
Article
Developmental potency of
 human ES cell-derived
mesenchymal stem cells revealed inmouse embryos
following blastocyst injection
Graphical abstract
Highlights
d Human EMSCs can chimerize with the mouse blastocyst

d EMSCs demonstrate multipotency in vivo, contributing to

chimeric embryonic tissues

d EMSCs also contribute to extraembryonic tissues in the

chimera

d EMSCs ameliorate skeletal defects in Sox9-mutated fetuses
Huang et al., 2023, Cell Reports 42, 113459
December 26, 2023 ª 2023 The Authors.
https://doi.org/10.1016/j.celrep.2023.113459
Authors

Borong Huang, Siyi Fu, Yanan Hao, ...,

Xiaoling Xu, Ningyi Shao, Ren-He Xu

Correspondence
renhexu@um.edu.mo

In brief

Huang et al. generate a human-mouse

chimera by introducing human embryonic

stem cell-derived mesenchymal stem

cells (EMSCs) into the mouse blastocyst.

EMSCs participate in blastocyst

compartment segregation and contribute

to both embryonic and extraembryonic

tissues including the skeleton, skin, yolk

sac, and placenta. EMSCs ameliorate

skeletal defects caused by Sox9

mutation.
ll

mailto:renhexu@um.edu.mo
https://doi.org/10.1016/j.celrep.2023.113459
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.113459&domain=pdf


Article

Developmental potency of human ES cell-derived
mesenchymal stem cells revealed in mouse
embryos following blastocyst injection
Borong Huang,1,2 Siyi Fu,1,2 Yanan Hao,1,2 Cheung Kwan Yeung,1 Xin Zhang,1 Enqin Li,1 Xiaoling Xu,1 Ningyi Shao,1

and Ren-He Xu1,3,*
1Center of Reproduction, Development & Aging, and Institute of Translational Medicine, Faculty of Health Sciences, University of Macau,

Taipa, Macau, China
2These authors contributed equally
3Lead contact

*Correspondence: renhexu@um.edu.mo

https://doi.org/10.1016/j.celrep.2023.113459

SUMMARY

Mesenchymal stem cells (MSCs) are present in almost all the tissues in the body, critical for their homeostasis
and regeneration. However, the stemness of MSCs is mainly an in vitro observation, and lacking exclusive
markers for endogenous MSCsmakes it difficult to study the multipotency of MSCs in vivo, especially for hu-
man MSCs. To address this hurdle, we injected GFP-tagged human embryonic stem cell (hESC)-derived
MSCs (EMSCs) into mouse blastocysts. EMSCs survived well and penetrated both the inner cell mass and
trophectoderm, correlating to the higher anti-apoptotic capability of EMSCs than hESCs. Injected EMSCs
contributed to skeletal, dermal, and extraembryonic tissues in the resultant chimera and partially rescued
skeletal defects in Sox9+/� mouse fetuses. Thus, this study provides evidence for the stemness and devel-
opmental capability of human MSCs through chimerization with the mouse blastocyst, serving as a model
for studying human mesenchymal and skeletal development.

INTRODUCTION

In mammals, mesenchymal stem cells (MSCs) are derived from

the mesoderm and the neural crest (NC) and distributed among

various types of parenchymal cells throughout the body. MSCs

function as structural supporters, microenvironment regulators,

and regenerative contributors.1 An increasing number of tissues

including umbilical cord, amnion, placenta, endometrium, bone

marrow, fat, and dental pulp have been found to be rich sources

for ex vivo isolation of MSCs.2 MSCs can differentiate in vitro into

various mesenchymal cell lineages including osteocytes, chon-

drocytes, adipocytes, and smooth muscle cells and even non-

mesenchymal cells, e.g., neurons and hepatocytes.3 Different

from other stem cell types, MSCs possess both regenerative

and immunomodulatory capabilities; thus they have been used

as therapy of autoimmune and inflammatory diseases and in-

juries in a variety of animal and clinical studies.4

MSCs can also be derived from pluripotent stem cells (PSCs)

including embryonic stem cells (ESCs) and induced PSCs

(iPSCs) via various differentiation routes such as mesenchymal

precursors,5,6 NC cells,7-12 neuromesodermal progenitors,13

and other unclear lineages.14–21 As MSCs can be isolated from

the extraembryonic tissue chorion (which mainly contain tropho-

blasts) of human placenta,22 we hypothesized and proved that

human ESC (hESC)-derived trophoblasts23 can also differentiate

to MSCs.24 Further, we showed that hESC-derived MSCs

(EMSCs) have therapeutic effects on a series of animal

models.24–30 Due to ethical and technical restrictions, no study

has yet elucidated whether human MSCs possess develop-

mental potential in vivo starting at an early embryonic stage.

The chimera assay has been used to study the developmental

potential of cells, involving injection of test cells into a host em-

bryo mainly at pre-implantation stages.31 It has been recognized

that the success rate of chimerism is higher (i.e., more injected

cells survive and contribute to the host embryo) when both donor

cells and recipient embryo match at their developmental stage

than that when the donor and recipient don’t match.32,33 Never-

theless, no clear or convincing explanation has yet been pro-

vided for why chimerism fails due to a mismatch. Compared to

many other multipotent stem cell types, MSCs possess stronger

capability of self-renewal and differentiation. Moreover, like

PSCs, MSCs have demonstrated high plasticity, i.e., differentia-

tion to cell lineages from not only the mesoderm but also the

other germ layers (such as neurons from the ectoderm and hepa-

tocytes from the endoderm). Based on these, we asked whether

chimerization could happen between mouse blastocyst and hu-

man embryonic MSCs—a cell type that developmentally occurs

much later. If yes, it would allow us to study the development and

potency of human MSCs in the mouse fetus.

To test this hypothesis, we injected EMSCs into the mouse

blastocyst and found they survived in the mouse blastocyst

and formed chimera in post-implantation embryos. In contrast,
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hESCs injected into mouse blastocysts were subjected to rapid

apoptosis and failed to chimerize with the embryos. The different

viability was associated with the higher BCL2 level and hence

higher anti-apoptotic capability of EMSCs than those of hESCs.

