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SUMMARY

Pluripotency, the ability of cells to self-renew and differentiate into all body lineages, is vital for mammalian 
early development. This study presented a comprehensive comparative transcriptomic analysis of embry-

onic stem cells across multiple mammalian species, defining their progression through expanded/extended, 
naive, formative, and primed pluripotency states. Our findings revealed both conserved and species-specific 
mechanisms underlying pluripotency regulation. We also emphasized the limitations of existing state-spe-

cific markers and their limited cross-species applicability, while identifying de novo pluripotency markers. 
Despite variability in gene expression dynamics, gene co-expression networks showed remarkable conser-

vation across species. Among pluripotency states, the primed state demonstrated the highest conservation, 
evidenced by shared markers, preserved gene networks, and stronger selective pressures acting on its 
genes. These findings provide critical insights into the evolution and regulation of pluripotency, laying a 
foundation for refining stem cell models to enhance their translational potential in regenerative medicine, 
agriculture, and conservation biology.

INTRODUCTION

Embryonic stem cells (ESCs) are unique in their ability to self-

renew and plasticity to differentiate into diverse cell types, offer-

ing a powerful in vitro model for studying developmental biology 

and advancing regenerative medicine. 1 These ESCs exhibit 

pluripotent states with distinct differentiation potentials and mo-

lecular profiles corresponding to cells of the specific stages of 

early embryonic development. 2 For example, mouse ESCs 

were initially established in the naive pluripotency state (nESCs), 

representing the inner cell mass of the pre-implantation stage 

embryos. 3 Subsequent research has derived additional pluripo-

tency states, including the primed state (epiblast stem cells, 

EpiSCs), which corresponds to post-implantation stage cells, 4 

and the formative state (formative stem cells, FSCs), defined 

as the intermediate transition between naive and primed states. 5 

More recently, the expanded or extended state (extended plurip-

otency stem cells, EPSCs) has been established, representing 

an earlier embryonic stage with broader developmental lineage 

potential, such as the ability to generate both embryonic and 

extraembryonic tissues, thereby positioning them as pluripotent

cells with certain totipotent-like characteristics. 6 Each pluripo-

tency state is characterized by distinct differentiation potential 

and functional genomic profiles, serving as in vitro models to 

map ESC properties to specific embryonic stages and uncover 

the molecular mechanisms underlying the early embryonic 

programming.

Although these pluripotency states are well characterized in 

the mouse model, generating ESCs at equivalent states in other 

mammals, such as domestic animals like pigs, cattle, and sheep, 

remains challenging. Specifically, the naive state exhibits 

significant cross-species variability in culture conditions. 7 In 

contrast, the maintenance of the primed state is more consistent 

across species. For instance, WNT inhibition has been shown to 

effectively sustain EpiSCs in a range of species, including 

humans, 8 rats, 9 cattle, 10 pigs, 11 sheep, 11 and crab-eating ma-

caques. 12 Moreover, comparative studies have identified 

conserved signaling pathways that stabilize the maintenance 

of a primed pluripotency state across species, such as elevating 

fibroblast growth factor (FGF) and transforming growth factor 

(TGF) pathways while inhibiting WNT signaling. 13 In contrast, 

the maintenance of naive pluripotency relies on species-specific
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signaling mechanisms. For instance, TGF-β signaling is dispens-

able for maintaining mouse naive ESCs, but it is necessary for 

sustaining naive pluripotency in human cells. 14 The activation 

of distinct pathways highlights fundamental differences in the 

molecular regulation of pluripotency across species, which likely 

arise as evolutionary divergence associated to early develop-

mental programming. 15 These differences are shaped by 

species-specific requirements for embryogenesis, such as dif-

ferences in implantation strategies, developmental rates, and 

embryo-maternal interactions. 16 Such species-specific differ-

ences complicate the application of ESC derivation protocols 

across species and highlight the need to develop methodologies 

for identifying both universal and species-specific molecular 

regulatory mechanisms underlying the developmental and 

functional features of ESCs.

