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Cell competition constitutes a barrier for 
interspecies chimerism

Canbin Zheng1,2,10, Yingying Hu2,3,4,10, Masahiro Sakurai2,10, Carlos A. Pinzon-Arteaga2, Jie Li3,4, 
Yulei Wei2,5,6, Daiji Okamura7, Benjamin Ravaux2, Haley Rose Barlow2, Leqian Yu2, 
Hai-Xi Sun3,4, Elizabeth H. Chen2,8,9, Ying Gu3,4 & Jun Wu2,9 ✉

Cell competition involves a conserved fitness-sensing process during which fitter cells 
eliminate neighbouring less-fit but viable cells1. Cell competition has been proposed 
as a surveillance mechanism to ensure normal development and tissue homeostasis, 
and has also been suggested to act as a barrier to interspecies chimerism2. However, 
cell competition has not been studied in an interspecies context during early 
development owing to the lack of an in vitro model. Here we developed an 
interspecies pluripotent stem cell (PSC) co-culture strategy and uncovered a 
previously unknown mode of cell competition between species. Interspecies 
competition between PSCs occurred in primed but not naive pluripotent cells, and 
between evolutionarily distant species. By comparative transcriptome analysis, we 
found that genes related to the NF-κB signalling pathway, among others, were 
upregulated in less-fit ‘loser’ human cells. Genetic inactivation of a core component 
(P65, also known as RELA) and an upstream regulator (MYD88) of the NF-κB complex in 
human cells could overcome the competition between human and mouse PSCs, 
thereby improving the survival and chimerism of human cells in early mouse 
embryos. These insights into cell competition pave the way for the study of 
evolutionarily conserved mechanisms that underlie competitive cell interactions 
during early mammalian development. Suppression of interspecies PSC competition 
may facilitate the generation of human tissues in animals.

PSCs are invaluable for the study of mammalian development and hold 
great potential in revolutionizing regenerative medicine2,3. Recently, 
PSC-derived interspecies chimeras have provided a means to generate 
complex tissues in vivo, which may help to overcome the worldwide 
shortage of donor organs for transplantation4–8. Although robust chi-
merism has been achieved among several rodent species4,9,10, low levels 
of chimerism were observed between evolutionarily distant species5,11,12, 
even at early developmental stages. Cell competition, first studied in 
Drosophila, describes the process of eliminating viable neighbour cells 
with lower fitness levels13. Cell competition has been recognized as 
an evolutionarily conserved quality control mechanism to safeguard 
pluripotency and development1,14. During the formation of interspe-
cies chimeras, xenogenic donor cells may be less fit than host cells, and 
thereby be targeted for elimination.

PSCs corresponding to different phases of pluripotency in vivo have 
been generated and studied in detail15,16. Naive and primed PSCs resem-
ble peri-implantation17 and peri-gastrulation18 epiblasts, respectively. 
To examine interspecies cell competition during early development, 
we established in vitro systems based on the co-culture of PSCs (naive 
or primed) from different species (Fig. 1a). For primed PSCs, we used a 

culture system containing bFGF and the canonical WNT pathway inhibi-
tor IWR1 (known as FGF2/IWR1, or F/R1)19. When cultured separately, 
both H9 human embryonic stem (hES) cells and mouse epiblast stem 
cells (mEpiSCs) proliferated well and maintained stable colony mor-
phology, expression of pluripotency genes, and genome stability dur-
ing long-term passaging19 (Extended Data Fig. 1a–c). We labelled H9-hES 
cells and mEpiSCs with enhanced green fluorescent protein (eGFP) and 
monomeric Kusabira Orange (mKO), respectively. Time-lapse confo-
cal microscopy analysis showed that during co-culture, many H9-hES 
cells underwent apoptosis after contacting mEpiSCs (Supplementary 
Videos 1–3). Next, we calculated the cell density (cell number per cm2) 
of live H9-hES cells and mEpiSCs in co-cultures and separate cultures 
daily until they grew to confluency. From day 3, significantly lower 
numbers of H9-hES cells were found in co-cultures than in separate 
cultures, whereas the numbers of mEpiSCs remained comparable 
(Fig. 1b). Notably, on day 5, few H9-hES cells were present in co-culture 
(Fig. 1c). Co-cultured H9-hES cells and mEpiSCs maintained expression 
of pluripotency genes and similar cell cycle profiles to separate cul-
tures (Extended Data Fig. 1d–f). When compared to separate cultures, 
there was a significant increase in the percentage of cells undergoing 
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apoptosis in co-cultured H9-hES cells but not in mEpiSCs (Fig. 1d, 
Extended Data Fig. 2a, b). Similar results were obtained when using two 
other human PSC lines: H1-hES cells and HFF-derived human induced 
pluripotent stem cells (HFF-hiPS cells)18 (Extended Data Fig. 2c–f). For 
naive PSCs, we used several reported human naive or naive-like culture 
conditions, which also supported the long-term culture of mouse ES 
cells20–23 (Extended Data Fig. 3a–e). In contrast to primed PSCs, we did 
not observe overt cell competition during the co-culturing of human 
and mouse naive PSCs (Fig. 1e, Extended Data Fig. 3f–i, Supplementary 
Video 4). In addition, we found no apparent cell competition during 
early co-differentiation of human and mouse primed PSCs (Fig. 1f, 
Extended Data Fig. 3j–l, Supplementary Video 5). Collectively, these 
results demonstrate that competition between human and mouse 
PSCs is confined within primed pluripotency, which is consistent with 
previous mouse studies24–27 (Fig. 1g, h).

We studied the effects of plating ratios and densities on competition 
between human and mouse primed PSCs and observed faster elimina-
tion of human cells when a higher proportion of mEpiSCs were seeded 
(Extended Data Fig. 4a–c). We also performed co-culturing on micropat-
terned coverslips to maximize cell–cell contact, and observed that 
most human cell death occurred between days 2 and 3 (Supplementary 
Video 6). We found the cell competition between human and mouse 
primed PSCs was contact-dependent, as non-contact co-cultures 
(either in transwells or ibidi chamber slides) did not show evidence 
of cell competition (Fig. 2a, Extended Data Fig. 4d, Supplementary 
Videos 7, 8). In addition, we found that the treatment of H9-hES cells 
with conditioned medium collected from co-cultures and separate 
cultures did not result in pronounced human cell apoptosis (Fig. 2b, 
Extended Data Fig. 4e). These results indicate that competitive inter-
action between human and mouse primed PSCs is contact-dependent 
and probably not as a result of secreted factors.

The activation of apoptosis represents the main mechanism of 
elimination of viable but less fit ‘loser’ cells, and has been linked to 
downregulation of the anti-apoptotic Bcl2 gene24,28,29. To test whether 
blocking apoptosis can overcome cell competition, we generated 
HFF-hiPS cells stably expressing BCL2 (BCL2OE hiPS cells) (Extended 
Data Fig. 5a, b). We found that overexpression of BCL2 was effective at 
preventing the elimination of HFF-hiPS cells during co-culture with 
mEpiSCs (Fig. 2c, Extended Data Fig. 5c). The pro-apoptotic gene Trp53 
(TP53 in humans) is emerging as a key player in cell competition in differ-
ent mammalian systems25,30,31. To determine whether P53 is involved in 
human cell death during co-culture with mEpiSCs, we used short hairpin 
RNA (shRNA) to reduce P53 levels in HFF-hiPS cells (TP53KD hiPS cells) 
and also generated TP53 knockout (TP53KO) HFF-hiPS cells (Extended 
Data Fig. 5d, e, h, i). When TP53KD or TP53KO hiPS cells were co-cultured 
with mEpiSCs, a complete rescue of human cell death was observed 
(Fig. 2d, Extended Data Fig. 5f, g, j, Supplementary Video 9). mTOR 
signalling was previously shown to act downstream of P53 during cell 
competition in mice25. We increased mTOR activity in HFF-hiPS cells 
by knocking out TSC1 (an inhibitor of the mTOR pathway), and found 
the TSC1 deficiency did not rescue the elimination of HFF-hiPS cells by 
mEpiSCs (Extended Data Fig. 5k–m). In summary, we demonstrate that 
either overexpression of the anti-apoptotic BCL2 gene or abrogation 
of the pro-apoptotic TP53 gene can promote the survival of human 
primed PSCs when co-cultured with mEpiSCs.

To gain additional mechanistic insights, we performed RNA sequenc-
ing (RNA-seq) analysis using H9-hES cells isolated from day-1–3 
co-cultures and separate cultures (Fig. 2e). Comparative transcriptome 
analysis identified 571, 750 and 667 upregulated genes on days 1, 2 and 
3, respectively, in co-cultured versus separately cultured H9-hES cells 
(co-culture upregulated genes, or co-URGs) (Fig. 2f). Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analyses were performed using co-URGs from all (days 1, 2 and 3 com-
bined), common (commonly shared among days 1, 2 and 3) and day 1 
only. We found many enriched GO cellular component terms related to 
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Fig. 1 | Cell competition between human and mouse primed PSCs.  
a, A schematic of human and mouse PSC co-culture. b, Growth curves of 
co-cultured (blue) and separately cultured (red) H9-hES cells (left) and 
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c, Representative fluorescence images of day-5 co-cultured and separately 
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H9-hES cells (blue) and mEpiSCs (red). n = 10, randomly selected 
318.2 × 318.2 μm2 fields examined over three independent experiments.  
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the extracellular regions and the plasma membrane, consistent with the 
finding that cell competition between human and mouse primed PSCs 
is contact-dependent (Supplementary Table 1). Enriched GO biologi-
cal process terms included ‘positive regulation of apoptotic process’, 
‘inflammatory response’, and ‘regulation of cell motility/migration’, 
among others (Supplementary Table 1). KEGG pathway analysis con-
firmed that the P53 signalling pathway was among the overrepresented 
pathways in ‘all’ (ranked twenty-first) and ‘common’ (ranked second) 
co-URGs, which is consistent with our findings using TP53KD and TP53KO 
hiPS cells (Extended Data Fig. 6a, b, Supplementary Table 1).

