 2.

figure; (N, O, and Q) data represent mean ± SD, two-tailed unpaired Student’s t

he figures; (F and K) data represent mean ± SD, one-way ANOVA with Tukey’s

ented on the figures.
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genes, we found the Bcl-2-interacting killer (Bik) (Figures 6H and

6K; Table S3). Bik contains a Bcl-2 homology 3 (BH3) domain

and belongs to the BH3-only group of pro-apoptotic factors.

This factor triggers apoptosis through themitochondrial pathway

via the mobilization of Ca2+ from the endoplasmic reticulum and

through the remodeling of the mitochondrial cristae.41

Although the loss of Yap and Taz most likely leads to a sys-

temic failure of ESC survival, Bik could be one of the effectors

contributing to the apoptotic response. To get insight into the ef-

fects of Bik, we stably transfected Yap fl/fl Taz D/D and Yap fl/fl

Taz fl/fl ESCs with a Bik transgene followed by IRES-Venus

sequence altogether under the control of doxycycline (Dox)-

inducible Tet-ON promoter (Tet-ON-Bik-IRES-Venus). After

48 h of culture, the control ESCs (�Dox) and cells ectopically ex-

pressing Bik (+Dox) were analyzed for their annexin V signal. In

accord with the pro-apoptotic functions of Bik, we observed

elevated apoptosis in the Dox-treated Yap fl/fl Taz D/D and dou-

ble-floxed cells. Importantly, this did not affect the expression of

pluripotency factors (Figures 6L, 6N, and S6A–S6D), overall

resembling the phenotype of the double KO ESCs (Figure 6I).

A critical role in Bik’s pro-apoptotic function is played by the

BH3 domain, which enables interactions with other Bcl-2 family

proteins.41,42 Thus, as an additional control, we generated a Yap

fl/fl Taz D/D and Yap fl/fl Taz fl/fl ESC line that ectopically ex-

presses a Dox-inducible Bik transgene harboring a mutated

BH3 domain41 that disrupts protein binding (Tet-ON-mutBik-

IRES-Venus). Accordingly, we found no substantial difference

in the level of apoptosis in the control (�Dox) and Dox-treated

Yap fl/fl Taz D/D and Yap fl/fl Taz fl/fl ESCs after 48 h of culture

(Figures 6M, 6O, and S6E–S6H).

Finally, to understand whether countering the activation of the

mitochondrial apoptotic pathway can improve the viability of the

double KO cells, we ectopically expressed the anti-apoptotic

factor Bcl-2. We generated Yap fl/fl Taz fl/fl and Yap D/D Taz

D/D cells harboring a Dox-inducible Blc-2 transgene (Tet-ON-

Bcl2-IRES-Venus) and examined the effects of Bcl-2 expression

after 48 h of culture in the presence of Dox. In contrast to the con-

trol (�Dox) Yap D/D Taz D/D ESCs, which exhibited a high level

of apoptosis, the percentage of annexin V-positive cells was

substantially decreased only in the Dox-treated double KO

ESCs, indicating partial rescue of the phenotype (Figures 6P,

6Q, S6I, and S6J).

Altogether, these analyses show that the loss of Yap/Taz func-

tion does not affect the undifferentiated status of the ESCs, but

these factors play a pivotal role in the maintenance of the plurip-

otent cells by keeping the process of apoptosis at bay. During

diapause, our results indicate that the cell signaling and tran-

scriptional landscape define a dynamic state, sustaining the

pluripotent cells of the Epi. In these physiological conditions,

Itgb1-mediated activation of Yap safeguards cell viability and

governs the developmental potential of the dormant embryo to

re-enter transient embryogenesis.

DISCUSSION

The E4.5 blastocyst is competent for commencing implantation

or diapause, and the resolution to follow one of these routes is

determined as a physiological response to the maternal environ-

ment. In a receptive uterus, the blastocyst initiates implantation
to continue its transient embryogenesis, whereas in a non-

receptive environment, the embryo enters a reversible state of

dormancy. Because development arrests at the blastocyst

stage, the embryo morphologically appears in a state of sus-

pended animation. Concurrently, our scRNA-seq analysis re-

vealed underlying transcriptional dynamics associated with the

entry, progression, and exit of diapause.

The transcriptional analysis also showed that during diapause,

both the embryonic and the extraembryonic tissues halted their

differentiation programs, preserving their cell identity and stem

cell properties. This has been implemented as an experimental

approach to increase the efficiency of ESC derivation.22,23

Homogeneous ESC lines uniformly expressing pluripotency

makers, such as Nanog and Esrrb, can be established andmain-

tained in a medium supplemented with Mek and Gsk3 inhibitors

and Lif (2i/Lif). Interestingly, ESCs with reduced expression of

Oct4 (Oct4 +/D) exhibit a homogeneous expression of naive plu-

ripotency transcription factors in the absence of pharmacolog-

ical inhibitors. These cells upregulate the expression of Wnt li-

gands in an autocrine manner and show enhanced sensitivity

to Lif/Stat3 stimulation.30 Accordingly, it has been previously re-

ported that the canonical Wnt pathway activity upregulates Stat3

expression in ESCs.43

Interestingly, Oct4 expression was also reduced during

diapause, while at the same time, the pluripotency transcription

factor network was stabilized and generally upregulated. In line

with the increased Wnt expression in Oct4 +/D ESCs, we have

previously shown that the canonical Wnt signaling is activated

during diapause in an autocrine manner.5 This pathwaymay pro-

mote Lif responsiveness, acting synergistically with the Gp130/

Stat3 signaling. Accordingly, on a transcriptional level, our data

showed an upregulation of Stat3 expression, whereas on the

protein level, a substantial increase of Stat3 phosphorylation

during diapause has been recently reported.44 Thus, the path-

ways modulated in vitro in 2i/Lif culture conditions may reflect,

to some extent, the signaling activity in the dormant Epi.