Further, EMSCs contributed widely to mesenchymal derivatives

in mouse embryonic and extraembryonic tissues and even the

maternal tissue decidua. More interestingly, EMSCs reduced

skeletal deformities in the mouse fetus with monoallelic

knockout ofSox9, a gene critical for mesenchymal development.

RESULTS

Integration of EMSCs to the inner cell mass and
trophectoderm of mouse blastocyst
Using the Envy hESC line that constitutively expressed green

fluorescent protein (GFP),34 we generated EMSCs following

our protocol via a trophoblast-like stage24 (Figure S1A).

EMSCs were positive for MSC signature markers CD73, CD44,

and CD105 (Figure S1C) and capable of tri-lineage differentiation

to adipocyte, chondrocyte, and osteocyte (Figure S1D) based on

suggested minimal requirements.35 Figure 1A is a work scheme

for chimera assays to test the developmental potential of EMSCs

in mouse embryos. First, we injected 10～15 GFP+ EMSCs (from

Envy hESCs) into the cavity, i.e., the blastocoel of the mouse

blastocyst (Figure S1E), and injected the vehicle alone as a

mock control. The blastocoel reduced its size and embraced

the injected cells right after the injection and then gradually

resumed its shape after culture in the in vitro culture medium36

for 14 h during which the injected cells retained spindle-like

shape and moved within the blastocoel. By 14 h post injection,

a certain number of GFP+ cells integrated into the inner cell

mass (ICM), and in some blastocysts, one to two cells pene-

trated the trophectoderm (TE) (Figure 1B and Video S1). A

portion of blastocysts expelled injected cells or stopped devel-

opment. Overall, the average percentages of injected blasto-

cysts with EMSCs integrated to the ICM, TE, and both ICM

and TE, and remaining in the cavity were 44.2%, 21.6%,

18.3%, and 15.8%, respectively (Figure 1C).

To verify the results on EMSCs derived from another hESC

line, we differentiated CT3 hESCs37,38 to EMSCs, transduced

them with lentiviral particles for GFP expression, and injected

the GFP+ CT3-derived EMSCs into mouse blastocysts. The in-

jected cells, like EMSCs from Envy, mainly migrated to the

ICM, TE, or both with a small percentage of the cells left in the

blastocoel (Figures 1B and 1C). As a control, Envy hESCs at

similar numbers were injected into the mouse blastocyst. In

sharp contrast, most injected hESCs rounded up with vesicles

forming inside and remained in the cavity (Figures 1B and 1C).

Immunostaining demonstrates that some EMSCs resided either

above the ICMor adjacent to TE cells, expressing neither the plu-

ripotency marker OCT4 nor the trophectoderm marker CDX2

(Figure 1D). The total numbers of injected cell lines and injected

and recovered embryos as well as the percentage of embryos

containing GFP+ cells are shown in a table (Figure 1E). We also

generated EMSCs differentiated from hESCs through NC cells

(NC-EMSCs) as reported (Figure S1B).39 After characterization

(Figures S1C and S1D), we injected NC-EMSCs into the mouse

blastocyst. NC-EMSCs persisted and migrated inside the em-

bryo and further resided in the ICM and TE, and some remained

in the cavity (blastocoel) during in vitro culture for 14 h (Fig-

ure S1F). No activated caspase 3 (aCasp3), an apoptotic marker,

was detected in either the injected cells or the embryo after the

culture (Figure S1G). Thus, EMSCs obtained via two different in-

termediate steps both could chimerize with the mouse

blastocysts.

Higher anti-apoptotic property of EMSCs than hESCs
To elucidate the mechanisms for the different outcomes

observed above, we detected the levels of anti-apoptotic factor

BCL2 and its homolog BCL-XL40,41 in EMSCs. Interestingly, we

found that EMSCs expressed a higher level of BCL2 than hESCs

(Figures 2A–2C). Consistently, high levels of aCasp3 were de-

tected in injected hESCs, whereas little or no aCasp3 was de-

tected in injected EMSCs (Figure 2D). However, similar levels

of BCL-XL were detected in hESCs and EMSCs (Figure 2B).

We then constructed four shRNAs to inhibit BCL2 expression

and selected #2–4 for BCL2 knockdown (Figures S2A–S2C).

Envy (GFP+) EMSCs expressing the BCL2-shRNA survived

poorly following injection into themouse blastocyst andwere de-

tected positive for aCasp3 (Figures 2E and S2D), indicating that

BCL2 is not dispensable for the survival of injected EMSCs. The

name of the injected cell lines and the numbers of injected and

recovered embryos as well as the number and percentage of

embryos containing aCasp3+ cells are shown in a table

(Figures 2F and S2E).

Contributions of EMSCs to mouse embryonic and
extraembryonic tissues
Inspired by the above observations of EMSC-injected mouse

blastocysts cultured in vitro, we implanted EMSC-injected blas-

tocysts into the uterine horns of surrogate mice to allow contin-

uous embryogenesis until embryonic day (E)14 and E16 when

the resultant fetuses were collected. First, the uteruses were iso-

lated to check the general status of the chimeras. At E14 and

E16, EMSC-injected embryos, like mock-injected ones, devel-

oped similarly in the uterus. Then the fetus, placenta, and yolk

sac were dissected out of the uterine horns under fluorescent

stereomicroscope to check for any morphological retardation

or developmental defects. Each of the fetuses had normal mor-

phologies and carried a full set of extraembryonic tissues

including the placenta, amnion, and yolk sac and did not show

any sign of degeneration, oversized growth, or tumorigenesis.

Given the thickness and autofluorescence of the fetuses, no spe-

cific GFP signal could be identified in the fetuses under stereomi-

croscope. To study the histological structures and locate human

cells in the fetuses, we processed the samples for cryosection

and immunofluorescence.