Notably, the NF-κB signalling pathway was ranked third and ninth 
in the day-1-only and all co-URG groups, respectively, and many NF-κB 
pathway-related genes were significantly upregulated in co-cultured 
versus separately cultured H9-hES cells (Fig. 2f, Extended Data Fig. 6a, 
c–e). NF-κB represents an early response factor, which can be acti-
vated rapidly after stimulation32, and has key roles in cell competition 
in Drosophila induced by the Myc and Minute (also known as RpS17) 
genes33. To determine whether NF-κB signalling activates apopto-
sis in human cells, we knocked out P65 in HFF-hiPS cells (P65KO hiPS 
cells) (Extended Data Fig. 7a, b). P65KO hiPS cells maintained genomic 
stability and intact primed pluripotency (Extended Data Fig. 7c–e). 
Notably, time-lapse confocal microscopy showed little to no competi-
tive interaction between co-cultured mEpiSCs and P65KO hiPS cells 
(Supplementary Video 10). The growth dynamics of P65KO hiPS cells in 
co-cultures and separate cultures were comparable (Fig. 2g, Extended 
Data Fig. 7f–h). MyD88 is a key signalling adaptor for all mammalian 
Toll-like receptors (TLRs) (except TLR3), which has the main role of acti-
vating NF-κB. We generated homozygous MYD88 knockout HFF-hiPS 

cells (MYD88KO hiPS cells), and confirmed MYD88 deficiency did not 
perturb the self-renewal and primed pluripotency status of HFF-hiPS 
cells (Extended Data Fig. 7i–l). Similar to P65, MYD88 deficiency res-
cued HFF-hiPS cells from being outcompeted by mEpiSCs (Fig. 2h, 
Extended Data Fig. 7m, Supplementary Video 11). By examining the 
P53 and NF-κB pathway activation status in co-cultures and separate 
cultures of wild-type, MYD88KO, P53KO and P65KO hiPS cells, we uncovered 
a putative MYD88–P53–P65 axis that can trigger human cell death as 
the result of the competition between human and mouse primed PSCs 
(Extended Data Fig. 7n, o).

To determine whether overcoming interspecies primed PSC com-
petition can improve human cell survival in early mouse embryos, we 
performed microinjections of eGFP-labelled BCL2OE, TP53KO, P65KO, 
MYD88KO and wild-type hiPS cells into mouse blastocysts followed by 
ex vivo culture34 (Fig. 3a). After 3 and 5 days of culturing, eGFP signals 
could only be detected in a few embryos injected with wild-type hiPS 
cells, whereas most embryos injected with BCL2OE, TP53KO, P65KO and 
MYD88KO hiPS cells still contained eGFP+ cells (Fig. 3b, Extended Data 
Fig. 8a, Supplementary Table 2). Next, we stained day-5 embryos with 
antibodies against activated caspase-3 (AC3) and OCT4 (also known 
as POU5F1). Our results confirmed that the eGFP signal was from live 
human cells, and some eGFP+OCT4+ cells were found inside mouse 
epiblast (Extended Data Fig. 8b). Next we performed embryo transfers 
and investigated whether primed TP53KO, P65KO and MYD88KO hiPS cells 
could contribute to chimera formation in vivo. We detected the eGFP 
signal from many embryonic day (E) 8–9 mouse embryos generated 
by MYD88KO, P65KO and TP53KO but not wild-type hiPS cells (Extended 
Data Fig. 8c, Supplementary Table 2). The presence of human cells 
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Fig. 2 | Mechanisms underlying human–mouse primed PSC competition.  
a, Growth curves of co-cultured (blue) and separately cultured (red) H9-hES 
cells (left) and mEpiSCs (right) in transwell culture conditions. n = 3, biological 
replicates. b, Growth curves of H9-hES cells treated with different types of 
concentrated conditioned medium (CM). n = 3, biological replicates. c, Growth 
curves of co-cultured (blue) and separately cultured (red) BCL2OE hiPS cells 
(left) and mEpiSCs (right). n = 4, biological replicates. d, Growth curves of 
co-cultured (blue) and separately cultured (red) TP53KO hiPS cells (left) and 
mEpiSCs (mouse). n = 3, biological replicates. e, Schematic of the RNA-seq 

experimental setup. f, Left, Venn diagram showing the numbers of co-URGs in 
H9-hES cells. Right, top five KEGG pathways enriched in day-1-only co-URGs in 
H9-hES cells. n = 2, biological replicates. P values determined by a modified 
one-sided Fisher’s exact test (EASE score). g, Growth curves of co-cultured 
(blue) and separately cultured (red) P65KO hiPS cells (clone 1A3) (left) and 
mEpiSCs (right). n = 3, biological replicates. h, Growth curves of co-cultured 
(blue) and separately cultured (red) MYD88KO hiPS cells (left) and mEpiSCs 
(right). n = 3, biological replicates. All data are mean ± s.e.m.
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was confirmed by immunofluorescence analysis, genomic PCR using 
human-specific Alu (TPA25-Alu) primers35, and Sanger sequencing 
(Fig. 3c, d, Extended Data Fig. 8c–f). On the basis of the immunofluores-
cent eGFP signal, the percentages of E8–E9 mouse embryos containing 

human cells were 19.39% (19 out of 98), 9.52% (4 out of 42) and 8.00% 
(4 out of 50) for MYD88KO, P65KO and TP53KO hiPS cells, respectively, 
but 0% (0 out of 23) for wild-type hiPS cells (Extended Data Fig. 8c, 
Supplementary Table 2). We next performed co-staining of eGFP with 
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Fig. 4 | Primed PSC competition among different 
species. a, Growth curves of co-cultured (blue) and 
separately cultured (red) H9-hES cells and rat EpiSCs. 
Plating ratio of 4:1 (human:rat). n = 3, biological 
replicates. b, Growth curves of co-cultured (blue) 
and separately cultured (red) ORMES23 rhesus ES 
cells and mEpiSCs. Plating ratio of 4:1 
(rhesus:mouse). n = 6, biological replicates.  
c, Growth curves of co-cultured (blue) and separately 
cultured (red) H9-hES cells and ORMES23 rhesus ES 
cells. Plating ratio of 1:1 (human:rhesus). n = 3, 
biological replicates. d, Growth curves of 
co-cultured (blue) and separately cultured (red) 
bovine ES cells and H9-hES cells. Plating ratio of 1:1 
(cow:human). n = 3, biological replicates. e, Growth 
curves of co-cultured (blue) and separately cultured 
(red) bovine ES cells and mEpiSCs. Plating ratio of 4:1 
(cow:mouse). n = 3, biological replicates. f, A 
schematic summary showing the hierarchy of 
‘winner’ and ‘loser’ species during interspecies 
primed PSC competition. Animal silhouettes are 
from BioRender.com. P values determined by 
unpaired two-tailed t-test (a, b, d, e). All data are 
mean ± s.e.m.
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different lineage markers: endoderm (SOX17), mesoderm (CNN1) and 
ectoderm (PAX6), and found that MYD88KO, P65KO and TP53KO hiPS cells 
differentiated into cells from all three primary germ layers (Fig. 3e, 
Extended Data Fig. 8e, f). Together, genetic inactivation of TP53, MYD88 
or P65 improves the survival and chimerism of human primed PSCs in 
early mouse embryos.

To examine whether primed PSC competition occurs between 
other species, we studied bovine ES cells36, rhesus macaque ES 
cells (ORMES23)37 and rat EpiSCs grown in F/R1 culture conditions19 
(Extended Data Fig. 9a–c). Similar to human and mouse cells, pro-
nounced cell competition was observed in co-cultures of primate–
rodent, primate–cow and rodent–cow, but not rat–mouse and 
human–rhesus PSCs (Fig. 4a–e, Extended Data Fig. 9d–f, i–l). MYD88 
and P65 deficiency also prevented HFF-hiPS cells from being outcom-
peted by rat EpiSCs (Extended Data Fig. 9g, h). MYD88KO, TP53KO, P65KO or 
BCL2OE, however, did not confer HFF-hiPS cells with the ‘super competi-
tor’ status1 (Extended Data Fig. 10a–h). Similarly, Myd88 deficiency did 
not improve rat chimerism in  mouse embryos (Extended Data Fig. 10i, 
k). By contrast, Tp53KO rat ES cells showed a significantly higher level of  
chimerism in E10.5 mouse embryos than wild-type rat ES cells (Extended 
Data Fig. 10j, k), which suggests that other competitive mechanism(s) 
exists that can activate the P53 pathway in rat cells independent of 
MyD88 or NF-κB. Collectively, these results extend primed PSC com-
petition beyond humans and mice, and suggest that it is a more general 
phenomenon among different species (Fig. 4f).

In summary, we uncover a previously unrecognized mode of cell 
competition between primed PSCs of different species. We further show 
that interspecies primed PSC competition is contact-dependent, and 
that NF-κB activation, putatively downstream of P53 and MyD88, drives 
the elimination of loser cells. In addition, we find that inactivation of 
the MyD88, NF-κB or P53 pathway enhances human cell survival and 
chimerism in early mouse embryos. Apoptosis was recently recognized 
as an initial barrier of interspecies chimerism, and forced expression 
of anti-apoptotic factors including BCL2 and BMI1 improved human 
primed PSC chimerism in early mouse and pig embryos38–40. Our results 
provide mechanistic insights that link human cell death to interspecies 
cell competition during primed pluripotency. Our study establishes a 
platform to study cell competition mechanisms during early mamma-
lian development, and, if combined with interspecies chimera-enabling 
PSC cultures5,12,23,35,41,42, may lead to successful interspecies organogen-
esis between evolutionarily distant species.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-021-03273-0.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized, and investigators were not blinded 
to allocation during experiments and outcome assessment.

Animals and ethical review
CD-1 (ICR) and C57BL/6NCrl mice were purchased from Charles River 
or Envigo (Harlen). Sprague Dawley (SD) rats were purchased from 
Envigo. NOD/SCID immunodeficient mice were purchased from Charles 
River (NOD.CB17–Prkdcscid/NcrCrl). Mice and rats were housed in 12-h 
light/12-h dark cycle at 22.1–22.3 °C and 33–44% humidity. All pro-
cedures related to animals were performed in accordance with the 
ethical guidelines of the University of Texas Southwestern Medical 
Center. The animal protocol was reviewed and approved by the UT 
Southwestern Institutional Animal Care and Use Committee (IACUC) 
(protocols 2018-102430 and 2018-102434). All experiments followed 
the 2016 Guidelines for Stem Cell Research and Clinical Translation 
released by the International Society for Stem Cell Research (ISSCR). All 
human–mouse ex vivo and in vivo interspecies chimeric experimental 
studies were reviewed and approved by UT Southwestern Stem Cell 
Oversight Committee (SCRO) (registration 14).

Derivation of rat EpiSCs
Progression of oestrous cycle and developmental stages of embryos 
were determined by preforming vaginal cytological smears. Copulation 
time was determined by the presence of sperm in the vaginal smear 
under a microscope. If present, it is designated as ‘E0.5’. E7.5 stage rat 
embryos were used for rat EpiSCs derivation. In brief, surgically isolated 
epiblasts were placed on mitotically inactivated mouse embryonic 
fibroblasts (MEFs) in chemically defined N2B27 medium supplemented 
with FGF2 (20 ng ml−1, Peprotech) and IWR1 (2.5 μM, Sigma-Aldrich)19. 
After 4 days in culture, epiblast outgrowths were passaged as small 
clumps using collagenase IV (Life Technologies) and replated onto 
newly prepared MEFs. Established rat EpiSCs were passaged every 3–4 
days with TrypLE (Gibco) at a split ratio of 1:30.