Historically, ESC lines have often been derived independently 

by different research groups, each focusing on a single species 

or a specific pluripotency state. This has limited opportunities for 

direct cross-species and cross-pluripotency state comparisons. 

Recent advances in comparative transcriptomics, supported by 

the availability of RNA sequencing (RNA-seq) data from various 

species and pluripotency states, now enable systematic investi-

gation into conserved and species-specific gene expression 

patterns and regulatory mechanisms in ESCs. Comparative tran-

scriptomics can facilitate the identification of core regulatory 

networks, explore evolutionary differences in gene expression, 

and discover new state-specific pluripotency markers that may 

function universally across species or exhibit distinct species-

specific roles in stem cell biology.

In this study, we conducted a comprehensive comparative 

transcriptomics analysis of four ESC pluripotency states across 

nine mammalian species (three primates, four ungulates, and 

two rodents), using transcriptomic data from 28 research 

projects. We identified both common and species-specific 

differentially expressed genes (DEGs), enriched GO pathways 

between pluripotent states, assessed known state-specific 

markers, and discovered de novo pluripotency markers for 

each species. To further explore conserved and divergent 

gene regulation, we employed weighted gene co-expression 

network analysis (WGCNA) to construct species-specific gene 

networks and performed preservation analysis to identify net-

works conserved across species within specific pluripotency 

states. Additionally, our transcriptome-based evolutionary anal-

ysis revealed varying levels of selective constraints across 

different pluripotency states. Overall, these findings provide crit-

ical insights into the evolutionary conservation and divergence of 

gene regulatory mechanisms underlying pluripotency, offering a 

foundation for future studies to refine species-specific stem cell 

models and enhance cross-species applications in regenerative 

medicine and developmental biology.

RESULTS

Transcriptome integration and online RNA-seq datasets 

normalization

To achieve a comprehensive analysis, we curated 120 publicly 

available RNA-seq samples from 28 research projects, including 

four ESC types, EPSCs, nESCs, FSCs, and EpiSCs, across nine

mammalian species: human, mouse, rat, marmoset, crab-eating 

macaque, cattle, pig, sheep, and horse (Figures 1A and 1B, 

Table S1). The pluripotency states of each sample were charac-

terized in its original research based on criteria such as ESC col-

ony morphology, self-renewal capacity, differentiation potential, 

in vitro/in vivo developmental capability, and surface marker 

expression. With the exception of mouse and human, most spe-

cies currently have only a single dataset for each pluripotent 

state. To ensure balanced representation and minimize potential 

batch effects from combining data generated by different labora-

tories, we mostly analyzed one dataset per state per species. 

Moreover, for consistency in cross-species comparisons, we 

use ‘‘naive’’ as an inclusive term encompassing both the ‘‘naive’’ 

and ‘‘ground’’ states, as most datasets outside mouse and rat do 

not explicitly distinguish this pluripotency state.

All raw transcriptome data were processed using a uniform 

bioinformatics pipeline (Figure 1C and Table S1). Specifically, 

RNA-seq reads were first aligned to species-specific reference 

genomes (Table S2), and expression read counts were quanti-

fied. To enable cross-species comparative analysis, these 

samples were subsequently combined using the 9,942 1-to-1 or-

thologous genes (i.e., genes that have only one ortholog copy 

among studied species) across the nine mammals. These 

RNA-seq data originate from diverse research projects and 

may be influenced by differences in sample conditions, library 

construction, sequencing procedures, and other unknown fac-

tors. To detect and correct for such factors, including unrecog-

nized ‘‘hidden’’ biases, we applied log 2 -transformed transcripts 

per million (log 2 TPM) normalization, followed by surrogate vari-

able analysis (SVA-log-TPM) (Figure 1C). This SVA-log-TPM 

normalization greatly improved the Pearson correlation within 

samples of the same pluripotency state in each species, regard-

less of their research project origins (Figure 1D), confirming the 

reliability of our bioinformatic pipeline in handling online curated 

datasets for analyzing ESC transcriptomic patterns.