Essentially, although both Wnt/b-catenin and Gp130 are

dispensable for transient blastocyst development, their function

is critical for maintaining the pluripotent lineage during embryo

dormancy.5,28 In addition, we also observed increased expres-

sion of Fgf4 in the Epi similar to the Oct4 +/D ESCs in vitro.

Because Fgf4 signaling has been shown to contribute to tropho-

blast and PrE survival,45,46 it is possible that the Fgf4 ligands pro-

duced by the pluripotent lineage may act in a paracrine manner

in the extraembryonic tissues. Altogether, this indicates that the

Oct4 reduction during diapause could be the physiological coun-

terpart of the more stable pluripotent state observed in the Oct4

heterozygous ESCs.

The extraembryonic tissues may also provide cues supporting

Epi homeostasis during diapause, thereby acting as a niche for

the pluripotent cells. Our analyses indicate that a key component

of this microenvironment is the ECM, which surrounds the Epi.

We found that Itgb1 is themajor receptor that mediates the inter-

actions between the ECM and the Epi or PrE lineages, and dele-

tion of Itgb1 resulted in a near-complete loss of the pluripotent

cells and substantial reduction of the PrE. At the same time,

Itgb1 deletion in the TE might be compensated by other mem-

bers of the integrin family, as we have previously shown that

the trophoblast co-expresses Itgb1, Itgb3, and Itgb5.8
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The integrin receptors can read the rigidity and topology of the

ECM and transmit the mechanical cues affecting actomyosin

contractility and intracellular tension. The actin cytoskeleton in-

tegrates and converts these physical signals into a dynamic

modulation of the Yap/Taz activity.34 We have also previously

shown that Itgb1-ECM interactions are required for the estab-

lishment of epithelial polarity in the pluripotent lineage.35 In the

context of pre-implantation embryogenesis, the formation of

an apical domain in the TE leads to the inactivation of the Hippo

pathway and nuclear translocation of Yap/Taz.36 Similarly, the

establishment of a polarized Epi rosette may also contribute to

Yap/Taz activation, promoting cell survival during embryo

dormancy. Thus, multiple positive feedback mechanisms may

reinforce Yap/Taz activation in the ICM, contributing to the

gradual nuclear accumulation of these factors during embryo

dormancy.

Deletion of Yapdid not affect the normal E4.5 to E5.5 transition,

whereas the dormant Yap KO embryos exhibited a substantial

decrease in the number of Epi cells. This phenotype was less se-

vere than upon the deletion of Itgb1, potentially due to the

compensatory role of Taz. Accordingly, the combined ablation

of both paralogs in ESCs resulted in a strong apoptotic response,

indicating an essential role of Yap/Taz in the survival and self-

renewal of the pluripotent cells. It has been shown that in the

context of neoplasia, Yap/Taz activity also suppresses apoptosis

and promotes tumor survival, which contributes to the chemore-

sistance of cancer stem cells.47 Moreover, Yap suppresses

apoptosis in cancer cells that enter a senescence-like dormant

state.48 Thus, similar to the epithelial-to-mesenchymal transition

(EMT), which is a process observed in both development and

cancer, one can speculate that cell dormancy may have physio-

logical (embryonic diapause) and pathological (dormant cancer

cells) manifestations with some shared basic principles.

Altogether, our study elucidates the dynamic transcriptional

landscape and reveals the critical role of integrin/Yap signaling

during embryo dormancy. This work can serve as a foundation

to uncover other concealed regulatory mechanisms in the em-

bryo and delineate parallels between embryonic diapause and

the dormant state of particular cell types in the body.
Limitations of the study
ThescRNA-seqanalysis revealed transcriptional dynamicsasso-

ciated with the entry, progression, and exit of diapause. The ma-

jority of the active genes were downregulated during embryo

dormancy, whereas other sets of genes were upregulated. The

mechanisms governing this response require further investiga-

tion using complementary methods with single-cell resolution.

The main limitation in such analyses is the collection of sufficient

numbers of embryos under physiological conditions of dormancy

and reactivation, particularly mutant embryos that arise following

the Mendelian ratio. In addition, how Oct4 levels are fine-tuned

during diapause, the role of other signaling cascades and factors

in parallel to integrin-Yap/Taz, and the overarching impact of the

uterine environment remain to be elucidated.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Cdx1 Novus Biologicals Cat# NBP1-49538, RRID: AB_10011593

Rabbit polyclonal anti-Aqp3 Novus Biologicals Cat# NBP2-33872, RRID: AB_2940888

Mouse monoclonal anti-Esrrb R&D systems Cat# PPH6705-00, RRID: AB_2100412

Mouse monoclonal anti-AP-2 gamma (6E4/4) Santa Cruz Cat# sc-12762, RRID: AB_667770

Rabbit polyclonal anti-Eomes Abcam Cat# ab23345, RRID: AB_778267

Mouse monoclonal anti-Cdx2 Biogenex Cat# MU392A-5UC, RRID: AB_2923402

Rabbit monoclonal anti-Sox2 (D9B8N) Cell signalling Cat# 23064, RRID: AB_2714146

Rat monoclonal anti-Cer1 R&D systems Cat# MAB1986, RRID: AB_2275974

Goat polyclonal anti-Otx2 R&D systems Cat# AF1979, RRID: AB_2157172

Goat polyclonal anti-Sox17 R&D systems Cat# AF1924, RRID: AB_355060

Mouse monoclonal anti-Ecadherin, Alexa 647 conjugated BD Biosciences Cat# 560062, RRID: AB_1645407