Primed PSC culture
Human ES cell lines H1 (WA01) and H9 (WA09) were obtained from 
WiCell and authenticated by short tandem repeat (STR) profiling. 
HFF-hiPS cells, mouse EpiSCs, rhesus macaque ES cells, and bovine ES 
cells were generated as previously described5,19,36. Human primed PSCs 
were either cultured on plates coated with Matrigel (BD Biosciences) in 
mTeSR1 medium (StemCell Technologies) or on MEFs in NBFR medium, 
which contains DMEM/F12 (Invitrogen) and Neurobasal medium (Invit-
rogen) mixed at 1:1 ratio, 0.5× N2 supplement (Invitrogen), 0.5× B27 sup-
plement (Invitrogen), 2 mM GlutaMax (Gibco); 1× nonessential amino 
acids (NEAA, Gibco), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 20 ng 
ml−1 FGF2, 2.5 μM IWR1, and 1 mg ml−1 BSA (low fatty acid, MP Biomedi-
cals). Mouse, rat, rhesus and bovine primed PSCs were all cultured on 
MEFs in NBFR medium. Primed PSCs cultured in NBFR medium were 
passaged using TrypLE (human, rhesus and bovine) at 1:10 split ratio 
every 4–5 days, and 1:30 split ratio (mouse and rat) every 3–4 days. 
Human primed PSCs cultured in mTeSR1 medium on Matrigel were 
passaged every five days using Versene (Gibco) at 1:10 split ratio.

Naive PSC culture
For human naive or naive-like PSCs, we adopted four different cul-
ture conditions: (1) 5iLAF medium20, which contains DMEM/F12 and 
Neurobasal medium mixed at a 1:1 ratio, 0.5× N2 supplement, 0.5× 
B27 supplement, 8 ng ml−1 bFGF, 1× NEAA, 2 mM GlutaMAX, 0.1 mM 
2-mercaptoethanol, 50 μg ml−1 BSA, 1 μM PD0325901 (Stemgent), 0.5 
or 1 μM IM-12 (Enzo), 0.5 μM SB590885 (Tocris), 1 μM WH-4-023 (A 
Chemtek), 10 μM Y-27632 (Selleckchem), 20 ng ml−1 activin A (Pepro-
tech), 20 ng ml−1 recombinant human LIF (rhLIF, Peprotech) and 0.5% 

knockout serum replacement (KSR, Invitrogen). (2) PXGL medium21, 
which contains DMEM/F12 and Neurobasal medium mixed at 1:1 
ratio, 0.5× N2 supplement, 0.5× B27 supplement, 2 mM GlutaMAX, 
1× NEAA, 10 ng ml−1 rhLIF, 1 μM CHIR99021 (Selleckchem), 2 μM IWR1 
(OR XAV939), 2 μM Gö6983 (Tocris). (3) NHSM medium22, which con-
tains KnockOut DMEM (Invitrogen), 2 mM GlutaMax, 1× NEAA, 0.1 mM 
2-mercaptoethanol, 10 mg ml−1 AlbuMax-I (Invitrogen), 1× N2 supple-
ment, 50 μg ml−1 l-ascorbic acid 2-phosphate (Sigma-Aldrich), 20 ng 
ml−1 rhLIF, 20 ng ml−1 human LR3-IGF1 (Peprotech), 8 ng ml−1 FGF2,  
2 ng ml−1 TGFβ1 (Peprotech), 3 μM CHIR99021, 1 μM PD0325901, 5 μM 
SB203580 (Selleckchem), 5 μM SP600125 (Selleckchem), 5 μM Y27632 
and 0.4 μM LDN193189 (Selleckchem). (4) LCDM medium23, which con-
tains DMEM/F12 and Neurobasal medium mixed at 1:1 ratio, 0.5× N2 
supplement, 0.5× B27 supplement, 2 mM GlutaMAX, 1× NEAA, 0.1 mM 
2-mercaptoethanol, 5 mg ml−1 BSA (optional) or 5% KSR (optional), 
10 ng ml−1 rhLIF, 5 μM CHIR9902, 2 μM (S)-(+)-dimethindene maleate 
(Tocris), 2 μM minocycline hydrochloride (Santa Cruz Biotechnology).

A mouse ES cell line derived from a C57BL/6J blastocyst19 and J1 mouse 
ES cells purchased from ATCC were used in this study, both of which 
were cultured in 2iL medium on MEFs and adapted to human naive 
or naive-like culture conditions for more than five passages before 
co-culture with human naive PSCs. 2iL medium contains DMEM/F12 and 
Neurobasal medium mixed at 1:1 ratio, 0.5× N2 supplement, 0.5× B27 
supplement, 2 mM GlutaMAX, 1× NEAA, 0.1 mM 2-mercaptoethanol, 
10 ng ml−1 rhLIF, 3 μM CHIR 99021 and 1 μM PD0325901.

A rat ES cell line (DAC8) was generated as previously reported43. Rat 
ES cells were cultured on MEFs coated plates in rat ES cell medium, 
which contains DMEM/F12 and Neurobasal medium mixed at 1:1 ratio, 
0.5× N2 supplement, 0.5× B27 supplement, 2 mM GlutaMAX, 1× NEAA, 
0.1 mM 2-mercaptoethanol, 10 ng ml−1 rhLIF, 1.5 μM CHIR 99021 and  
1 μM PD0325901. Rat ES cells were passaged every 4–5 days at a split 
ratio of 1:10.

Generation of fluorescently labelled PSCs
We used pCAG-IP-mKO and pCAG-IP-eGFP to label PSCs. In brief, 1–2 μg 
of pCAG-IP-mKO/eGFP plasmids were transfected into 1 × 106–2 × 106 
dissociated PSCs using an Amaxa 4D-nucleofector or an electroporator 
(NEPA21, Nepa Gene) following the protocol recommended by the man-
ufacturer. Then, 0.5–1.0 μg ml−1 of puromycin (Invitrogen) was added 
to the culture 2–3 days after transfection. Drug-resistant colonies were 
manually picked between 7 and 14 days and further expanded clonally.

Interspecies PSC co-culture
PSCs from different species were seeded onto MEF-coated plates and 
either cultured separately or mixed at different ratios for co-cultures. 
The seeding ratio and density were empirically tested and decided on 
the basis of cell growth rate. For most cell competition assays between 
human–mouse, human–rat, rhesus–mouse, rhesus–rat, bovine–mouse 
and bovine–rat PSCs, cells were seeded at a 4:1 ratio at a density of 
1.25 × 104 cells cm−2. For human–mouse co-culture experiments, dif-
ferent ratios and/or densities were also tested. For human–rhesus, 
human–bovine, and rhesus–bovine PSC co-cultures, cells were seeded 
at 1:1 ratio at 2 × 104 cells cm−2. For mouse–rat PSC co-culture, cells were 
seeded at 1:1 ratio at 0.5 × 104 cells cm−2. For primed PSC co-culture 
experiments, PSCs of all species were cultured in NBFR medium on 
MEFs. For naive PSC co-culture experiments, human and mouse PSCs 
were cultured in 5iLAF, PXGL, NHSM or LCDM medium on MEFs. For 
differentiation co-culture, NBFR-cultured human and mouse PSCs 
were switched to differentiation medium containing DMEM/F12 sup-
plemented with 10% fetal bovine serum (FBS). At each of the indicated 
time points, cell concentration was manually counted and calculated, 
and the percentages of each cell line were determined using the LSR II 
Flow Cytometer (BD Bioscience). Total cell numbers (tN) for each spe-
cies in co-cultures or separate cultures were determined by multiplying 
total cell volume (V) with cell concentration (CC) and percentage (P). 
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tN = V × CC × P. Cell density (cells cm−2) was calculated by dividing the 
total cell number by the surface area.

Transwell culture and conditioned medium assay
For transwell culture experiments, Millipore Transwell 0.4 μm PET 
hanging inserts (Millicell, MCH12H48) were used by placing them into 
12-well plates. Coverslips were placed into both the upper insert and 
the bottom well. For transwell co-culture experiments, mEpiSCs and 
hES cells were seeded on the top insert and bottom well, respectively. 
For contact co-culture experiments in transwell, both mEpiSCs and hES 
cells were seeded on the top insert without coverslips. Conditioned 
medium was collected from day-1–5 co-cultures and separate cultures, 
filtered through a cell strainer (BD Falcon Cell Strainer, 40 μm) and 
centrifuged at 200g for 10 min at 4 °C to remove cell debris, then used 
to culture H9-hES cells. For the concentrated conditioned medium, 
a total of 100 ml was collected from day-1–5 co-cultures or separate 
cultures, and concentrated to a final volume of approximately 10 ml 
using Amicon ultra centrifugal filter with 3-kDa molecular mass cutoff 
(Millipore, UFC900308).

Time-lapse imaging and analysis
Time-lapse imaging was performed with a Nikon A1R confocal micro-
scope at 37 °C and 5% CO2 using a Nikon Biostation CT. Cells were 
imaged every 5 min for at least 12 h using a 10×, 20× or 60× (0.4 NA) 
objective. For time-lapse imaging of contactless co-culture on chamber 
slides (μ-Slide 2 Well Co-Culture, ibidi), H9-hES cells were seeded in 
the inner well, and mEpiSCs in the outer wells. After cell attachment, 
unattached cells and medium were aspirated. Each major well was then 
overlaid with 600 μl cell-free medium followed by time-lapse imaging. 
For time-lapse imaging of co-cultures using micropatterned coverslips, 
the photoresist template was fabricated by negative photolithography 
as previously described44. The chrome mask was manufactured by the 
University of Texas at Dallas, and the KMPR 1050 photoresist (Micro-
chem) was used following the manufacturers’ protocol. The silicon 
(PDMS) mould was fabricated from Sylgard 184 Silicon Elastomer 
(Dow Corning). The layered agarose technique is a simple process 
for cell patterning on glass45. However, since the agarose layer quickly 
detaches from the coverslip in cell culture conditions (37 °C, 5% CO2), 
we first coated the glass coverslip with an ultra-thin layer of polystyrene 
dissolved in chloroform (0.2 mg ml−1), and then exposed the coverslips 
to UV light (tissue culture hood) for 1 h to graft the polystyrene layer 
and sterilize the coverslips. Finally, the PDMS stamps were sealed to 
the treated coverslip with feature-side down. A solution of 1% agarose 
in distilled water (10 mg ml−1) was heated to 100 °C until the solution 
was crystal clear. Subsequently, 600 μl of the 1% agarose solution was 
mixed with 400 μl of 100% ethanol, and a drop of the hot agarose/etha-
nol solution was perfused through the gaps formed between the stamp 
and the coverslip. After several hours, the PDMS mould was carefully 
removed from the coverslip with fine-tipped forceps. Before plating 
the cells in normal culture medium, the agarose-coated coverslips 
were incubated with fibronectin in PBS (50 μg ml−1) for 1 h at 37 °C and 
rinsed twice with PBS. After time-lapse imaging, ImageJ (NIH, 64-bit 
Java 1.8.0_172) was used to project the z-stacks in 2D, using maximum 
intensity projection and the resulting 2D images were assembled into 
a time-lapse video.