Through immunohistochemistry on sections of E16 fetuses

with anti-GFP antibody, we found dozens of GFP+ cells per

view in sections of skeletal tissues including the sternum (Fig-

ure 3D), ribs (Figure 3C), long bones in the limbs (Figure 3B),

and vertebral disks in the spine (Figure 3A). A proportion of

GFP+ cells in the sternum and ribs was also positive for SOX9

among mouse Sox9+ cells (Figure S3F), a critical transcription

factor for chondrogenesis, indicating the contribution of

EMSCs to the chondrocyte population.42 GFP+ cells were also
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found in long bones of the limbs with some positive for SP7

among mouse Sp7+ cells (Figure S3G). SP7, also known as os-

terix, is an initiating transcription factor for osteogenesis.43

These data indicate the contributions of EMSCs to both chon-

drocytes in the rib cage and osteocytes in long bones at this

stage. GFP+ cells were also found in the cranial facial bones,

although Sox9+ cells were abundant there (Figure S3E). In addi-

tion to skeletal tissues, dermis and hypodermis were also desti-

nations of GFP+ cells, although they reached there sparsely

Figure 1. EMSCs chimerize with mouse blas-

tocyst

(A) Scheme of the project workflow.

(B) Mouse blastocysts injected with Envy hESCs or

their derived EMSCs or CT3 hESC-derived EMSCs,

cultured in vitro, and photographed at 14 h post

injection. Scale bar, 25 mm.

(C) Statistical summary of positional integration of

the above human cells into various compartments

of mouse blastocyst. Experiments were repeated

three times (n = 3). Data were displayed as mean ±

SEM.

(D) Immunostaining for ZO-1, OCT4, and CDX2 on

blastocysts injected with EMSCs and cultured

in vitro for 14 h. Scale bar, 5 mm.

(E) Summary of recovered embryos injected with

hESCs or EMSCs after culture in vitro for 14 h.

(Figures 3F and S3D). Given all the GFP+

cells were derived from the original 10–15

GFP+ EMSCs injected into each blasto-

cyst, these results suggest that, following

injection, EMSCs largely survived, remark-

ably proliferated, and participated in skel-

etal and dermal development in the mouse

embryo. Nevertheless, no GFP+ signal was

detected in the central nervous system or

gonads (Figure S3C), which reduces the

ethic concern for human cell participation

in these organs. To validate the human

cell contribution into the chimeras, we de-

tected human thymidine kinase (hTK) gene

among total DNA in chimeric embryos at

E14 via qPCR assay with a threshold

1/105 (Figure 3H). The results correlate

with the immunostaining data, confirming

the contributions of human cells into the

chimeric embryos.

Since injected EMSCs penetrated both

ICM(including theepiblastsandhypoblasts)

and TE in many blastocysts, we asked

whether GFP+ cells would also contribute

to extraembryonic tissues. Indeed, GFP+

cellswere found in the yolk sac, overlapping

with cytokeratin+ epithelial cells (Figure 3G)

but excluded from Pdgfra+ endothelial cells

(Figure S3I). GFP+ cells even reached and

crossed the fetal-maternal interface as

they were found to be mixed with cytokera-

tin+ cells (potentially trophoblasts) in the placenta (FigureS3H) and

overlapping with some vimentin+ decidual cells of the maternal

uterine (Figure S3J). Consistently, hTK DNA was also detected in

the chimeric placentas with a 1/105 threshold (Figure 3I).

These results suggest that EMSCs are competent to penetrate

almost all the major cell lineages in the mouse blastocyst and

further contribute to embryonic, extraembryonic, and even

maternal tissues after the blastocyst implantation in a surrogate

uterus. Nevertheless, in the chimeric embryo, EMSCs retained
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their mesenchymal nature as they mainly differentiated to chon-

drocytes and osteocytes in the fetus as detected by this stage.

Partial rescue of skeletal defects in Sox9+/� mouse
fetuses by injected EMSCs
Since EMSCs and their progeny widely integrated into the skel-

etal tissues of the mouse fetus and many of the cells (GFP+) ex-

pressed the critical chondrogenic marker SOX9, we asked

whether EMSCs can rescue skeletal defects in the mouse model

with mutated Sox9. Bone development during embryogenesis

mainly consists of three steps: mesenchymal condensation,

chondrogenic differentiation, and replacement of chondrocytes

with osteocytes.44 Sox9 promotes chondrogenesis, and system-

atic double knockout of Sox9 (Sox9�/�) in mice is embryonically

lethal by E11.545 Double knockout of Sox9 specifically in mesen-

chymal lineages through crossing of Prrx1-Cre:Sox9flox/– mouse

strains leads to poor or absent chondrogenesis and osteogene-

sis, reflected by the lack of limb formation, severe bending of

vertebra, and shrunken thorax mouse fetuses.46 Even crossing

Prrx1-Cre:Sox9flox/–with Sox9+/+ also led tomostly dead and ab-

sorbed embryos per our observations. Therefore, we employed

Figure 2. High anti-apoptotic activity is crit-

ical for the chimerizing capability of EMSCs

(A) Immunostaining for anti-apoptotic factors

BCL-2 in hESCs and EMSCs. Scale bar, 25 mm.

(B) Western blotting for anti-apoptotic factors

BCL-2 and BCL-XL in hESCs and EMSCs.

(C) Quantification of BCL2 protein level relative to

GAPDH based on three western blotting experi-

ments as above. Data are displayed as mean ±

SEM. *p < 0.05, n = 3.

(D) Immunostaining for aCasp3 in Envy hESCs or

EMSCs in mouse blastocysts following culture

in vitro for 14 h. Scale bar, 25 mm.

(E) Immunostaining for aCasp3 in fixed embryos

injected with BCL2-KD EMSCs and cultured

in vitro for 14 h. The zona of the embryos was

removed before immunostaining. Scale bar,

25 mm. Representative embryos are shown.

(F) Summary of recovered embryos injected with

various human cells and detected for aCasp3+

cells after culture in vitro for 14 h.

a milder model by crossing Sox9flox/flox

and Prrx1-Cre strains to obtain condition-

ally Sox9 knockout in one allele (Sox9+/�)
in mesenchymal lineages (Figure 4A) as

reported previously46 and conducted

whole-skeleton staining of the resultant

fetuses at E16.