Rabbit polyclonal anti-Gata4 Santa Cruz Cat# sc-9053, RRID: AB_2247396

Rabbit polyclonal anti-Nanog Abcam Cat# ab80892, RRID: AB_2150114

Mouse monoclonal anti-Oct4A (D6C8T) Cell signalling Cat# 83932, RRID: AB_2721046

Rabbit monoclonal anti-Yap (D8H1X) Cell signalling Cat# 14074, RRID: AB_2650491

Rabbit monoclonal anti-Taz (E8E9G) Cell signalling Cat# 83669, RRID: AB_2800026

Goat polyclonal anti-GFP R&D systems Cat# AF4240, RRID: AB_884445

Rabbit polyclonal anti-RFP Biomol Cat# 600-401-379, RRID: AB_2209751

Mouse monoclonal anti- PARD6B (B-10) Santa Cruz Cat# sc-166405, RRID: AB_2267890

Rabbit monoclonal anti-Histone H3 (D1H2) Cell Signaling Cat# 4499, RRID: AB_10544537

Rabbit monoclonal anti-GAPDH (D16H11) Cell Signaling Cat# 5174, RRID: AB_10622025

Mouse polyclonal anti-Cdcp1 R&D systems Cat# AF4515-SP, RRID: AB_2078800

Mouse polyclonal anti-Dll4 R&D systems Cat# AF1389, RRID: AB_354770

Hamster monoclonal anti-CD29-FITC BD Biosciences Cat# 561796, RRID: AB_10894590

Rat monoclonal anti-9EG7 (active beta1 integrin) Home-made (kind gift from

Prof. Dietmar Vestweber)

N/A

Rat anti-Troma1 Home-made (kind gift from

Prof. Rolf Kemler)

N/A

Rabbit polyclonal anti-Laminin Atlas Antibodies Cat# L9393, RRID: AB_477163

Rabbit monoclonal anti Cleaved Caspase-3 (5A1E) Cell Signaling Cat# 9664S, RRID: AB_2070042

Alexa Flour 594 Donkey Anti-Rabbit IgG (H+L) Thermo Fisher Scientific Cat# A-21207, RRID: AB_141637

Alexa Flour 647 Donkey Anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat# A-31571, RRID: AB_162542

Alexa Flour 488 Goat Anti-Rat IgG (H+L) Thermo Fisher Scientific Cat# A-21208, RRID: AB_2535794

Alexa Flour 647 Donkey Anti-Goat IgG (H+L) Thermo Fisher Scientific Cat# A-21447, RRID: AB_2535864

Alexa Flour 488 Donkey Anti-Goat IgG (H+L) Thermo Fisher Scientific Cat# A-11055, RRID: AB_2534102

Alexa Flour 488 Donkey Anti-Mouse IgG (H+L) Thermo Fisher Scientific Cat# A-21202, RRID: AB_141607

Chemicals, peptides, and recombinant proteins

DAPI Carl Roth Cat# 6335.1

Fetal Bovine Serum Biochrome Cat# S0615

DMEM high glucose Sigma-Aldrich Cat# D5671

DMEM/F12 Thermo Fisher Scientific Cat# 21331046

Neurobasal medium Thermo Fisher Scientific Cat# 21103049

L-Glutamine Sigma-Aldrich Cat# G7513

Sodium pyruvate Sigma-Aldrich Cat# S8636
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REAGENT or RESOURCE SOURCE IDENTIFIER

Non-essential amino acids Sigma-Aldrich Cat# M7145

Penicillin-streptomycin Sigma-Aldrich Cat# P4333

N2 Thermo Fisher Scientific Cat# 17502048

B27 without vitamin A Thermo Fisher Scientific Cat# 12587001

Trypsin-EDTA (0.25%) Sigma-Aldrich Cat# 25200056

2-mercaptoethanol Sigma-Aldrich Cat# M7522

Formaldehyde (w/v), methanol-free 16% Thermo Fisher Cat# 28908

Triton X-100 Sigma-Aldrich Cat# T9284

PBS without Ca/Mg Sigma-Aldrich Cat# D8537

iTag SYBR green supermix Bio-Rad Cat# 1725120

GoTaq green master mix Promega Cat# M7123

Precision Plus Protein Kaleidoscope protein standard Bio-Rad Cat# 161-0375

PD0325901 Cayman Chemical Cat# 13034

CHIR99021 Tocris Cat# 4423

human Lif homemade A kind gift from Prof.