CRISPR knockout
We used the online software (MIT CRISPR Design Tool: http://crispr.mit.
edu) to design all single guide RNAs (sgRNAs) used in this study. The 
sequences of sgRNAs are included in Supplementary Table 3. sgRNAs 
were cloned into the pSpCas9(BB)-2A-eGFP (Addgene, PX458) plasmid 
by ligating annealed oligonucleotides with BbsI-digested vector. The 
plasmid carrying the specific sgRNA was then transfected into HFF-hiPS 
cells or DAC8 rat ES cells using an electroporator (NEPA2, Nepa Gene 1). 
eGFP+ cells were collected by FACS at 48 h after transfection and plated. 

Single clones were picked and expanded. Homozygous knockout clones 
were confirmed by Sanger sequencing and western blotting.

Plasmids
The lentiviral construct for TP53 shRNA (shp53 pLKO.1 puro) was 
obtained from Addgene (plasmid 19119)46. pSpCas9(BB)-2A-eGFP 
(PX458) plasmid was purchased from Addgene (plasmid 48138). 
pCAG-IP-mKO, pCAG-IP-eGFP and pCAG-IP-Bcl2 plasmids were 
obtained from T. Hishida.

Mouse embryo collection
CD-1 female mice (2–6 months old) in natural oestrous cycles were 
mated with CD-1 male mice (2–6 months old). Blastocysts were col-
lected at E3.5 (the presence of a virginal plug was defined as E0.5) in 
KSOM-Hepes5 by flushing out the uterine horns. Blastocysts were 
cultured in defined modified medium (mKSOMaa)5 in a humidified 
atmosphere containing 5% CO2 and 20% O2 at 37 °C until hiPS cell injec-
tions. The embryos that had obvious blastocoel at E3.5 were defined 
as blastocysts.

Human–mouse ex vivo chimera formation
Microinjection of human iPS cells into mouse blastocysts was per-
formed as previously described5 with some modification. In brief, cells 
pretreated with 10 μM Y-27632 were dissociated into single cells using 
Accutase (Sigma-Aldrich) and centrifuged at 200g at room temperature 
for 3 min. After removal of the supernatant, cells were resuspended in 
culture medium at a density of 2 × 105–6 × 105 cells ml−1 and placed on ice 
for 20–30 min before injection. Single-cell suspensions were added to 
a 40 μl droplet of KSOM-Hepes containing the blastocysts and placed 
on an inverted microscope (Nikon) fitted with micromanipulators 
(Narishige). Individual cells were collected into a micropipette with 
20 μm internal diameter (ID) and the Piezo Micro Manipulator (Prime 
Tech) was used to create a hole in the zona pellucida and trophectoderm 
layer of mouse blastocysts. Then, 10–15 cells were introduced into the 
blastocoel. After microinjection, the blastocysts were cultured ex vivo. 
To culture mouse blastocysts injected with human iPS cells beyond the 
implantation stages, we followed a previously published protocol34. In 
brief, injected mouse blastocysts were placed in ibiTreat μ-plate wells 
(eight-well, ibidi, 80826) containing IVC1 medium. This is designated 
as day 0 of the ex vivo culture. After all of the embryos attached to the 
bottom of the well (between days 2 and 3), IVC1 medium was replaced 
with equilibrated IVC2 medium. On approximately days 4 and 5, an 
early egg cylinder emerged from the inner cell mass clumps, and after 
further culture (approximately day 6) the proamniotic cavity became 
visible. The embryos were analysed for eGFP and AC3 expression by 
live imaging and/or immunofluorescence staining.

Microinjection of rat ES cells to mouse blastocysts
Single-cell suspensions of rat ES cells were added to a 40 μl drop of 
KSOM-Hepes containing the blastocysts to be injected. Individual 
cells were collected into a 20 μm ID of micropipette. Ten cells were 
introduced into the blastocoel. Groups of 10–12 blastocysts were 
manipulated simultaneously and each session was limited to 30 min. 
After microinjection, the blastocysts were cultured in mKSOMaa for 
at least 1 h until the embryo transfer.

Mouse embryo transfer
CD-1 female mice used as surrogates (2–4 months old) were mated with 
vasectomized CD-1 male mice (3–12 months old) to induce pseudopreg-
nancy. Approximately 10–15 injected blastocysts were transferred to 
each uterine horn of 2.5-days post coitum pseudo-pregnant females. 
Embryos were dissected at the indicated time points and used for down-
stream analysis. To test the chimera competency of J1 mouse ES cells 
cultured in 5iLAF medium, C57BL/6NCrl blastocysts collected from 
3–4-month-old female mice were used for microinjection.

http://crispr.mit.edu
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Genomic PCR
Genomic PCR was carried out for the detection of human-specific DNA 
in mouse embryos by DNA fingerprinting using primers for TPA25-Alu. 
Genomic DNA of E8–E9 or E10.5 mouse embryos and HFF-hiPS cells, 
DAC8 rat ES cells (used as a positive control) were extracted using Wiz-
ard SV genomic DNA purification system (Promega), and diluted to  
30 ng μl−1 as PCR templates. Genomic PCRs were performed using Hot 
Start Taq 2x Master Mix (NEB). The PCR products were examined by 2% 
agarose gel electrophoresis. Bands of expected size were cut and puri-
fied using Gel Extraction kit (Sigma-Aldrich) and then sent for Sanger 
sequencing. Primer sequences are provided in Supplementary Table 3.

Quantitative genomic PCR
Quantitative PCR (qPCR) to quantify the rat ES cell contribution in 
rat–mouse chimeric embryos was performed using SYBR Green PCR 
Master Mix (Applied Biosystems), and total genomic DNAs were isolated 
from E10.5 chimera, mouse ES cells and DAC8 rat ES cells. The data were 
analysed using the ΔΔCt method, and first normalized to the values of 
the mouse and rat common mitochondrial DNA primers. A rat-specific 
mitochondrial DNA primer was used to detect rat cells. The levels of 
chimerism were determined on the basis of the values of genomic DNA 
generated from serial dilutions of rat–mouse cells. The primers used 
for genomic qPCR are listed in Supplementary Table 3.

Immunofluorescence
Cells were fixed in 4% paraformaldehyde (PFA) for 10 min at room tem-
perature, permeabilized with 0.1% Triton X-100 for 15 min, and blocked 
with 10% BSA (Sigma-Aldrich) and 0.1% Triton X-100 for 1 h. Staining 
with primary antibodies (Supplementary Table 4) was performed over-
night at 4 °C in 1% BSA and 0.1% Triton X-100. After three washes in PBS, 
secondary antibodies (Supplementary Table 5) and DAPI were applied 
for 1 h. Coverslips were then mounted on glass slides using Vectash-
ield (Vector Labs). The images of stained slides were taken by Revolve 
(ECHO) or Nikon A1R confocal microscope. All quantitative analysis of 
immunostained sections were carried out using Nikon NIS-Elements 
AR. To determine the percentage of cells that express AC3, we counted 
all AC3+ cells in ten randomly selected fields (318.2 × 318.2 μm2 each) 
from three independent immunostaining experiments per sample and 
calculated the percentage of marker-positive cells out of the total DAPI 
and eGFP+ or mKO+ cells.

Immunohistochemistry analysis of mouse embryos
E8–E9 embryos were dissected and fixed for 45 min in 4% PFA at 4 °C, 
washed three times in PBS for 10 min each and submerged first in 30% 
sucrose (Sigma-Aldrich) overnight at 4 °C until the embryos sank to the 
bottom of the tube. The day after, samples were subjected to increas-
ing gradient of OCT concentration in sucrose and PBS followed by 
embedding in OCT on liquid nitrogen and stored at −80 °C until fur-
ther processing. Frozen embryo blocks were cut on a cryostat (Leica 
CM1950) into 12-μm-thick sections, which were placed on superfrost 
plus microscope slides (Thermo Scientific) for immunostaining. The 
slides were washed once with PBS. After permeabilization with 0.1% 
Triton X-100 in PBS for 10 min, slides were again washed three times 
with PBS for 2 min each and blocked with 10% normal donkey or goat 
serum in PBS in humidified chamber for 1 h at room temperature. Slides 
were then incubated with indicated primary antibodies (Supplemen-
tary Table 4) overnight at 4 °C, secondary antibodies (Supplementary 
Table 5) for 2 h at 37 °C, and finally DAPI. All images were captured on 
a Nikon NIS-Elements A1R.

Flow cytometry
For flow cytometry analysis, cells were dissociated using Accutase and 
fixed in 4% PFA in culture medium for 10 min. Permeabilization was 
carried out using 0.1% Triton X-100 in PBS, and cells were blocked using 

0.5% BSA and 2% normal FBS in PBS. Cells were incubated with primary 
antibodies (Supplementary Table 4) for 1 h at room temperature. After 
washing, secondary antibodies (Supplementary Table 5) were applied. 
Cells were incubated with secondary antibodies for 30 min at 4 °C and 
washed in PBS before flow cytometry analysis. For annexin V stain-
ing, we followed the instructions recommended by the manufacturer 
(Invitrogen, V13242). Flow cytometry was performed using a FACScali-
bur system (BD) and a BD LSRII (BD) and analysed using BD FacsDIVA 
(v9.0) and FlowJo (10.5.3), respectively. Gating strategies were shown 
in Extended Data Fig. 1.