As expected, Sox9+/� fetuses had obvi-

ously retarded skeleton, including short-

ened jawbone, reduced chondrogenic

condensation in the cranial bone and tho-

rax, and decreased chondrogenesis and

osteogenesis in vertebral discs and limbs

compared to Sox9flox/flox fetuses (Fig-

ures 4B and S4A). EMSC injection at the

blastocyst stage remarkably relieved the

defects in Sox9+/� fetuses. In the E16 Sox9flox/flox fetuses, the cra-

nial facial bones, radius, and ulnas in the forelimbs, ribs, spine,

and hindlimbs have the typical patterns of mineralized segment

stainedpurplebyAlizarin red (pointedbyarrowheads inFigure4B),

and cartilages in the skeleton stained blue by Alcian blue. In

Sox9+/� fetus, the skeletal bones appeared somehow transparent

due to poor mineralization. Chimerization with EMSCs amelio-

rated the defects by increasing the mineralization (Figures 4C

and 4D). Statistics analysis was performed by quantifying (via Im-

ageJ) and comparing the mineralized (purple) areas in the head,

forelimbs, and hindlimbs in the Sox9flox/flox, Sox9+/� and

Sox9+/� + EMSCs fetuses (Figure 4E). Partially rescued chondro-

genesis in the ribs of EMSC-injected Sox9+/� fetuses are high-

lighted in magnified images (Figures 4C and 4D) and morpholog-

ically verified via histological analysis of the ribs following vertical

sections (Figure S4B). hTK DNA was detected in all the surviving

chimeric embryos (Figure 4F) but slightly less among the chimeric

placentaswith a 1/105 threshold (Figure S4C). These data suggest

that EMSCs injected into Sox9+/� mouse blastocysts can also

contribute to both the embryonic and extraembryonic tissues

and partially rescue the skeletal defects in resultant fetuses.
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Figure 3. Contributions of EMSCs to skel-

etal and extraembryonic tissues in E16

mouse fetus

Positional schemes of section planes are shown

on the left and immunofluorescent images on the

right. Cellular nuclei were counterstained with

DAPI in some sections.

(A) The sagittal plane of a chimera immunostained

with an anti-GFP antibody conjugated with FITC

fluorophore. The dashed lines mark the real posi-

tive signals for human cells in the spine. Scale bar,

1,000 mm.

(B) Detection of GFP+ cells in the limb and co-

stained for pan-cytokeratin. Scale bar, 25 mm.

(C) Detection of GFP+ cells in a rib and co-stained

for human nuclear antigen (HNA). Scale bar,

25 mm.

(D) Detection of Stem101+ and Sox9+ cells in the

sternum. Scale bar, 25 mm.

(E) Detection of HNA+ and GFP+ cells in the limb.

Scale bar, 25 mm.

(F) Detection of GFP+ and aSMA+ cells in the skin.

Scale bar, 25 mm. (G) Detection of GFP+ and pan-

cytokeratin+ cells in the epithelial layer of the yolk

sac. Scale bar, 25 mm.

(H and I) qPCR-based detection of human

genomic DNA in E14 chimeric embryos (H) and

placentas (I). Data were displayed as mean ±

SEM.
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Figure 4. Partial rescue of skeletal defects in Sox9-mutated, E16 mouse fetus by EMSCs

(A) Scheme for the experiment. Blastocysts generated from crossing Sox9flox/flox (\) and Prrx1-Cre (_) were injected with EMSCs, followed by implantation into the

uterus of a surrogate mouse to produce Sox9+/� fetuses.

(B) Skeletal images of E16 fetuses derived from Sox9flox/flox and Sox9+/� blastocysts and Sox9+/� blastocyst injected with EMSCs. Scale bar, 2.5 mm.Mineralized

osteocytes were stained purple with Alizarin red (pointed by arrowheads) and chondrocytes stained blue with Alcian blue.

(C) Zoom-in views of above for the forelimbs, thorax, and spine with mineralized areas indicated by arrows. Arrow 1 points to the radius and ulnas, arrow 2 to the

dorsal segment of a rib, and arrow 3 to the vertebral column. Scale bar, 2.5 mm.

(D) Dorsal view of the rib cage of the above fetuses. Arrow 1 points to a vertebral disc and arrow 2 to a rib. Scale bar, 2.5 mm.

(E) Quantification of purple (Alizarin red+) areas in the head, forelimb, and hindlimb via ImageJ, displayed as percent of the mineralized regions. *p < 0.05,

**p < 0.01, ***p < 0.001, and n.s., not significant.

(F) qPCR-based detection of human genomic DNA in E14 Sox9+/� chimeric embryos. Data were displayed as mean ± SEM.
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DISCUSSION

In this study, we have demonstrated that EMSCs derived from

either trophoblasts or NC cells were able to survive inmouse em-

bryo following blastocyst injection and to further develop and

contribute to skeletal and dermal tissues in the fetus and even

to the yolk sac, placenta, and uterine decidua. Moreover,

EMSCs partially corrected skeletal defects in Sox9+/� mouse fe-

tuses. Many of the findings are unexpected based on the current

dogmas.

According to the epigenetic landscape proposed by Conrad

Hal Waddington,47 a cell like EMSC that has been differentiated

‘‘downhill’’ possesses much reduced competence than cells in a

blastocyst that are near the ‘‘mountaintop’’ of the embryogen-

esis. Thus, it has been widely recognized that developmental

compatibility is a crucial factor for chimera formation.32,33 In

sharp contrast, we provide evidence here that human EMSCs

can form interspecies chimera with mouse blastocyst. This sug-

gests that EMSCs can adapt to the microenvironment in the

mouse blastocyst due to their high plasticity.48

As described above, the multipotency or stemness of MSCs is

largely observed in vitro and difficult to prove in vivo because of

the lack of exclusive markers for MSCs. Great efforts have been

made to track the development and differentiation of endoge-

nous cells with MSC properties in mice, which were found to

be mainly pericytes.42,49 On the other hand, it has been shown

that human bone marrow MSCs, following intraperitoneal (i.p.)

injection into fetal sheep at either 65 or 85 days of gestation, un-

dergo site-specific differentiation into chondrocytes, adipo-

cytes, myocytes, and cardiomyocytes, marrow stromal cells,

and thymic stroma and persisted in multiple tissues for as long

as 13 months.50 The two injection dates correspond to the times

before and after the development of immunocompetence,

respectively, in the fetal sheep, and MSCs have unique immuno-

logic characteristics that allow persistence in a xenogeneic

environment.