Hans R. Schöler, Max

Planck Institute for

Molecular Biomedicine,

M€unster, Germany

Lipophectamine 2000 Thermo Fisher Scientific Cat# 11668027

Doxycyclin Sigma-Aldrich Cat# D9891

4-hydroxytamoxifen (4-OHT) Sigma-Aldrich Cat# H7904

Neomycin Sigma-Aldrich Cat# G8168

Gelatin solution Sigma-Aldrich Cat# 1393

ECL Western Blotting Detection Reagent GE Healthcare Cat# RPN2109

ECL Prime Western Blotting Detection Reagent GE Healthcare Cat# RPN2232

PVDF membrane Millipore Cat# IPVH00010

Mineral oil, embryo-tested Sigma-Aldrich Cat# M5310

PMSF Sigma-Aldrich Cat# P7626

Donkey serum VMR Cat# S2170

PMSG Ceva N/A

HCG Ceva N/A

Depo Clinovir Pfizer N/A

b-estradiol Sigma-Aldrich E8875

M2 medium Sigma-Aldrich Cat# M7167

KSOM Millipore Cat# MR-020P-5F

Tamoxifen Sigma-Aldrich Cat# T5648

DMSO Carl Roth Cat# A994.1

Tween 20 Sigma-Aldrich Cat# P7949

Corn oil Sigma-Aldrich Cat# C8267

Tyrode’s solution, Acidic Sigma-Aldrich Cat# T1788

TrypLE Express Enzyme Thermo Fisher Scientific Cat# 12604013

Methanol anhydrous 99.8% Sigma-Aldrich Cat# 322415-100ML

Benzyl Alcohol Sigma-Aldrich Cat# 24122-2.5L-M

Benzyl Benzoate 99+% Thermo Fisher Scientific Cat# 105860010

Heparin sodium salt Sigma-Aldrich Cat# 3149

Glycine Sigma-Aldrich Cat# G7126

Sodium deoxycholate Sigma-Aldrich Cat# 30970

Critical commercial assays

In-Fusion HD cloning kit Clontech Cat# 638909

m-Slide 8 Well Ibidi Cat# 80826

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNeasy Mini Kit Qiagen Cat# 74106

BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23227

Click-iT RNA Alexa Fluor 488 HCS Assay kit Thermo Fisher Scientific Cat# C10327

Annexin V, Alexa Fluor 568 conjugate Thermo Fisher Scientific Cat# A13202

Click-iT Plus EdU Alexa Fluor 647 Flow

Cytometry Assay Kit

Thermo Fisher Scientific Cat# C10634

NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs Cat# E7490

NEBNext Ultr II Directional RNA Library Prep

with Sample Purification Beads

New England Biolabs Cat# E7765

NEBNext Multiplex Oligos for Illumina (96 Unique

dual index primer pairs)

New England Biolabs Cat# E6440

BD Rhapsody WTA Reagent Kit BD Biosciences Cat# 633801

BD Rhapsody Cartridge Kit BD Biosciences Cat# 633733

BD Rhapsody cDNA Kit BD Biosciences Cat# 633773

BD Rhapsody Cartridge Reagent Kit BD Biosciences Cat# 633731

NextSeq 500/550 High Output Kit v2.5 (75 Cycles) Illumina Cat# 20024906

NextSeq 500/550 High Output Kit v2.5 (150 cycles) Illumina Cat# 20024907

NextSeq 500/550 Mid Output Kit (150cycles) Illumina Cat# 20024904

Deposited data

bulk RNA-sequencing data This paper GEO: GSE241461

scRNA-seq of EDG7.5, EDG9.5, Reactivated

and E5.5 embryos

This paper GEO: GSE241462

E4.5 scRNA-seq dataset Sathyanarayanan et al.6 GEO: GSE159883

Experimental models: Cell lines

Mouse: ESC_ Yap fl/fl Taz fl/fl This paper N/A

Mouse: ESC_ Yap fl/fl Taz fl/fl Tet-ON-Bik-IRES-Venus This paper N/A

Mouse: ESC_ Yap fl/fl Taz fl/fl Tet-ON-mutBik-IRES-Venus This paper N/A

Mouse: ESC_ Yap fl/fl Taz fl/fl Tet-ON-Bcl2-IRES-Venus This paper N/A

Mouse: ESC_ Yap fl/fl Taz D/D CreERT2 This paper N/A

Mouse: ESC_ Yap fl/fl Taz D/D CreERT2

Tet-ON-Bik-IRES-Venus

This paper N/A

Mouse: ESC_ Yap fl/fl Taz D/D CreERT2

Tet-ON-mutBik-IRES-Venus

This paper N/A

Mouse: ESC_ Yap fl/fl Taz D/D CreERT2

Tet-ON-Bcl2-IRES-Venus

This paper N/A

Mouse: ESC_ Itgb1 fl/fl CreERT2 Kim et al.35 N/A

Mouse: ESC_ Itgb1 fl/fl CreERT2 CAG-HA-IRES-Venus This paper N/A

Mouse: ESC_ Itgb1 fl/fl CreERT2

CAG-Yap-S112A-IRES-Venus

This paper N/A

Experimental models: Organisms/strains

Mouse: WT C57BL/6 Bred in house N/A

Mouse: WT CD1 Bred in house N/A

Mouse: WT B6C3F1 Bred in house N/A

Mouse: Zp3-Cre de Vries et al.49 JAX:003651, C57BL/

6-Tg(Zp3-Cre)93Knw/J

Mouse: mT/mG Muzumdar et al.50 JAX:007576,

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

Mouse: Yapfl/fl/Tazfl/fl Reginensi et al.51 JAX:030532, C57BL/6-Wwtr1tm1Hmc

Yap1tm1Hmc/WranJ

Mouse: Itgb1fl/fl Raghavan et al.52 JAX:004605, B6;129-Itgb1tm1Efu/J

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

see Table S4 N/A

Recombinant DNA

PyCAG-PBase Wang et al.53 N/A

pPB-CAG-rtTAM2-IN Adachi et al.54 N/A

pPB-CAG-CreERT2-IRES-Neo Adachi et al.54 N/A

pPB-hCMV1-Bik-IRES-Venus This paper N/A

pPB-hCMV1-mutBik-IRES-Venus This paper N/A

pPB-hCMV1-Bcl2-IRES-Venus This paper N/A

pPB-CAG-HA-IRES-Venus This paper N/A

pPB-CAG-mYap mut aa112 S to A-IRES-Venus This paper N/A

pRA1473-CTV-YAP1mut (aa112 S to A) Sivaraj et al.55 N/A

pEGFP-Bik Kagawa et al.56 Addgene # 10952

Venus-Bik-4E-pEGFP-C1 Osterlund et al.42 Addgene # 166744

tetO-Bcl2-IRES-tdtomato (TET005) Wu et al.57 Addgene # 117857

Software and algorithms

Snap Gene GSL Biotech RRID: SCR_015052

Graphpad Prism GraphPad RRID: SCR_002798

Fiji Schindelin et al.58 RRID: SCR_002285

FlowJo FlowJo RRID: SCR_008520

Seurat Stuart et al.59 RRID:SCR_016341

DESeq2 Liao et al.60 RRID:SCR_015687

UMI-tools Smith et al.61 RRID:SCR_017048

STAR Dobin et al.62 RRID:SCR_004463

Subread Liao et al.63 RRID:SCR_009803

WGCNA Langfelder and Horvath15 RRID:SCR_003302

TopHat2 Kim et al.64 RRID:SCR_013035

HTSeq-count Putri et al.65 RRID:SCR_011867
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ivan Bed-