Western blotting
Both co-cultured and separately cultured cells were sorted out and 
collected on the basis of fluorescent labelling using fluorescence 
activated cell sorting (FACS). Cells were collected by centrifuga-
tion and lysed in RIPA lysis buffer (150 mM NaCl, 1% Nonidet P-40, 
0.5% sodium deoxycholate, 0.1% SDS, 50 mM pH 8.0 Tris-HCl) sup-
plemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1× 
Halt complete protease inhibitor cocktail (Thermo Fisher Scientific). 
Cell lysates were sonicated for 5 min (Bioruptor UCD-200, Diagenode) 
and cleared by centrifugation at 14,000g for 10 min at 4 °C (Hermle 
benchmark Z 216 MK). Cleared lysate was quantified using PIERCE 
BCA protein assay kit (Thermo Fisher Scientific) per manufacturer’s 
instructions and absorbance was measured at 562 nm using a Spec-
traMax iD3 plate reader (Molecular Devices). Protein concentrations 
were normalized to the lowest sample. Samples were denatured with 
Laemmli buffer (0.05 M Tris-HCl at pH 6.8, 1% SDS, 10% glycerol, 
0.1% 2-mercaptoethanol) by boiling for 10 min. The equal amounts 
of protein samples were resolved using Criterion TGX pre-cast gels 
(BioRad) or 10% PAGE-SDS gels followed by transfer to PVDF mem-
branes. Transfer was visualized using Ponceau S staining solution 
(0.5% Ponceau S, 1% acetic acid). Membrane was incubated with the 
corresponding primary antibodies (Supplementary Table 4) after 
blocking for 1 h with 5% BSA and 1% Tween-20 in TBS. Immunoreactive 
bands were visualized using HRP conjugated secondary antibodies 
(Supplementary Table 5) incubated with chemiluminescence sub-
strate (Pierce ECL western substrate, Thermo Fisher Scientific) and 
exposed to X-ray film.

RNA isolation and quantitative RT–PCR analysis
Total RNAs were extracted using RNeasy Mini Kit (Qiagen). cDNA was 
synthesized using Superscript III reverse transcriptase (Invitrogen), 
and SYBR Green Master Mix (Qiagen) was used for qPCR reaction. 
Quantitative reverse transcription PCR (qRT–PCR) was carried out 
using CFX384 system (BIO-RAD). Reactions were run in triplicate and 
expression level of each gene was normalized to the geometric mean of 
Gapdh as a housekeeping gene and analysed by using the ΔΔCt method 
by Bio-Rad Maestro 1.0. The qRT–PCR primer sequences of each gene 
are listed in Supplementary Table 3.

RNA-sequencing
Both co-cultured and separately cultured cells were sorted out and 
collected on the basis of fluorescent labelling using FACS at each of 
the indicated time points. RNA extraction of cells was performed 
using a RNeasy using DNase treatment (Qiagen). RNA was analysed 
using a 2100 Bioanalyzer (Aglient Technologies). RNA-seq reads were 
mapped to the mouse genome and human genome using HISAT2 
(version 2.1.0)47 with parameters ‘-k 1 -p 4 -q --no-unal --dta’. The gene 
expression levels were then calculated using StringTie (v1.3.3b)48 with 
parameters ‘-t -e -B -A’. A twofold variance in expression levels, a P value 
less than 0.05 and an adjusted P value less than 0.1 were used as cutoffs 
to define differentially expressed genes. The P value and adjusted  
P value were calculated using DESeq249. Gene Ontology analysis of dif-
ferentially expressed genes were analysed in DAVID (https://david-d.
ncifcrf.gov/home.jsp).

https://david-d.ncifcrf.gov/home.jsp
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Cell cycle analysis
For cell cycle analysis, cells were dissociated into single cells by treat-
ment with TrypLE for 10 min and separated by magnetic-activated cell 
sorting (MACS) following manufacturer’s protocol: MEFs were removed 
first using feeder removal microbeads (Miltenyi Biotec, 130-095-531). 
Anti-SSEA-1 (CD15) microbeads (Miltenyi Biotec, 130-094-530) and 
anti-TRA-1-60 MicroBeads (Miltenyi Biotec, 130-095-816) were used 
to enrich the rodent and primate PSCs respectively. Then cells were 
fixed in 70% ethanol overnight. After washing with PBS, the samples 
were incubated for 30 min with Tali cell cycle kit (Invitrogen, A10798) 
in PBS and their DNA content was analysed by flow cytometer (BD FAC-
SAria) with 20,000 events per determination. Cell cycle profiles were 
generated using Flowjo software (Tree Star).

Teratoma formation
Cells were dissociated using Accutase for 5 min at 37 °C and resus-
pended in 30% Matrigel in DMEM/F12, and then injected subcutane-
ously into NOD/SCID immunodeficient mice (female, 4–8 weeks). 
Teratomas were isolated after 8 weeks and fixed in 4% PFA. After paraffin 
embedding and sectioning, sections were stained with haematoxylin 
and eosin (H&E).

Statistics
Data were presented as mean ± s.e.m. from at least three independent 
experiments. Differences between groups were evaluated by Student’s 
t-test (two-sided) or one-way ANOVA with Tukey or LSD test, and con-
sidered to be statistically significant if P < 0.05. Graphic analyses were 
done using GraphPad Prism version 7.0 and 8.0 (GraphPad Software). 
Statistical analyses were done using the software SPSS 19.0 (SPSS) and 
Microsoft Excel (Microsoft 365).

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

Data availability
The RNA-seq datasets generated in this study have been deposited 
in the CNSA (https://db.cngb.org/cnsa/) of CNGBdb with acces-
sion code CNP0000803, and also NCBI Gene Expression Omnibus 
(GEO; http://www.ncbi.nlm.nih.gov/geo) under accession number 
GSE142394. Source data are provided with this paper.
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Extended Data Fig. 1 | Human–mouse PSC co-culture. a, Representative 
brightfield images of H9-hES cells (passage 51) and mEpiSCs (passage 30),  
in the F/R1 culture condition. Scale bar, 200 μm. b, Representative 
immunofluorescence images of mEpiSCs (passage 32), H9-hES cells (passage 
49), H1-hES cells (passage 51) and HFF-hiPS cells (passage 21), in the F/R1 culture 
condition, expressing pluripotency transcription factors SOX2 (green) and 
OCT4 (red). Blue, DAPI. Scale bars, 200 μm. c, Long-term F/R1-cultured H9-hES 
cells (passage 49) and HFF-hiPS cells (passage 23) exhibited normal karyotypes. 

d, Flow cytometry analysis of cell cycle phase distribution of H9-hES cells and 
mEpiSCs after 3 days in separate and co-cultures. n = 3, biological replicates. 
Data are mean ± s.e.m. e, H9-hES cells maintained the expression of 
pluripotency markers OCT4, SOX2 and TRA-1-60 after 3 days of separate and 
co-cultures. f, mEpiSCs maintained the expression of pluripotency markers 
CD24, SOX2, SSEA1 and OCT4 after 3 days of separate and co-cultures. Images 
in a and b are representative of three independent experiments.
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Extended Data Fig. 2 | Human–mouse primed PSC competition.  
a, Representative immunofluorescence images showing AC3 staining of day-3 
co-cultured and separately cultured H9-hES cells (green) and mEpiSCs (red). 
Blue, DAPI; purple, AC3. Inset, a higher-magnification image of boxed area with 
dotted line. Scale bars, 200 μm. b, Dot plots showing the percentages of 
annexin V+ cells in day-3 co-cultured and separately cultured H9-hES cells (left) 
and mEpiSCs (right). n = 3, biological replicates. c, Growth curves of 
co-cultured (blue) and separately cultured (red) H1-hES cells (left) and  
mEpiSCs (right). Plating ratio of 4:1 (human:mouse), n = 3, biological replicates.  

d, Representative fluorescence images of day-5 co-cultured and separately 
cultured H1-hES cells (green) and mEpiSCs (red). Scale bar, 400 μm. e, Growth 
curves of co-cultured (blue) and separately cultured (red) HFF-hiPS cells and 
mEpiSCs. Plating ratio of 4:1 (human:mouse), n = 5, biological replicates.  
f, Representative fluorescence images of day-5 co-cultured and separately 
cultured HFF-hiPS cells (green) and mEpiSCs (red). Scale bar, 400 μm. 
Experiments in a, d and f were repeated independently three times with similar 
results. P values determined by unpaired two-tailed t-test (b, c, e). All data are 
mean ± s.e.m.



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Lack of cell competition in human-mouse naive PSC 
and differentiation co-cultures. a, Representative brightfield images 
showing typical colony morphologies of human and mouse PSCs cultured in 
naive or naive-like (5iLAF, PXGL, NHSM and LCDM) culture conditions. Scale 
bars, 200 μm. b, A coat-colour chimera generated by J1 mouse ES cells, cultured 
in 5iLAF medium. c, RT–qPCR analysis of relative expression levels of selected 
naive pluripotency markers in WIBR3 (5iLAF) and H9 (PXGL) hES cells 
compared to F/R1-cultured H9-hES cells. n = 3, biological replicates.  
P values determined by unpaired two-tailed t-test. d, e, Representative 
immunofluorescence images of SUSD2 and KLF17 in hES cells cultured in 5iLAF 
(WIRB3) and PXGL (H9) medium. Scale bars, 200 μm. f, Representative 
fluorescence images of day-5 co-cultured and separately cultured WIBR3 hES 
cells (green) and J1 mouse ES cells (red) cultured in 5iLAF medium. Scale bar, 
400 μm. g, Growth curves of co-cultured (blue) and separately cultured (red) 

H9-hES cells and J1 mouse ES cells in PXGL medium. n = 3, biological replicates. 
h, Growth curves of co-cultured (blue) and separately cultured (red) H9-hES 
cells and mouse ES cells in NHSM medium. n = 3, biological replicates. i, Growth 
curves of co-cultured (blue) and separately cultured (red) human iPS-EPS 
(extended pluripotent stem) cells and mouse EPS cells in LCDM medium. n = 3, 
biological replicates. j, Representative fluorescence images of day-5 co-
cultured and separately cultured H9-hES cells (green) and mEpiSCs (red) under 
a differentiation culture condition. Scale bar, 400 μm. k, l, Representative 
immunofluorescence images showing H9-hES cells and mEpiSCs under the 
differentiation culture condition lost expression of pluripotency transcription 
factors SOX2 (purple) and OCT4 (purple) on day 5. Blue, DAPI. Scale bars, 200 μm.  
Images in a, d–f and j–l are representative of three independent experiments. 
All data are mean ± s.e.m.