We conducted interspecies transplantation at the blastocyst

stage of the host with a big time window (up to 14 h) to observe

the developmental process of a chimera in vitro. EMSCs suc-

ceeded to chimerize with mouse blastocyst and to contribute

to multiple skeletal tissues including the sternum, ribs, limbs,

and vertebral disks aswell as dermal tissues, lending strong sup-

port for the multipotency or stemness of external MSCs in a host

embryo via transplantation at the blastocyst stage. It has been

suggested that endogenous MSCs are often present in perivas-

cular sites and express PDGFRa.51 However, we didn’t find

EMSCs or their derivatives expressing PDGFRa in the tested tis-

sues (Figure S3I), indicating that EMSCs might have largely

differentiated to other cell types rather than perivascular MSCs

in the chimeric fetus.

Through fetal-to-fetal transplantation, it has been found that

external MSCs can compensate for skeletal defects in a host.

For example, Fisk and coworkers treated mouse fetus with

X-linked muscular dystrophy (mdx) with human fetal MSCs via

i.p. injection at E14–16 and observed widespread distribution

and muscle differentiation of human MSCs in the offspring,

although it was not curative for the disease.52 They also treated

mouse fetus with another genetic disease osteogenesis imper-

fecta via i.p. injection of human fetal MSCs at E13.5–E15, which

reduced fractures in the offspring.53 In this study, EMSCs in-

jected into mouse blastocyst remarkably corrected skeletal de-

fects caused by Sox9 mutation in the chimeric fetus.

Any competent cell injected into the blastocyst may face the

choice of three cell lineages: the hypoblast, epiblast, and TE.

Theoretically, MSCs don’t belong to any of the lineages, thus

shouldn’t possess preference to any of the three locations. How-

ever, we observed that EMSCs not only migrated to the ICM

including the epiblast and hypoblast but also the TE. EMSCs

contributed to not only the embryo proper (derived from the

epiblast) but also the extraembryonic tissues including the yolk

sac (derived from the hypoblast) and placenta (derived from

the TE) and even the decidua of the uterus. The transient shrink-

ing of the mouse blastocyst following EMSC injection might give

a chance for EMSCs to penetrate any nearby host cell lineages.

Through immunohistochemistry, we noticed three destina-

tions of EMSCs in the following extraembryonic tissues and

beyond at E16. (1) Placenta. GFP+ human cells were detected

in the placenta through immunohistochemistry and qPCR and

co-stained for only the pan-cytokeratin, a marker for multiple

epithelial tissues (Figure S3), but not trophoblast markers cyto-

keratin 7 and Tfap2c, and the vascular endothelial marker

CD31. Therefore, EMSCs that reached the placenta might have

just experienced mesenchymal-epithelial transition but not yet

fully determined their fate. (2) Yolk sac. Human cells detected

there didn’t overlap with the mesenchymal marker Pdgfra (Fig-

ure S3I) but again were positive for pan-cytokeratin (Figure 3G),

indicating a status like above. (3) Decidua. Dozens of EMSCs

migrated to the decidua and retained their mesenchymal nature

based on their positivity for vimentin. These extraembryonic con-

tributions might result from both the invasiveness and plasticity

of EMSCs in the xenogeneic environment.

As described above, inhibiting apoptosis via ectopic expres-

sion of BCL2 or BMI1 allows hPSCs, following injection into

mouse blastocyst, to contribute to not only embryonic tissues

derived from all the three germ layers but also extraembryonic

tissues including the placenta and yolk sac as observed by

E10.5.40,54 Using four small chemicals, Deng and coworkers

converted primed hPSCs to extended pluripotent stem (EPS)

cells, and one EPS cell could chimerize both embryonic and

extraembryonic tissues as of E10.5.55 Although much lower in

potency than PSCs and EPS cells, EMSCs could still differentiate

to chondrocytes, osteocytes, and other cells in the fetus as of

E16 and mix with epithelial cells in the yolk sac, trophoblasts in

the placenta, and even decidual cells in the uterus. This capa-

bility highlights the plasticity and invasiveness of EMSCs in the

embryonic environment.

Limitations of the study
Given the above findings revealed in this study, some important

questions remain to be addressed. (1) It awaits further study for

how EMSCs possess or gain the capability to chimerize with the

mouse blastocyst. Although RNA-seq on EMSC-injected em-

bryos demonstrated transcriptomic alternations of EMSCs

(Figures S2F–S2M), spatio-temporal single-cell RNA sequencing

is needed to address the fate change and mechanism for the

chimerism. (2) Although the resistance to apoptosis was found
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to be crucial for the chimerizing capability of EMSCs in mouse

blastocyst, it is possible that other mechanisms are also

involved, which may be revealed via in-depth studies of injected

cells. (3) Due to the limitation of immunostaining (for GFP), we

can’t assure the detection of EMSCs and their derivatives if

they existed scarcely in other tissues, which demands more

robust and precise methods. (4) Ethical restrictions prohibit the

birth of the chimeras, so we cannot investigate the continuous

development and tissue-specific functions of EMSCs and their

derivatives in postnatal mice and their offspring. Nevertheless,

this study has provided evidence that chimera formation is

possible between mouse blastocyst and multipotent human

MSCs. It may serve as a model for studying human mesen-

chymal and skeletal development and a platform for human skel-

etal organogenesis for clinical applications.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC goat polyclonal anti-GFP Abcam ab6662; RRID: AB_305635

Rabbit polyclonal anti-GFP Invitrogen A-6455; RRID: AB_221570

Mouse monoclonal anti-GFP ProteinTech 66002-1-Ig; RRID: AB_11182611

Rabbit polyclonal anti-cleaved caspase3 CST 9661S; RRID: AB_2341188

Mouse monoclonal anti-human BCL2 BD Biosciences 51-6511GR

Rabbit polyclonal anti-BCL-XL ProteinTech 26967-1-AP; RRID: AB_2880702

Recombinant Alexa Fluor� 568 Anti-CD90 Abcam ab201848

Rabbit polyclonal anti-NANOG ProteinTech 14295-1-AP; RRID: AB_1607719

Rabbit polyclonal anti-OCT4 Invitrogen PA5-27438; RRID: AB_2544914

Rabbit monoclonal anti-Cdx2 Abcam ab76541; RRID: AB_1523334

Mouse monoclonal anti-Gata3 Thermo Fisher MA1-028; RRID: AB_2536713

Rabbit polyclonal anti-Sox9 Milipore AB5535; RRID: AB_2239761

Mouse monoclonal anti-a-SMA, Alexa Fluor 488 eBioscienceTM 53-9760-82; RRID: AB_2574461