zhov (ivan.bedzhov@mpi-muenster.mpg.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Single-cell and bulk RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Acces-

sion numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Animal experiments and husbandry were performed according to the German Animal Welfare guidelines and approved by the Land-

esamt f€ur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (State Agency for Nature, Environment and Consumer Protec-

tion of North Rhine-Westphalia). The mice used in this study were at age from 6 weeks to 5 months. The animals were maintained

under a 14-hour light/10-hour dark cycle with free access to food and water. Male mice were kept individually, whereas the female
Cell Stem Cell 31, 1262–1279.e1–e8, September 5, 2024 e4
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mice were housed in groups of up to four per cage. Embryos for experiments were obtained from wild-type and transgenic strains

from matings using females with natural ovulation cycles or after superovulation. Red fluorescent mT/mG embryos were used for

whole-mount tissue clearing and staining experiments at E5.5.50 Heterozygous mouse lines were generated from Itgb1fl/fl 52 and

Yapfl/fl/Tazfl/fl 51 conditional knockout strains by crossings with Zp3-Cre49 mice. F1 generation of female mice with genotypes:

Itgb1fl/+ Zp3-Cre or Yapfl/+/Tazfl/+ Zp3-Cre were crossed with C57Bl/6 males to generate Itgb1+/�, Yap+/-/Taz+/+ or Yap+/+/Taz+/-

strains. Knockout embryos for experiments were derived from heterozygous intercrosses and compared to wild-type and heterozy-

gous littermates.

Cell lines
The ESC lines were maintained in DMEMmedium supplemented with 15% FBS, 2 mM l-glutamine, 1 mM sodium pyruvate, 0.1 mM

non-essential amino acids, 50 U/ml penicillin-streptomycin, 0.1 mM 2-mercaptoethanol, 0.4 mM PD0325901 (Cayman Chemical,

13034), 3 mM CHIR99021 (Tocris, 4423) and 4 ng/ml Lif (prepared in house), on plastic dishes coated with 0.2% gelatin. The cells

were grown at 37�C, 5% CO2 atmosphere in air, and passaged using 0.05% trypsin-EDTA. The ESCs were cultured in serum-free

N2B27 medium (DMEM/F12 and Neurobasal medium mixed at a ratio of 1:1, 0.5% (v/v) N2, 0.5% (v/v) B27 without vitamin A,

2 mM L-glutamine, 50 U/ml penicillin-streptomycin, and 0.05 mM 2-mercaptoethanol) supplemented with 2i / Lif and then used

for bulk RNA -seq. Yap/Taz double floxed ES cells were derived from Yap/Taz double floxed mouse strain.51 Briefly, E3.5 embryos

were plated into individual wells of a 96-well plate containing inactivated mouse embryonic fibroblasts (MEFs) and cultured in ESC

medium. After 4 days, the blastocyst outgrowths were trypsinised, transferred into fresh wells and the emerging colonies were further

expanded. Cell lines stably expressing transgenes were generated using the PiggyBac (PB) transposon system.53 The transposase

encoding plasmid (pIB1-PyCAG-PBase53) and PB transposon vector containing Cre-ERT2 (pIB58-PB-CAG-CreERT2-IRES-Neo54)

were co-transfected in Yap/Taz double floxed ESCs. After 24 h, G418 (300 mg/ml) was added to the culture medium for 5 days to

select stably transfected clones, which were then analysed by PCR and Western blot. Cre/loxP recombination was induced using

500 nM 4-OHT. The stable cell lines for inducible (Tet-ON) transgene expression were also generated using the PB transposon sys-

tem. The transgenes were cloned into pIB12-PB-hCMV1-cHA-IRES-Venus plasmid that contains tetracycline response elements

and co-transfected with transposase encoding plasmid (pIB1-PyCAG-PBase) and tetracycline-controlled transactivator (pIB11-

PB-CAG-rtTAM2-IRES-Neo) plasmids using Lipophectamine 2000 (Invitrogen, 11668027) based on the manufacturer’s instructions,

followed by selection with G418 (300 mg/ml). Tet-ON transgene expression was induced using 1 mg/ml of Dox. Stable cell lines for

constitutive transgene expression were also generated using the PB transposon system. The transgenes were cloned into PB trans-

poson vector (pIB235-PB-CAG-IRES-Venus) and co-transfected with a transposase-encoding plasmid (pIB1-PyCAG-PBase) in

Itgb1 floxed CreERT2 ESCs using Lipophectamine 2000. After 24 h of transfection, G418 (300 mg/ml) was included in the culture

medium for 7 days, and then the cells were sorted for Venus expression by flow cytometry.