Extended Data Fig. 4 | Human–mouse primed PSC competition depends on 
cell–cell contact. a, Growth curves of H9-hES cells (left) and mEpiSCs (right) 
plated at different ratios (mouse:human = 1:1, 1:2, 1:4 and 1:8) in separate and 
co-cultures. The seeding cell number of H9-hES cells was fixed at 1 × 104 cm−2, 
whereas seeding cell numbers of mEpiSCs were adjusted according to different 
seeding ratios. n = 3, biological replicates. b, Growth curves of H9-hES cells 
(left) and mEpiSCs (right) plated at high and low densities (high, 1.25 × 104 cm−2; 
and low, 0.625 × 104 cm−2; 4:1 ratio) in separate and co-cultures. n = 3, biological 
replicates. c, Quantification of AC3+ cells in day-3 co-cultured and separately 
cultured H9-hES cells (blue) and mEpiSCs (red), plating ratio of 1:1 
(human:mouse), n = 10, randomly selected 318.2 × 318.2 μm2 fields examined 

over three independent experiments. d, Representative fluorescence images 
of day-5 co-cultured and separately cultured H9-hES cells (green) and mEpiSCs 
(red) in transwell. Scale bar, 400 μm. Images are representative of three 
independent experiments. e, Live H9-hES cells (cell numbers per cm2) at day 5 
after treatments with different dosages (50%, 33% and 10%) of conditioned 
medium (CM) collected from co-cultures of H9-hES cells and mEpiSCs (cCM), or 
separate cultures of mEpiSCs (mCM). n = 3, biological replicates. P values 
(co-cultures compared with separate cultures), unpaired two-tailed t-test (a, b), 
or one-way ANOVA with Tukey’s multiple comparison (c). All data are 
mean ± s.e.m.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Overcoming human–mouse primed PSC competition 
by blocking human cell apoptosis. a, Western blot analysis confirmed the 
overexpression of BCL-2 in BCL2OE hiPS cells. GAPDH was used as a loading 
control. b, Representative brightfield and immunofluorescence images 
showing long-term cultured BCL2OE hiPS cells expressed core (SOX2, green; 
OCT4, red) and primed (CD24, green) pluripotency markers. Blue, DAPI. Scale 
bars, 200 μm. c, Representative fluorescence images of day-5 co-cultured and 
separately cultured BCL2OE hiPS cells (green) and mEpiSCs (red). Scale bar,  
400 μm. d, Dot plot showing the RT–qPCR results confirming knockdown  
of TP53 transcript in TP53KD hiPS cells. n = 3, biological replicates.  
e, Representative brightfield and immunofluorescence images showing long-
term cultured TP53KD hiPS cells expressed core (SOX2, green; OCT4, red) and 
primed (CD24, green) pluripotency markers. Blue, DAPI. Scale bars, 200 μm.  
f, Growth curves of co-cultured (blue) and separately cultured (red) TP53KD hiPS 
cells and mEpiSCs. n = 3, biological replicates. g, Representative fluorescence 
images of day-5 co-cultured and separately cultured TP53KD hiPS cells (green) 
and mEpiSCs (red). Scale bar, 400 μm. h, Sanger sequencing result showing 

out-of-frame homozygous 65-bp deletion in TP53KO hiPS cells. Bold, PAM 
sequence. i, Representative brightfield and immunofluorescence images 
showing long-term cultured TP53KO hiPS cells expressed core (SOX2, green; 
OCT4, red) and primed (CD24, green) pluripotency markers. Blue, DAPI. Scale 
bars, 200 μm. j, Representative fluorescence images of day-5 co-cultured and 
separately cultured TP53KO hiPS cells (green) and mEpiSCs (red). Scale bar, 
400 μm. k, Western blot analysis confirmed the lack of TSC1 protein expression 
and activation of mTOR pathway (S6K phosphorylation, pS6K) in TSC1KO hiPS 
cells. GAPDH was used as a loading control. l, Growth curves of co-cultured 
(blue) and separately cultured (red) TSC1KO hiPS cells and mEpiSCs. n = 3, 
biological replicates. m, Representative fluorescence images of day-5 co-
cultured and separately cultured TSC1KO hiPS cells (green) and mEpiSCs (red). 
Scale bar, 400 μm. Experiments in a and k were repeated independently three 
times with similar results. For gel source data, see Supplementary Fig. 1. Images 
in b, c, e, g, i, j and m are representative of three independent experiments.  
P values determined by unpaired two-tailed t-test (d, l).
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Extended Data Fig. 6 | Comparative RNA-seq analysis between co-cultured 
and separately cultured H9-hES cells. a, b, KEGG pathways enriched in all 
(days 1, 2 and 3 combined) (a) and common (commonly shared among days 1, 2 
and 3) (b) co-URGs in H9-hES cells. c–e, Volcano plots showing significantly 
upregulated (red) and downregulated (blue) genes in co-cultured versus 

separately cultured H9-hES cells on days 1 (c), 2 (d) and 3 (e). NF-κB 
pathway-related genes are highlighted in the volcano plots. P values 
determined by a modified one-sided Fisher’s exact test (EASE score) (a, b) or 
Wald test (c–e).



Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Genetic inactivation of P65 and MYD88 in human 
PSCs overcome human–mouse primed PSC competition. a, Sanger 
sequencing results showing out-of-frame homozygous 1-bp insertion in two 
independent P65KO hiPS cell clones: 1A3 and 1B1. Bold, PAM sequence.  
b, Western blot analysis confirmed the lack of P65 protein expression in several 
independent P65KO hiPS cell clones. GAPDH was used as a loading control.  
c, P65KO hiPS cells (clone 1A3) maintained normal karyotype after  
long-term passaging (passage 10). d, Representative brightfield and 
immunofluorescence images showing long-term F/R1-cultured P65KO hiPS cells 
maintained stable colony morphology and expressed core (SOX2, green; OCT4, 
red) and primed (CD24, green) pluripotency markers. Blue, DAPI. Scale bars, 
200 μm. e, Representative haematoxylin and eosin staining images of a 
teratoma generated by P65KO hiPS cells (clone 1A3) showing lineage 
differentiation towards three germ layers. Scale bar, 200 μm. f, Representative 
fluorescence images of day-5 co-cultured and separately cultured P65KO hiPS 
cells (green, clone 1A3) and mEpiSCs (red). Scale bar, 400 μm. g, Growth curves 
of co-cultured (blue) and separately cultured (red) P65KO hiPS cells (clone 1B1) 
and mEpiSCs. n = 3, biological replicates. Data are mean ± s.e.m.  
h, Representative fluorescence images of day-5 co-cultured and separately 
cultured P65KO hiPS cells (clone 1B1, green) and mEpiSCs (red). Scale bar, 

400 μm. i, Sanger sequencing result showing out-of-frame homozygous 13-bp 
deletion in MYD88KO hiPS cells. Bold, PAM sequence. j, Western blot analysis 
confirmed the lack of MYD88 protein expression in MYD88KO hiPS cells.  
k, Representative brightfield and immunofluorescence images showing long-
term F/R1-cultured MYD88KO hiPS cells maintained stable colony morphology 
and expressed core (SOX2, green; OCT4, red) and primed (CD24, green) 
pluripotency markers. Blue, DAPI. Scale bars, 200 μm. l, Representative 
haematoxylin and eosin staining images of a teratoma generated by MYD88KO 
hiPS cells showing lineage differentiation towards three germ layers. Scale bar, 
200 μm. m, Representative fluorescence images of day-5 co-cultured and 
separately cultured MYD88KO hiPS cells (green) and mEpiSCs (red). Scale bar, 
400 μm. n, Western blot analyses of IKBA, P65, phospho-P65 (s468), P53 
protein expression levels in co-cultured and separately cultured wild-type and 
mutant (P65KO, TP53KO and MYD88KO) HFF-hiPS cells. Vinculin was used as a 
loading control. Boxed areas were from separate blots. o, Bar graphs showing 
the fold changes of protein expression levels (shown in n) in co-cultured versus 
separately cultured wild-type and mutant HFF-hiPS cells. n = 1, biological 
replicate. Experiments in b, j and n were repeated independently three times 
with similar results. For gel source data, see Supplementary Fig. 1. Images in  
d–f, h and k–m are representative of three independent experiments.



Extended Data Fig. 8 | Overcoming interspecies PSC competition enhances 
survival and chimerism of human primed PSCs in early mouse embryos.  
a, Representative brightfield and fluorescence merged images of mouse 
embryos cultured for 1 day (d1), 3 days (d3) and 5 days (d5) after blastocyst 
injection with wild-type, MYD88KO, P65KO, TP53KO and BCL2OE hiPS cells. Scale 
bars, 100 μm. b, Representative immunofluorescence images of day-5 mouse 
embryos co-stained with OCT4 (red), eGFP (green) and AC3 (purple) after 
blastocyst injection with wild-type, MYD88KO, P65KO, TP53KO and BCL2OE hiPS 
cells. Top, eGFP and OCT4 merged images with DAPI; bottom, eGFP and AC3 
merged images with DAPI. Scale bars, 100 μm and 50 μm (insets). c, Dot plot 
showing the percentages of eGFP+ E8–E9 mouse embryos derived from 
wild-type, MYD88KO, P65KO and TP53KO hiPS cells. Each blue dot represents one 
embryo transfer experiment. n = 2 (WT), n = 11 (MYD88KO), n = 5 (P65KO) and n = 7 

(TP53KO), independent experiments (Supplementary Table 2). d, Genomic PCR 
analysis of E8–E9 mouse embryos derived from blastocyst injection of 
wild-type hiPS cells. TPA25-Alu denotes a human-specific primer. PTGER2 was 
used as a loading control. HFF, HFF-hiPS cells. NTC, non-template control.  
The experiment was repeated independently three times with similar results. 
For gel source data, see Supplementary Fig. 1. e, f, Representative 
immunofluorescence images showing contribution and differentiation of 
eGFP-labelled P65KO (e) and TP53KO (f) hiPS cells in E8–E9 mouse embryos. 
Embryo sections were stained with antibodies against eGFP and lineage 
markers including CNN1 (mesoderm, top), PAX6 (ectoderm, middle) and SOX17 
(endoderm, bottom). Scale bars, 100 μm and 50 μm (insets). Images in a, b, e 
and f are representative of three independent experiments.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Primed PSC competition among different species.  
a, Representative brightfield images showing the derivation of rat EpiSCs 
cultured in F/R1 medium. Left, an isolated E7.5 Sprague Dawley (SD) rat 
epiblast; middle, day-2 rat epiblast outgrowth; right, rat EpiSCs at passage 11 
(P11). Scale bars, 200 μm (left); 100 μm (middle and right). b, Representative 
brightfield images showing typical colony morphologies of rat EpiSCs, rhesus 
ES cells (ORMES23) and bovine ES cells grown in F/R1 medium, Scale bar, 200 μm.  
c, Representative immunofluorescence images showing long-term F/R1-
cultured rat EpiSCs, ORMES23 rhesus ES cells and bovine ES cells expressed 
pluripotency transcription factors SOX2 (green) and OCT4 (red/green). Blue, 
DAPI. Scale bars, 200 μm. d, Growth curves of co-cultured (blue) and separately 
cultured (red) H1-hES cells and rat EpiSCs. Plating ratio of 4:1 (human:rat). n = 3, 
biological replicates. e, Growth curves of co-cultured (blue) and separately 
cultured (red) ORMES23 rhesus ES cells and rat EpiSCs. Plating ratio of 4:1 
(rhesus:rat). n = 6, biological replicates. f, Quantification of AC3+ cells in day-3 
co-cultured and separately cultured ORMES23 rhesus ES cells (blue) and 
mEpiSCs (red), n = 10, randomly selected 318.2 × 318.2 μm2 fields examined over 