Cytokeratin Pan Type I/II antibody Thermo Fisher MA5-13156; RRID: AB_10983023

Rabbit monoclonal anti-Sp7/Osterix Abcam ab209484; RRID: AB_2892207

Rabbit monoclonal anti-PDGFRa Abcam AB203491; RRID: AB_2892065

Alexa Fluor� 488 mouse anti-human Vimentin BD Biosciences 562338; RRID: AB_10896994

Mouse monoclonal anti-GAPDH Abclonal AC002; RRID: AB_2736879

Rabbit monoclonal anti-b-actin Abclonal AC038; RRID: AB_2863784

Donkey anti-Mouse IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 488

Invitrogen A-21202; RRID: AB_141607

Donkey anti-Rabbit IgG (H + L)

Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488

Invitrogen A-21206; RRID: AB_2535792

Goat anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary Antibody,

Alexa Fluor 546

Invitrogen A-11010; RRID: AB_2534077

Donkey anti-Mouse IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 594

Invitrogen A-21203; RRID: AB_141633

Donkey anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 594

Invitrogen A-21207; RRID: AB_141637

Donkey anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 647

Invitrogen A-31573; RRID: AB_2536183

Donkey anti-Mouse IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 647

Invitrogen A-31571; RRID: AB_162542

Chemicals, peptides, and recombinant proteins

PMSG Prospec HOR-272

hCG Sigma C1063

M2 medium Sigma M7167

a-MEM Gibco 12571071

DMEM/F12 Gibco 11330057

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Progesterone Sigma P0130

b-estrodial Sigma E8875

GlutaMax Invitrogen 35050061

NEAA Gibco 11140050

2-Mercaptoethanol Sigma 63689

Puromycin ACROS 58-58-2

Rock inhibitor, Y27632 Tocris 1254

Penicilin-Streptomycin Thermo 10378016

TrypLE Thermo 12605010

mTeSR1 medium Stem Cell Technologies 5870

EDTA sigma E5134

ITS-X Gibco 51500056

DPBS Gibco 14190250

4% Paraformaldehyde (PFA) Sigma 158127

Sucrose FLUKA 84100

FBS Gibco 26140079

BSA Sigma A7030

Triton X-100 Sigma 93443

Tyrode’s solution Sigma T1788

40, 6-diamidino-2-phenylindole (DAPI) Sigma D9542

Alcian blue Sigma A5268

Alizarin red Sigma A5533

Oil Red O Sigma O0625

Glacial acetic acid Sigma A6283

Ethanol Sigma 32221

Potassium hydroxide ACROS 1310-58-3

Acetone Sigma 179124

Critical commercial assays

Chondrogenesis Differentiation kit Gibco A1007101

Adipogenesis Differentiation kit Gibco A1007001

Osteogenesis Differentiation kit Gibco A1007201

Human MSC characterization kit BD 562245

Vybrant Multicolor Cell Labeling Kit Life Technologies V22889

OneTaq HotStart Master Mix NEB M0488

RIPA buffer Thermo Scientific 89901

Protease inhibitor cocktail Sigma P-8465

Bovine serum albumin standard set Bio-rad 500–0207

Western ECL Substrate Bio-rad 170–5061

Deposited data

Raw and analyzed data This paper GEO: GSE195573

Experimental models: Cell lines

Human: ESCs (Envy) Costa et al., 200534 N/A

Human: ESCs (CT3) Ge et al., 201056 N/A

Experimental models: Organisms/strains

Mouse/C57BL/6J Charles River 219

Mouse/CD-1 (ICR) Charles River 201

Mouse/Prx1-Cre The Jackson Laboratory 005584

Mouse/Sox9flox/flox The Jackson Laboratory 013106

(Continued on next page)
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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, Ren-He Xu

(renhexu@um.edu.mo).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Data: Data have been deposited at NCBI GEO and are publicly available as of the date of publication. Accession numbers are

listed in the key resources table.

d Code availability: 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

Ethics statement
This study strictly followed the International Society for Stem Cell Research guidelines for studies on hESCs 63,64, and the ethics pro-

tocol #BSERE19-APP026-FHS approved by the University of Macau Panel on Research Ethics, which allowed human-mouse chi-

meras to develop until E14-E16. We also referred to several human-mouse chimeric studies in which the chimeras were developed

until E13.565 or even E17.566 and no human cells integrated in the central nervous system or gonads. Animal experiments in this study

followed the amended version of the animal use protocol #UMARE-030-2019 approved by the University of Macau Animal Research

Ethics Sub-panel.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse/FVB Charles River 215

Oligonucleotides

Oligonucleotides are

summarized in Table S1

This study N/A

shRNA sequences are

summarized in Table S1

This study N/A

Recombinant DNA

pLv224-EF1a-BCL2-IRES2-

GFP-IRES-Puro

GeneCopoeia https://www.genecopoeia.com/

wp-content/uploads/oldpdfs/

tech/omicslink/pReceiver-Lv224.pdf

pLVRU6GP-U6-shRNA-SV40-

eGFP-IRES-Puro

GeneCopoeia https://www.genecopoeia.com/

wp-content/uploads/oldpdfs/

product/shrna/psi-LVRU6GP.pdf

Software and algorithms

Prism 9 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

FlowJo BD https://www.flowjo.com/solutions/flowjo

ZEN 2012 Zeiss N/A

NIS-Elements Nikon N/A

fastp Chen, Zhou et al. 201857 https://github.com/OpenGene/fastp

HISAT2 Kim, Paggi et al. 201958 http://daehwankimlab.github.io/hisat2/

featureCounts Liao, Smyth et al. 201459 http://subread.sourceforge.net/

DESeq2 Love, Huber et al. 201460 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

edgeR Robinson, McCarthy et al. 201061 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

clusterProfiler Yu, Wang et al. 201262 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html
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Mice
Male and female C57BL/6Jmice, raised in the University of Macau Animal Research Core, were used to produce wild-type (WT) blas-

tocysts, and male Prrx1Cre mice and female Sox9flox/flox mice, purchased from the Jackson Laboratory, were crossed to produce

Sox9+/� blastocysts. The blastocysts were used for microinjection with donor cells. ICR (CD-1) female mice were used for surrogacy

of the injected blastocysts. All mice were maintained in the animal research core and tested to be free for specific pathogens.