METHOD DETAILS

Morula aggregation and embryo transfer
E2.5 embryos were collected from the oviducts of superovulated B6C3F1 female mice by flushing with M2 medium. The Zona pel-

lucidawas removed by treatment with acidic Tyrode’s solution (Sigma-Aldrich). Each zona-free embryowas aggregatedwith ESCs in

a depression well and cultured overnight in a droplet of KSOMmedium under mineral oil at 37�C in 5%CO2. On the next morning, the

embryos were washed several times and collected in M2 medium for embryo transfer.

Embryoswere transferred into the uteri of pseudopregnant CD1 females that had been previouslymatedwith vasectomisedmales.

At the same time, the ovaries of the recipient females were removed to induce diapause. Starting the next morning, 3 mg of medrox-

yprogesterone 17-acetate was injected daily to maintain pregnancy. Embryos were collected at EDG7.5 for analysis.

Induction of entry to and exit of diapause
Surgical diapause was induced via ovariectomy of female mice on the morning of day 3.5 days post coitum (d.p.c). The pregnancy

during diapause was maintained by a daily injection of 3 mg medroxyprogesterone 17-acetate (Depo-Clinovir). Non-surgical

diapause was induced via injection of 10 mg tamoxifen (intraperitoneally) and 3 mg medroxyprogesterone 17-acetate (subcutane-

ously) at 1.5 and 2.5 d.p.c., followed by a daily injection of 3 mg medroxyprogesterone 17-acetate to maintain pregnancy. Dormant

blastocysts were collected by uterine flushing with M2 medium at EDG5.5, EDG7.5, EDG9.5 or EDG11.5, respectively. The embryos

were immediately processed for sequencing (EDG7.5, EDG9.5) or fixed and used for fluorescent staining. To induce the exit of

diapause, ovariectomised pregnant mice were injected with 25 ng E2 and sacrificed at indicated time points.

Plasmids
All plasmids were generated using the In-Fusion HDCloning Plus kit (Takara) based on themanufacturer’s instructions. pPB-hCMV1-

Bik-IRES-Venus, pPB-hCMV1-mutBik-IRES-Venus and pPB-hCMV1-Bcl2-IRES-Venus were generated by inserting the Bik, mutBik

or Bcl2, respectively, from the pEGFP-Bik56 (Addgene plasmid # 10952), Venus-Bik-4E-pEGFP-C142 (Addgene plasmid # 166744) or

tetO-Bcl2-IRES-tdtomato (TET005)57 (Addgene plasmid # 117857) into PB transposon vector (pIB12 PB-hCMV1-cHA-IRES-Venus).

pPB-CAG-Yap-S112A-IRES-Venus was generated by amplifying the Yap S112A coding sequence from pRA1473-CTV-YAP1mut

(aa112 S to A) and the resulting amplicon was cloned into pIB235-PB-CAG-IRES-Venus.
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Immunofluorescent staining
Preimplantation E4.5, diapause and Reactivated embryos were isolated by flushing uteri using M2 medium. Immediately after isola-

tion, the embryos were fixed using 4% PFA for 10 min and then washed twice with a wash solution of 1% FCS in PBS. The fixed

samples were permeabilised in buffer containing 0.1 M glycine, and 0.3% Triton X-100 in PBS for 5-10 min and then washed twice.

Primary antibodies were applied in a blocking buffer of 2% FCS in PBS and incubated overnight at 4�C. The next day, the samples

were washed twice with the washing solution and incubated overnight at 4�C with secondary antibodies and DAPI diluted in the

blocking buffer. After three washes, the embryos were mounted on a glass bottom plate, in drops containing 1% FCS/PBS under

mineral oil for imaging.

Post-implantation E5.5 embryos were dissected from the maternal tissues in M2 medium and the Reichert’s membrane was

removed. The immunostaining protocol was applied as described above with modified incubation times for fixation (15 min) and per-

meabilization (10 -15 min).

Cells were fixed using 4%PFA for 20min and after that washed twice in PBS. The fixed cells were permeabilised using 0.3% Triton

X-100 in PBS for 5 min and then washed twice. The primary antibodies were applied in PBS and incubated overnight at 4�C. On the

next day, the samples were washed twice in PBS and incubated overnight at 4�Cwith secondary antibodies and DAPI diluted in PBS.

After three washes in PBS, the ESCs were directly imaged in the ibidi m-plates used for cell culture. The antibodies used in this study

are listed in the key resources table.

Whole-mount immunofluorescent staining
E5.5 deciduae were isolated from wild-type B6C3F1 females mated with mT/mG stud males. The samples were fixed with 4%

PFA overnight at 4�C. The next day, the samples were washed twice with PBS for 1 h at room temperature followed by a wash

with 0.2% Triton X-100 in PBS for 1 h at room temperature. The samples were incubated in Buffer-1 containing 0.2% Triton

X-100 and 20% DMSO in PBS at 37�C overnight, followed by incubation in Buffer-2 containing 0.1% Tween-20, 0.1% Triton

X-100, 0.1% deoxycholate, 0.1% NP40 and 20% DMSO in PBS at 37�C overnight. The samples were then permeabilised using

a permeabilization buffer containing 0.2% Triton X-100, 0.3 M glycine and 20% DMSO in PBS overnight at 37�C. After that, the
samples were blocked using a blocking solution containing 0.2% Triton X-100, 10% DMSO and 6% donkey serum in PBS

overnight at 37�C. On the next day, the samples were transferred into primary antibodies solution, in buffer containing 5%

DMSO and 3% donkey serum in PTwH buffer (0.2% Tween-20 and 10 mg/ml heparin in PBS) and incubated for 72 h at

37�C. The samples were washed with 0.1% Tween-20 in PBS 5-8 times over the course of 24 h at room temperature. After

that the samples were incubated with the secondary antibodies (diluted in 3% donkey serum in PTwH) for 72 h at 37�C. The
samples were washed with 0.1% Tween-20 in PBS 5-8 times over the course of 24 h and finally twice for 1 h in PBS at

room temperature.