three independent experiments. g, Growth curves of co-cultured (blue) and 
separately cultured (red) P65KO hiPS cells (clone 1B1) and rat EpiSCs. n = 3, 
biological replicates. h, Growth curves of co-cultured (blue) and separately 
cultured (red) MYD88KO hiPS cells and rat EpiSCs. n = 3, biological replicates.  
i, Growth curves of co-cultured (blue) and separately cultured (red) H1-hES 
cells and ORMES23 rhesus ES cells. Plating ratio of 1:1 (rhesus:human). n = 3, 
biological replicates. j, Growth curves of co-cultured (blue) and separately 
cultured (red) mEpiSCs and rat EpiSCs. Plating ratio of 1:1 (mouse:rat). n = 3, 
biological replicates. k, Growth curves of co-cultured (blue) and separately 
cultured (red) bovine ES cells and ORMES23 rhesus ES cells. Plating ratio of 1:1 
(cow:rhesus). n = 3, biological replicates. l, Growth curves of co-cultured (blue) 
and separately cultured (red) bovine ES cells and rat EpiSCs. Plating ratio of 4:1 
(cow:rat). n = 3, biological replicates. Images in a–c are representative of three 
independent experiments. P values determined by unpaired two-tailed t-test 
(d, e, k, l) or one-way ANOVA with Tukey’s multiple comparison (f). All data are 
mean ± s.e.m.
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Extended Data Fig. 10 | Effects of suppressing MYD88–P53–P65 signalling 
on human–human/monkey primed PSC co-culture and rat cell chimerism 
in mouse embryos. a, Growth curves of co-cultured (blue) and separately 
cultured (red) wild-type and BCL2OE hiPS cells. n = 3, biological replicates.  
b, Growth curves of co-cultured (blue) and separately cultured (red) wild-type 
and TP53KO hiPS cells. n = 3, biological replicates. c, Growth curves of 
co-cultured (blue) and separately cultured (red) wild-type and P65KO hiPS cells. 
n = 3, biological replicates. d, Growth curves of co-cultured (blue) and 
separately cultured (red) wild-type and MYD88KO hiPS cells. n = 3, biological 
replicates. e, Growth curves of co-cultured (blue) and separately cultured (red) 
BCL2OE hiPS cells and ORMES23 rhesus ES cells. n = 3, biological replicates.  
f, Growth curves of co-cultured (blue) and separately cultured (red) TP53KO hiPS 
cells and ORMES23 rhesus ES cells. n = 3, biological replicates. g, Growth curves 

of co-cultured (blue) and separately cultured (red) P65KO hiPS cells and 
ORMES23 rhesus ES cells. n = 3, biological replicates. h, Growth curves of 
co-cultured (blue) and separately cultured (red) MYD88KO hiPS cells and 
ORMES23 rhesus ES cells. n = 3, biological replicates. i, Sanger sequencing 
result showing out-of-frame homozygous 22-bp deletion in Myd88KO rat ES 
cells. Bold, PAM sequence. j, Sanger sequencing result showing out-of-frame 
homozygous 1-bp deletion in Tp53KO rat ES cells. k, Dot plot showing the 
chimeric contribution levels of wild-type, Myd88KO and Tp53KO rat ES cells in 
E10.5 mouse embryos. Each blue dot indicates one E10.5 embryo. n = 13 (WT), 
n = 14 (Myd88KO), and n = 17 (Tp53KO), independent embryos. P values 
determined by one-way ANOVA with LSD multiple comparison. All data are 
mean ± s.e.m.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Revolve (ECHO) microscope was used for capturing BF and fluorescence images from some live cell cultures. Leica DMi8 microscope was used 
for scanning imaging . Nikon A1R confocal microscope was used for acquisition of most immunostaining and live cell imaging data.  Real time 
PCR results were collected by CFX384 system (BIO-RAD). Flow cytometry was performed using a FACScalibur system (BD) and a BD LSRII (BD). 

Data analysis Statistical and graphic analyses were done using the software SPSS 19.0 (SPSS, Chicago),  Microsoft Excel(Microsoft 365), GraphPad Prism 
versions 7.0 and 8.0 (GraphPad Software, La Jolla, Ca). qPCR data were analyzed by Bio-Rad Maestro 1.0.  Immunofluorescence images and 
live-cell images were analyzed by ImageJ (NIH, 64-bit Java 1.8.0_172) and NIS-Elements AR.  Flow cytometry was analyzed using BD FacsDIVA 
(v9.0) and FlowJo(10.5.3). RNA-seq data sets were collected and analyzed using the following tools:HISAT2 (version 2.1.0), StringTie (v1.3.3b), 
DESeq2. GO analysis preformed on DAVID (https://david-d.ncifcrf.gov/home.jsp). Volcano plot data was analyzed using R (version 3.5.2). 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The RNA-seq data sets generated in this study have been deposited and publicly-available in the CNSA (https://db.cngb.org/cnsa/) of CNGBdb with accession code 
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CNP0000803, and also NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) under accession number (GSE142394). Source data are provided 
with this paper. 

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined by magnitude and consistency of measurable differences. Preliminary experiments were performed when 
possible to determine requirements for sample size, taking into account resources available and ethical, reductionist animal use. 

Data exclusions No data was excluded.

Replication All experiments were replicated or performed independently for at least three times. All the attempts at replication were successful. 

Randomization For counting AC3+ cells (Fig. 1d, Extended Data Fig. 4c, 9f), 10 randomly selected fields (318.2×318.2μm2 each) from three independent 
immunostaining experiments per sample were chosen for counting. All mice used for chimera analysis were randomly allocated to the 
experimental groups. For experiments other than those mentioned here, random allocation  is not relevant. For example, for PSC co-culture 
experiments specific cell plating ratio and density are needed for each experiment and therefore random allocation was not performed for 
these experiments. 

Blinding To process experimental samples for downstream analysis, the Investigators needed to know the information regarding  pluripotency states 
(naive, or primed or differentiation), species (human, mouse, rat, rhesus macaque, cow), genetic backgrounds, sex (female or male), and 
experimental conditions (separate culture or co-culture) of the used PSC lines and therefore were not blinded. After sample processing, data 
collection and analysis (e.g. immunostaining images and FACS analysis) were blinded. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Information of primary and secondary antibodies can also be found in Supplementary Tables 4 and 5.  

 
Primary antibodies : P53(Mouse, Cell signaling, #2524, 1:1000), NF-κB p65(Rabbit, Cell signaling, #8242, 1:1000) Bcl-2 (mouse, santa 
cruz biotechnology, sc-7382, 1:500), Cas3(Rabbit, Cell signaling, 9661s, 1:400),  GAPDH(Mouse, EMD Millipore, MAB374,1:20000), 
Oct-3/4(Mouse, santa cruz biotechnology, sc-5279, 1:500), Vinculin (Rabbit, Cell signaling,  #4650, 1:1000), Sox2 (goat, R&D Systems, 
AF2018, 1:500), TRA-1-60-647(Mouse, santa cruz biotechnology, sc-21705, 1 μg per 1 x 106cells), SSEA-1-488( Mouse, santa cruz 
biotechnology, sc-21702, 1 μg per 1 x 106cells), TSC1 (Rabbit, Cell signaling, #6935, 1:1000),  Pax6 (Rabbit， Invitrogen, #42-6600, 
1:150), GFP( Chicken, AVES, GFP697986, 1:1000), CD24-APC(Mouse, BioLegend,  311131, 1 μg per 1 x 106cells),  Sox2 (Mouse, santa 
cruz biotechnology, Sc-365823, 1:500), CD24-FITC (Mouse, BioLegend, 311104, 1 μg per 1 x 106cells) ,  SUSD2-PE( Mouse, BioLegend, 
327406, 1:400), KLF17(Rabbit, ATLAS, HPA024629, 1:500), SOX17(Rabbit, R&D Systems, MAB1924, 1:500), Calponin 1(Rabbit, abcam, 
ab46794, 1:500), , phospho-S6K1(Rabbit Cell signaling #9234,1:1000),  IκBα (Mouse, Cell signaling, #4814, 1:1000), Phospho-NF-κB 
p65 (Ser468)(Rabbit, Cell signaling, #3039,1:1000)，Myd88 (Rabbit, Cell signaling, #4283, 1:1000).  
 
Secondary antibodies: Anti-Mouse FITC(Donkey, Jackson ImmunoResearch Laboratories, Inc, 715-095-151, 1:250) Anti-Mouse Cy3 
(Donkey, Jackson ImmunoResearch Laboratories, Inc, 715-165-151, 1:250), Anti-Mouse Cy5(Donkey, Jackson ImmunoResearch 
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Laboratories, Inc, 715-175-151, 1:250), Anti-Rabbit Cy3 (Donkey, Jackson ImmunoResearch Laboratories, Inc, 715-165-152, 1:250),  
Anti-Rabbit Cy5 (Donkey, Jackson ImmunoResearch Laboratories, Inc, 715-175-152, 1:250), Anti-Goat Cy3(Donkey, Jackson 
ImmunoResearch Laboratories, Inc, 715-165-147, 1:250), Anti-Goat FITC (Donkey, Jackson ImmunoResearch Laboratories, Inc, 
715-095-147, 1:250), Anti-Mouse (Sheep, GE Healthcare, Life Sciences, NA931V, 1:2000),  Anti-Rabbit (Sheep, GE Healthcare, Life 
Sciences, NA934V, 1:2000),  anti-chicken FITC( Donkey, Jackson ImmunoResearch Laboratories, Inc, 703-095-155, 1:250), anti-Mouse 
IgG1, Alexa Fluor 647 (Goat, Invitrogen, A-21240 , 1:300), anti-Mouse IgG2b, Alexa Fluor 594 (Goat, Invitrogen, A-21145, 1:300),  
anti-Mouse IgG1, Alexa Fluor 488(Gaot, Invitrogen, A-21121, 1:300), anti-goat (H+L), Alexa Fluor 488 (Goat, Invitrogen, A-11005, 
1:300), anti-goat (H+L), Alexa Fluor 594 (Goat, Invitrogen, A-11001, 1:300). 