METHOD DETAILS

hESC culture and MSC generation
The Envy (GFP+)34 hESC line was used in this study. hESCs were cultured in mTeSR1 medium and passaged every 5–7 days.67

EMSCs including were generated by inducing hESCs to differentiate into MSC via trophoblasts or NC cells following our own pro-

tocol24 and others’ protocol,39 respectively. Specifically for EMSCs, hESCs were induced to trophoblast as intermediate stage by

adding BMP4(10 ng/mL) and 1 mMA83-01 in mTeSR1mediumminus selected factor (StemCell Technologies) for 5 days. Then com-

plete MSCmedium (a-MEM supplemented with 20% fetal bovine serum, 1x L-glutamine and 1x nonessential amino acids) was used

to differentiate trophoblast-like cells to MSCs for two weeks. Medium was replaced every other day. Cells were passaged once

reached full confluency every 5–7 days through TrypLE (Gibco) digest. For NC-EMSCs derivation in brief, hESCs were seeded in

mTeSR1medium for overnight attachment. Cells were applied with neural crest inductionmedium, composing of 1 mMdorsomorphin

(Selleck), 1 mMCHIR99021 (Selleck), 10 mMSB431542 (Selleck), 10 ng/mL bFGF (Thermo), and 22.5 ng/mL sodium heparin (Sigma) in

Essential 6 (E6) medium (Gibco) for 15 days. Cells was split in 1–6 manners when reached full confluency. Then complete MSC me-

dium was applied for further 10 days induction to complete full NC-EMSCs derivation.

All MSCs were cultured in complete MSC medium containing 20% fetal bovine serum, 1x NEAA and 1x GlutaMax in a-MEM

(Gibco BRL, Grand Island, NY, USA) at 37�C with 5% CO2. MSCs were passaged every 3–5 days when confluency reached

more than 90%, using 1x TrypLE for 5-min incubation followed by seeding of 15% of resuspended cells in a new culture plate.

The cells were verified for typical MSC markers via flow cytometry and trilineage differentiation and used in this study before

they reached passage 5.

Blastocyst isolation and microinjection
Superovulation, mating, and blastocyst retrieval were performed as described previously.68 In brief, female mice (3–4 weeks old)

were superovulated through i.p. injection with 5 IU of pregnant mare serum gonadotropin (PMSG) and 48 h later with 5 IU of human

chorionic gonadotropin (hCG). After 1:1 pairing with malemice, vaginal plugs were checked the next morning, which is designated as

0.5-day post coitum (dpc). Blastocysts were retrieved from the uterine horns of plugged females at 3.5 dpc and washed in pre-

warmed M2 medium. The embryos that possess obvious blastocoel were regarded as timely developed blastocysts.

Cells that need to be injected were dissociated, singularized, and resuspended in M2 medium. Individual cells were loaded into a

micropipette (20 mm inner diameter). 10–15 cells were delivered to the cavity of each blastocyst. The injected blastocysts were kept in

warm M2 medium before being transferred to in vitro culture for live imaging or to surrogate hosts.

Embryo implantation
Adult ICR female mice in estrus were mated with vasectomized adult male in 1:1 pairing to achieve pseudopregnancy. Vaginal plugs

were checked the next morning after mating and the time is designated as 0.5 dpc. Plugged femalemicewere used as surrogate host

for embryo implantation. Embryo transfer was performed on properly anesthetized pseudopregnant ICR mice at 2.5 dpc. First, in-

jected blastocysts were loaded into a glass pipette and transferred to both uterine horns of the surrogates with 10�12 embryos

per horn. Each surgery was finished within 20 min per surrogate and the operated animals were kept warm via heating until they

woke up from anesthetization.

In vitro culture of mouse embryos
Mouse blastocysts were cultured in the in vitro culture medium IVC for short-term development in vitro as reported.36 Briefly, 20%

FBS, glutaMax, penicillin/streptomycin, 1xITS-X, b-estradiol, progesterone, and N-acetyl-L-cysteine were added to DMEM/F12,

which was then filtered for use. Micro-drops of the IVC medium (1 mL per drop) were aligned on the bottom surface of confocal

dish and immersed with sterile mineral oil to prevent evaporation. One to four embryos were transferred to the middle of each

drop using mouth pipette. Embryos were cultured in the IVC medium for up to 14 h at 37�C and photographed under Zeiss inverted

fluorescence microscope accessed with incubating chamber and humidifier.

Whole-mount embryo staining and imaging
The immunofluorescence of whole-mount pre-implantation embryos was performed as previously described.69 In brief, embryos

were incubated in Tyrode’s Acid (TA) solution at 37�C to remove the zona pellucida. Then they were fixed in 4% paraformaldehyde

(PFA) for 10 min at room temperature (RT) and permeabilized in 1% Triton X-100 for 15 min. The fixed samples were washed twice

with PBS using glass pipette before each transfer to a different solution and incubated in the Blocking Buffer containing 20%FBS and

0.1%Triton X-100 in PBS at RT for 1 h. Primary antibodies were added to the Staining Buffer containing 3%BSA in PBS for incubation
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at 4�C overnight. After washing with PBS at least three times, fluorophore-conjugated secondary antibodies were added to fresh

Staining Buffer for 2-h incubation in dark. 40, 6-diamidino-2-phenylindole (DAPI) was applied right before imaging. Micro-drops of

PBS (0.5 mL each) were arrayed on the bottom surface of a confocal dish and immersed with mineral oil. 1–3 embryos were trans-

ferred into each drop and placed with the ICM aside and blastocoel front. Images were taken under a Nikon A1R laser scanning

confocal microscope.

Histological analysis
Tissues were fixed in 4% PFA at 4�C overnight. After washing at least three times, sucrose solution was used to dehydrate samples.