Tissue clearing
Whole-mount stained tissues were dehydrated by sequential incubation in increasing concentrations of methanol – 50% v/v meth-

anol, 70% v/vmethanol, 95% v/vmethanol and 100% v/vmethanol – at 1 h each. After that, the samples were incubated in 100% v/v

methanol overnight. On the next day, the samples were transferred to a solution containing 1:1 ratio of 100% anhydrous methanol

and BABB solution of 1:2 v/v benzyl alcohol (Sigma-Aldrich, 24122-2.5L-M) and benzyl benzoate (Thermo Fisher Scientific,

105860010) and incubated for a minimum of 4 h at room temperature. After that, the samples were transferred to 100% BABB so-

lution and incubated overnight at room temperature. On the next day, the samples were transferred into fresh BABB solution before

imaging.

DNA isolation and PCR genotyping
Samples were incubated with DNA lysis buffer containing 50 mM KCl, 10 mM Tris-HCl pH 8.0, 2 mM MgCl2, 0.45% NP-40, 0.45%

Tween-20 and 0.4 mg/ml proteinase K at 55�C for at least 3 h, followed by 95�C incubation for 15 min. The volume of the lysis buffer

was adjusted based on the amount of material: 100 ml lysis buffer was used for ear clips and ESCs, while 10 ml lysis buffer was used for

pre-implantation embryos. PCR was performed using a GoTaq green master mix and the primers listed in the key resources table.

RNA extraction and quantitative PCR analysis
Total RNA was extracted using the NucleoSpin RNA (MACHEREY-NAGEL) Mini kit for RNA purification. The cDNA synthesis was

performed using the M-MLV reverse transcriptase (MACHEREY-NAGEL). Transcript levels were detected using iTaq SYBR Green

Supermix (Bio-Rad) with Quantstudio 3 (Applied Biosystems). Gene expression was normalised to the housekeeping genes

GAPDH and calculated using the delta Ct algorithm. The primers used in this study are listed in the key resources table.

Analysis of EU incorporation
For the analysis of EU incorporation, isolated embryos were incubated in KSOMmedium (Millipore, MR-020P-5F) supplemented with

EU (1 mM final concentration) for 60 min. EU labelling of embryos was performed using the Click-iT RNA Alexa Fluor 488 HCS Assay

kit (Thermo Fisher Scientific, C10327) according to the manufacturer’s instructions. Images were acquired using Leica SP8 confocal

microscope.
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Flow cytometry
ESCs were dissociated using 0.25% trypsin-EDTA and pelleted by centrifugation. After that the pellet was resuspended in 3% (v/v)

FBS in PBS. FACSAria IIIu sorter (BD biosciences) was used for cell sorting and analysis. Single viable cells were first selected based

on FSC and SSC gating and then Venus-positive cells were collected. Cell cycle analysis using EdU assay (Thermo Fisher Scientific,

C10634) and cell death analysis using annexin V assay (Thermo Fisher Scientific, A13202) and DAPI (10 mg/ml) were performed ac-

cording to the manufacturer’s instructions. Flowjo software (BD Biosciences) was used for data analysis.

Western blot
The ESCswere scraped, pelleted by centrifugation and lysed in ice-cold lysis buffer containing 10mMTris-HCl pH 7.6, 150mMNaCl,

2 mM MgCl2, 2 mM EDTA, 0.1% Triton-X-100, 10% glycerol and 1x protease inhibitor cocktail (cOmplete ULTRA). The lysate was

kept on ice for 20min and the protein concentration was determined using the BCAprotein assay kit (Thermo Fisher, 23227) based on

the manufacturer’s instructions. The proteins were loaded in PAA gel and transferred to a PVDF membrane followed by blocking in

5% dry milk in PBST for 30 min. The membrane was incubated with primary antibodies at 4�C, overnight. On the next day, the mem-

brane was washedwith PBST and incubated with secondary antibodies conjugated to HRP for 2 h. The proteins were detected using

ECL or ECL Plus and exposed to autoradiography films.

scRNA-seq and bioinformatics analysis
Blastocysts were collected at E4.5 (206 embryos), EDG7.5 (247 embryos), EDG9.5 (223 embryos), Reactivated (191 embryos) stages

by flushing the uterine horns with M2 medium. E5.5 concepti (42 embryos) were isolated by dissecting deciduae in M2 medium. All

samples were immediately processed as follows. The embryoswere dissociated into single cells by incubatingwith TrypLE for 15min

at 37�C. All collected single cells were loaded directly onto a microwell cartridge of the BD Rhapsody Express system (BD) without

undergoing cell counting. However, an estimated cell count between 1,000 � 2,000 cells was inferred. Single-cell whole transcrip-

tome analysis libraries were prepared using BDRhapsodyWTA Reagent kit (BD,633802) with somemodifications for the low number

of input cells. First, we performed two rounds of random primer extension step with 100ul of total enzyme mix solution. Second, we

repeated the purification step twice to ensure the maximum yield. And then anticipating a low amount of cDNA, we conducted a final

round of PCR amplification with a total of 15 cycles. The final index PCR libraries were sequenced on the Illumina NextSeq 500 using

Mid Output Kit v2.5 (150 cycles, Illumina) for 2 x 75bp paired-end reads with 8bp single index.

The FASTQ-format sequencing raw data was initially processed using UMI-tools (version 1.0.1). The data was then aligned to the

mouse reference genome (mm10) using STAR (version 2.7.1a), and quantified with Subread featureCounts (version 1.6.4) to generate

an expression matrix. Data normalization, dimensionality reduction and visualization were performed using the Seurat package

(version 3.1.3), unless otherwise specified.