Validation Primary antibodies for western blotting:  
 
anti-p53(Mouse, Cell signaling, #2524): The antibody guarantee covers the use of the antibody for WB applications and was validated 
by WB on control and knock-out cell. The antibody has been referenced in 642 publications. https://www.cellsignal.com/products/
primary-antibodies/p53-1c12-mouse-mab/2524?site-search-type=Products&N=4294956287&Ntt=%
232524&fromPage=plp&_requestid=1068302 
 
anti-NF-κB p65 (Rabbit, Cell signaling, #8242): The antibody guarantee covers the use of the antibody for WB applications and was 
validated by WB on control and knock-out cell. The antibody has been referenced in 1529 publications. https://www.cellsignal.com/
products/primary-antibodies/nf-kb-p65-d14e12-xp-rabbit-mab/8242 
 
anti-Bcl-2 (mouse, santa cruz biotechnology, sc-7382): The antibody guarantee covers the use of the antibody for WB applications. 
The antibody has been referenced in 1964 publications. https://www.scbt.com/p/bcl-2-antibody-c-2?productCanUrl=bcl-2-antibody-
c-2&_requestid=4184408 
 
anti-GAPDH (Mouse, EMD Millipore, MAB374): The antibody guarantee covers the use of the antibody for WB applications. The 
antibody has been referenced in 2583 publications. https://www.sigmaaldrich.com/catalog/product/mm/mab374?
lang=en&region=US 
 
anti-Vinculin (Rabbit, Cell signaling, #4650): The antibody guarantee covers the use of the antibody for WB applications. The antibody 
has been referenced in 80 publications. https://www.cellsignal.com/products/primary-antibodies/vinculin-antibody/4650?site-
search-type=Products&N=4294956287&Ntt=%234650&fromPage=plp&_requestid=1068227. 
 
anti-TSC1 (Rabbit, Cell signaling, #6935): The antibody guarantee covers the use of the antibody for WB applications and was 
validated by WB on control and knock-out cell. The antibody has been referenced in 42 publications. https://www.cellsignal.com/
products/primary-antibodies/hamartin-tsc1-d43e2-rabbit-mab/6935?site-search-type=Products&N=4294956287&Ntt=%
236935&fromPage=plp&_requestid=1068087. 
 
anti-IκBα (Mouse, Cell signaling, #4814): The antibody guarantee covers the use of the antibody for WB applications. The antibody 
has been referenced in 536 publication, https://www.cellsignal.com/products/primary-antibodies/ikba-l35a5-mouse-mab-amino-
terminal-antigen/4814?site-search-type=Products&N=4294956287&Ntt=%234814&fromPage=plp&_requestid=1068344 
 
anti-Myd88 (Rabbit, Cell signaling, #4283): The antibody guarantee covers the use of the antibody for WB applications and was 
validated by WB on control and knock-out cell. The antibody has been referenced in 114 publications, https://www.cellsignal.com/
products/primary-antibodies/myd88-d80f5-rabbit-mab/4283 
 
anti-Phospho-NF-κB p65 (Ser468) (Rabbit, Cell signaling, #3039): The antibody guarantee covers the use of the antibody for WB 
applications and was validated by WB on control and knock-out cell. The antibody has been referenced in 108 publications. https://
www.cellsignal.com/products/primary-antibodies/phospho-nf-kb-p65-ser468-antibody/3039 
 
anti-phospho-S6K (Rabbit, Cell signaling, #9234): The antibody guarantee covers the use of the antibody for WB applications. The 
antibody has been referenced in 944 publications. https://www.cellsignal.com/products/primary-antibodies/phospho-p70-s6-kinase-
thr389-108d2-rabbit-mab/9234?site-search-type=Products&N=4294956287&Ntt=%239234&fromPage=plp 
 
Primary antibodies for immunostaining:  
 
anti-Cas3(Rabbit, Cell signaling, 9661s): The antibody guarantee covers the use of the antibody for immunostaining applications. The 
antibody has been referenced in 4840 publications. https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-
asp175-antibody/9661 
 
anti-Oct-3/4(Mouse, santa cruz biotechnology, sc-5279): The antibody guarantee covers the use of the antibody for immunostaining/
flow cytometry applications. The antibody has been referenced in 1830 publications, https://www.scbt.com/p/oct-3-4-antibody-
c-10?productCanUrl=oct-3-4-antibody-c-10&_requestid=4187273 
 
anti-Sox2 (goat, R&D Systems, AF2018): The antibody guarantee covers the use of the antibody for immunostaining/flow cytometry 
applications. The antibody has been referenced in 91 publications. https://www.rndsystems.com/products/human-mouse-rat-sox2-
antibody_af2018#product-citations 
 
anti-Pax6 (Rabbit, Invitrogen, #42-6600): The antibody guarantee covers the use of the antibody for immunostaining applications. 
The antibody has been referenced in 16 publication. https://www.thermofisher.com/antibody/product/PAX6-Antibody-
Polyclonal/42-6600 
 
anti-GFP( Chicken, AVES, GFP697986): The antibody guarantee covers the use of the antibody for immunostaining applications. The 
antibody has been referenced in 49 publications. https://www.aveslabs.com/products/green-fluorescent-protein-gfp-antibody 
 
anti-SUSD2-PE( Mouse, BioLegend, 327406): The antibody guarantee covers the use of the antibody for immunostaining applications. 
The antibody has been referenced in 4 publications. https://www.biolegend.com/en-us/products/pe-anti-human-susd2-
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anti-KLF17(Rabbit, ATLAS, HPA024629): The antibody guarantee covers the use of the antibody for immunostaining applications. The 
antibody has been referenced in 6 publications. https://www.atlasantibodies.com/products/antibodies/primary-antibodies/triple-a-
polyclonals/klf17-antibody-hpa024629/ 
 
anti-SOX17(Rabbit, R&D Systems, MAB1924): The antibody guarantee covers the use of the antibody for immunostaining 
applications. The antibody has been referenced in 10 publications. https://www.rndsystems.com/products/human-sox17-
antibody-245013_mab1924 
 
anti-Calponin 1(Rabbit, abcam, ab46794): The antibody guarantee covers the use of the antibody for immunostaining applications. 
The antibody has been referenced in 169 publications. https://www.abcam.com/calponin-1-antibody-ep798y-ab46794.html 
 
anti-Sox2 (Mouse, santa cruz biotechnology, Sc-365823): The antibody guarantee covers the use of the antibody for immunostaining/
flow cytometry applications. The antibody has been referenced in 122 publications. https://www.scbt.com/p/sox-2-antibody-e-4?
productCanUrl=sox-2-antibody-e-4&_requestid=4187791 
 
Primary antibodies for flow cytometry:  
 
anti-TRA-1-60-647(Mouse, santa cruz biotechnology, sc-21705): The antibody guarantee covers the use of the antibody for flow 
cytometry applications. The antibody has been referenced in 128 publications. https://www.scbt.com/p/tra-1-60-antibody-tra-1-60?
productCanUrl=tra-1-60-antibody-tra-1-60&_requestid=4187199 
 
anti-SSEA-1-488( Mouse, santa cruz biotechnology, sc-21702): The antibody guarantee covers the use of the antibody for flow 
cytometry applications. The antibody has been referenced in 172 publications. https://www.scbt.com/p/ssea-1-antibody-480?
productCanUrl=ssea-1-antibody-480&_requestid=4187597 
 
anti-CD24-APC(Mouse, BioLegend, 311131): The antibody guarantee covers the use of the antibody for flow cytometry applications. 
The antibody has been referenced in 4 publications. https://www.biolegend.com/en-us/products/apc-cyanine7-anti-human-cd24-
antibody-12387 
 
anti-CD24-FITC (Mouse, BioLegend, 311104): The antibody guarantee covers the use of the antibody for flow cytometry applications. 
The antibody has been referenced in 4 publications. https://www.biolegend.com/en-us/products/fitc-anti-human-cd24-
antibody-1804

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) H9 and H1 hESCs were obtained from WiCell. Sprague Dawleuy rat were used for rat EpiSCs derivation. FR-cultured rhesus 
ESCs (ORMES23) and mEpiSCs were reported previously (Wu et al., Nature, 2015). The human HFF-iPSCs was reported 
previously and was generated from commercially available human foreskin fibroblast (HFF) (ATCC, CRL-2429)(Wu et al., cell, 
2017). The bovine ESCs were reported previously (Bogliotti, Y. S. et al., PNAS, 2018). 5iLAF-cultured WIBR3 OCT4-ΔPE-GFP 
hESCs were obtained from Rudolf Jaenisch lab at MIT, which were reported previously (Theunissen et al, Cell Stem Cell, 
2014). PXGL-cultured H9 hESCs were obtained from Austin Smith lab at University of Cambridge, which were reported 
previously (Guo et al., Development, 2017). J1 mESCs (ATCC, SCRC-1010).

Authentication H9 and H1 hESCs were authenticated by WiCell. J1 mESCs were authenticated by ATCC. Other cells lines were validated by 
immunostaining, western blots, genomic PCR and qRT-PCR using specific antibodies and primers. 

Mycoplasma contamination Cell lines used in this study were routinely checked for mycoplasma contamination and negative results were obtained. 

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in the study.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice strains: CD-1 (ICR),  C57BL/6JNCrl, and NOD-SCID. Rat Strain: Sprague Dawleuy. CD-1 female mice used as surrogates (~8 weeks 
old) were mated with vasectomized ICR CD-1 male mice (3–12 months old) to induce pseudopregnancy. C57BL/6JNCrl blastocysts 
collected from 3–4 months old female mice were used for microinjection. Male and female Sprague Dawleuy rats (8-12 weeks old) 
were used for mating to produce E7.5 embryos for rat EpiSC derivation. Both male and female immunodeficiency NOD-SCID mice 
(~10 weeks old) were used for teratoma assays. Mice and rats were housed in 12-hr light/12-hr dark cycle 22.1–22.3 °C and 33–44% 
humidity.

Wild animals No wild animals were used in the study.

Field-collected samples No field collected samples were used in the study.

Ethics oversight UT Southwestern Institutional Animal Care and Use Committee (IACUC)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were dissociated using Accutase (Sigma-Aldrich) and fixed in 4% PFA in culture media for 10 min.

Instrument FACScalibur system (BD) and a BD LSRII (BD) 

Software BD FacsDIVA (v9.0) and FlowJo(10.5.3)

Cell population abundance Sample purity was verified as necessary

Gating strategy Gating strategies are shown in the figures (Extended Data Fig. 1e, f). Preliminary FSC/SCC gates were used to remove debris, 
doublets and other aggregated particles from the starting cell population. Boundaries between positive and negative staining 
cell populations are defined by using unstained or unlabeled negative control, as well as single color stained or labeled 
samples.  

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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