Optimal cutting temperature (OCT) compound was used to immerse and embed samples to prepare for cryo-section. OCT com-

pound was washed away by double distilled water (ddH2O). Sections were stained with hematoxylin and eosin (H&E) for light micro-

scopic imaging. For immunofluorescence, after washing away OCT, 1% Triton X-100 in PBS was used to permeabilize samples and

antigen retrieval was performed using the heatingmethodwith a citrate buffer.70 Sections were blocked in 3%BSA at RT for 1.5 h and

incubated with primary antibodies at 4�C overnight. After washing at least three times, fluorophore-conjugated secondary antibodies

were applied and incubated at RT for 2 h. After removing residual antibodies via PBS washing, sections were mounted with a DAPI

solution for nuclear counterstaining and imaging.

Whole-mount skeleton staining
The whole skeleton of mouse fetuses was stained as reported.71 In brief, mouse fetuses were isolated with forceps by separating

from maternal and extraembryonic tissues under light microscope. The exposed fetuses were washed with PBS to remove blood

and amniotic fluid, and then fixed in 70% ethanol at 4�C overnight. Fixed fetuses were transferred into 95% ethanol for 1 h and at

RT before being placed into acetone for overnight incubation at 4�C. Samples were placed in the Alcian blue Solution containing

0.03% Alcian blue in 80% EtOH and 20% glacial acetic acid for one day at RT, and then in Alizarin Red Solution containing

0.005% Alizarin red and 1% KOH in distilled water for 16 h at room temperature. Stained samples were cleared and transparent-

ized in 1% KOH at RT for at least 1 day, of which the duration depended on the development of transparency of the samples.

The transparent specimens were transferred to the Imaging Buffer containing 1% KOH and glycerol in 1:1 ratio for light

microscopy.

Genotyping
For the mouse founder strains Sox9flox/flox and Prrx1Cre, genotyping was performed via polymerase chain reaction (PCR) on genomic

DNA isolated from the mouse tails. For Prrx1Cre:Sox9+/� fetuses, genotyping was performed via PCR on genomic DNA isolated from

the yolk sac. The isolated tissues were lysed in a heating alkaline buffer for DNA extraction.72 The primers used are listed in the

Table S1.

Knockdown assay with lentiviral vectors
Four pairs of short-hairpin (sh) RNA targeting human BCL2 and one pair of scrambled shRNA were designed, synthesized, and con-

structed into the lentiviral vector psi-LVRU6GP-U6-shRNA-EF1a-eGFP-IRES-Puro (GeneCopoeia). The shRNA-expressing vector

and viral packaging vectors pCMVR8.74 (Addgene #22036) and pMD2.G (Addgene #12259) were used to transfect 293FT cells to

generate lentiviral particles. MSCswere seeded onto flatten adhering plates and transduced with lentiviral particles when confluency

reached 80%. Puromycin selection (1 mg/mL in the MSC Medium) was conducted on the transduced cells for one week.

Western blotting
Cells were lysed in the radioimmunoprecipitation assay (RIPA) Buffer including protease/phosphatase inhibitors (Sigma). Lysed cells

in the buffer were gently shaken and incubated on ice for ½ h, and then centrifugated to collect the supernatant. Protein concentra-

tions were determined by using the Bradford assay (Bio-Rad). 15 mg of proteins per sample was loaded into each well of a sodium

dodecyl sulphate-polyacrylamide gel (Bio-Rad). Semi-dry transfer of proteins from the gel to a polyvinylidene fluoride (PVDF) mem-

brane (Milipore) was performed and blocked in the Blocking Buffer containing 5%milk and 0.1% Triton X-100 for 1 h and at RT. The

blockedmembranewas incubated with primary antibodies at 4�Covernight and then secondary antibodies at RT for 1 hwith washing

3 times before each transfer to a new solution. Chemiluminescent signals were detected under the ChemiDoc Imaging System

(Bio-Rad).

Trilineage differentiation of MSCs
For adipogenesis and osteogenesis, MSCswere seeded in a flat culture plate and induced for differentiation when the cell confluency

reached 60% and 90% respectively, using the StemPro Adipogenesis and Osteogenesis Differentiation Kit (Life Technologies). For

chondrogenesis, MSCs were seeded to a low-attachment U-bottom plate to form spheroids, and then induced for differentiation us-

ing the StemPro Chondrogenesis Lit (Life Technologies). Adipocyte differentiation was stopped at day 30 and the resultant samples

were stained with Oil Red O. Osteocyte and chondrocyte differentiation were terminated at day 14 and stained with Alizarin red and

Alcian blue, respectively. Imaging was conducted under light microscope.
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Flow cytometry
MSCswere dissociated with TrypLE and washed with 1%FBS in pre-chilled PBS. Cells were incubated with fluorophore-conjugated

antibodies in the Staining Buffer containing 2% FBS in PBS on ice for ½ h. Then cells were washed twice with pre-chilled PBS con-

taining 1% FBS and analyzed on the Beckman Coulter Cytoflex. Antibodies are listed in the key resource table.

Bulk RNA-seq and analysis
Embryos were firstly lysed in lysis buffer (Triton X-100, dNTPs, and RNase in ultrapure H2O), then amplified, reversely transcribed,

and prepared libraries for SMART V4-seq. The adapter sequences and short reads under 20 bp were filtered by fastp (Chen, Zhou

et al. 2018). We used HISAT258 version 2.2.1 for alignment to human genome (hg38). Gene counts were generated by feature-

Counts59 version 2.0.1. For comparisons of EMSCs (0 h), blastocysts injected with EMSCs and cultured for 6 h and 14 h, Differentially

expressed genes (DEGs) were determined by edgeR61 version 3.32.1 without replication model. All the significantly changed genes

were selected with the cut-off adjust p-value <0.001 and |fold change| > 1. GO enrichment were analyzed using clusterProfiler62

version 4.1.4 with default parameters. Top-10 GO terms were selected at level 5 for visualization.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative data are presented as themean ± SEM. Experiments were repeated at least three times with repeat number indicated

as ‘‘n’’ in the figure legends. Statistical analyses were conducted by using a t test analysis with Prism (GraphPad Software). p values

less than 0.05were considered statistically significant. The statistical differencewas labeledwith the signs as * for p < 0.05, **p < 0.01,

***p < 0.001, and n.s. not significant.
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