To ensure data quality, cells were filtered based on the criteria: having a number of genes per cell (nFeature_RNA) between 500 and

6000 and a percentage of mitochondrial genes (percent.mito) less than 25. Additionally, genes were filtered to include only those

present in a minimum of 3 cells. After filtering, the matrices were normalized using the NormalizeData function with the

LogNormalize method and a scale factor of 10,000. Variable genes were identified using the FindVariableFeatures function, selecting

the top 2000 genes with the variance stabilizing transformation (VST) method, while also excluding genes related to the cell cycle

(GO:0007049). Data integration was achieved through FindIntegrationAnchors and IntegrateData functions with default options.

The integrated data was further processed using the ScaleData and RunPCA functions. Statistically significant principal components

were identified using the JackStraw method, which were then used for UMAP non-linear dimensional reduction.

For unsupervised hierarchical clustering analysis, the FindClusters function in Seurat package was applied. Various resolutions

between 0.1 and 0.9 were tested, and the final resolution was selected based on the most stable and relevant outcome, utilizing

the clustree R package and considering prior knowledge. Cellular identity for each cluster was determined by finding cluster-specific

marker genes using the FindAllMarkers function. Marker genes were considered with aminimum fraction of cells expressing the gene

over 25% (min.pct=0.25), and comparisons were made against known cell type-specific genes from previous studies.

WGCNA R package was used to identify co-expressed gene modules for each cell type. First, we subset 10,000 the most variable

genes from each dataset. A soft-threshold power, a tradeoff between scale free topology and mean connectivity was selected using

pickSoftThreshold function with options of dataIsExpr = TRUE,powerVector = powers,corFnc = cor,corOptions = list(use = ’p’),net-

workType = "signed". Using the selected power, we generated adjacency and TOM similarity matrices, constructed the gene

network and then identified co-expressed gene modules using blockwiseModules function. Pearson correlation coefficient was

used with a relatively large minimum module size of 30 and a medium sensitivity (deepSplit=2) to cluster splitting. The threshold

for merging of modules (mergeCutHeight) was 0.25.

EnrichGO function in R package clusterProfiler was used for GO over-representation test with qvalueCutoff = 0.1. The results were

filter by removing redundancy using simplify function with similarity cutoff 0.7, Wang method for measure similarity and adjusted

p value for representative term. Top 10 enriched terms for each ontology were demonstrated. Alternatively, PANTHER classification

system (www.pantherdb.org) was used for GO biological process terms statistical overrepresentation test using selected gene lists.

Bulk RNA-seq and bioinformatics analysis
RNA quality was verified on an Agilent Bioanalyzer Nano Eukaryote chip. In all, 1 mg of the total RNA, with RIN (RNA integrity number)

numbers above 7 (Agilent 2100 Bioanalyzer) were used. mRNA was enriched using NEBNext� Poly(A) mRNA Magnetic Isolation
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Module and cDNA library was preparedwith NEBNext�Ultra� II Directional RNA Library Prep Kit. Sequencingwas performed on the

NextSeq 500 system (75 cycles, high output, v2.5). The sequencing was performed in the Sequencing Core Facility of theMax Planck

Institute of Molecular Biomedicine. The RNA sequencing reads were aligned to the mouse (mm10) reference genome with TopHat2

(version 2.1.1), and the aligned reads were used for the transcript quantification by using HTSeq-count (version 0.6.1). DESeq2 was

used to identify differentially expressed genes across the samples.

Confocal microscopy and image analysis
The tissue-cleared samples were imaged using the Andor Dragonfly Spinning Disc confocal microscope with a Z-stack size of 5 mm

through the whole decidua. Fluorescence images of the fixed embryos or cells were collected on Leica SP8 or Zeiss LSM 880

confocal microscopes. Z-sections were taken every 2 mm, using 20x or 40x oil objectives.

Image analysis was performed using Fiji software. To determine nuclear fluorescence intensities, nuclei were manually segmented

based on the DAPI signal. We defined TE cells adjacent to the ICM as polar TE and the rest of the TE cells as mural TE. The mean

fluorescence intensity of Cdx1 in the TE lineage was measured at a single optical plane containing the largest area of each nucleus.

Cdx1 is expressed higher in the polar than the mural TE and its levels were presented as polar to mural TE ratio. The relative Cdx1

levels were calculated by dividing the mean fluorescence intensity of individual TE cells by the average Cdx1 intensity in the mural TE

cells in each embryo.

Similarly, the mean fluorescence intensity of Aqp3 in the TE lineage was measured at a single optical plane containing the largest

area of each lateral domain. Aqp3 is expressed higher in themural than the polar TE and its levels were presented asmural to polar TE

ratio. The relative Aqp3 levels were calculated by dividing the mean fluorescence intensity in individual TE cells by the average Aqp3

intensity of the lateral domains in the polar TE cells in each embryo.

Formeasuring Oct4 or nuclear Yap, nuclei weremanually segmented based on the DAPI signal. Themean fluorescence intensity of

Oct4 or nuclear Yap andDAPI wasmeasured at a single optical plane containing the largest area of each nucleus. NormalisedOct4 or

nuclear Yap levels were calculated by dividing the mean fluorescence intensity of Oct4 or nuclear Yap by the mean fluorescence in-

tensity of DAPI in each nucleus.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism. Values are presented asmeans ± SEM or means ± SD. The exact p values

are displayed in the figures. Statistical significance was calculated using a two-tailed unpaired Student’s t-test (two groups) or anal-

ysis of variance (ANOVA) (multiple groups) with a Tukey’s post hoc test.
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