Principal Component Analysis (PCA) revealed that RNA-seq 

samples primarily clustered by species rather than pluripotency 

states (Figure 1E), reflecting a stronger species effect than the 

pluripotency states. These findings align with previous in vivo 

studies showing that cross-species embryo samples from pre-

and post-implantation stages cluster more strongly by species 

than by developmental stages. 17 Variance partitioning analysis 

confirmed that species divergence contributes more to tran-

scriptional variances in PCA than pluripotency states among 

these samples (Figure S1A). We further identified highly variable 

pluripotency-specific genes, such as DUSP6 and SPRY1 

(Figure S1B), which are key components of the ERK 18 and 

FGF 19 signaling pathways and are known to play critical roles 

in maintaining stem cell pluripotency. Notably, DUSP6 has also 

been recognized as a novel pluripotency-related gene associ-

ated with the transition from naive to primed states through 

comparative studies of mammalian embryos. 17 Moreover, our 

PCA results showed a consistent pattern of naı̈ve-to-primed dis-

tribution along PC1 was observed within each species cluster 

(Figure 1E), highlighting the conservation of transcription dy-

namics across pluripotency states among mammalian species. 

To determine the impact of ESC derivation protocols on ESC 

transcriptome, we compared porcine, murine, and crab-eating
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Figure 1. Overview of dataset integration and analytical pipeline

(A) Phylogenetic tree representing the nine mammalian species included in the analysis.

(B) Distribution of embryonic stem cell samples with varying pluripotency levels across species.

(C) Data normalization workflow: Raw RNA-seq data were downloaded from the GEO database and processed through a unified pipeline, including alignment and 

quantification to obtain raw counts. TPM values were then calculated and log-transformed. To account for hidden batch effects and technical biases, Surrogate 

Variable Analysis (SVA) was applied, generating SVA-log-TPM values for downstream analysis.

(D) Pearson correlation coefficients comparing samples at different stages of normalization: (1) raw counts, (2) log2-TPM values, and (3) SVA-log-TPM values 

post-surrogate variable adjustment.

(E) Principal Component Analysis (PCA) of all samples based on SVA-log-TPM values; colors denote species, and shapes indicate pluripotency states.

(F) Detailed bioinformatics pipeline used in this study.
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macaque ESCs with their corresponding in vivo pre- or post-im-

plantation stage embryos (Figures S1C–S1E). Mouse ESCs 

aligned well with their corresponding developmental stages: 

EPSC and nESC clustered closer to pre-implantation embryos, 

EpiSCs aligned with post-implantation embryos, and FSC, rep-

resenting an intermediate state, located between pre- and 

post-implantation stages (Figure S1C). However, the correspon-

dence between in vitro and in vivo samples appears weaker in 

some species, which may reflect inconsistencies in classification 

standards across studies. In crab-eating macaque, nESCs and 

EpiSCs show only a modest trend toward their respective pre-

or post-implantation embryonic stages, with two main clusters 

of ESCs and embryo samples in the PCA space (Figure S1E). 

Intriguingly, porcine EpiSCs and FSCs exhibited an inverse 

alignment with their expected stages: EpiSCs aligned with 

pre-implantation embryos, while FSCs clustered closer to the 

post-implantation stage embryos (Figure S1D). We further traced 

back to the original studies and found that this discrepancy 

arose because porcine EpiSCs were derived from pre-implanta-

tion embryos, 20 whereas FSCs were derived from post-implan-

tation embryos. 21 These results suggested that ESC transcrip-

tomes are strongly influenced by their derivation protocols, 

aligning more closely with the developmental stage of their em-

bryonic origin. Moreover, the observed impacts of derivation 

protocols, coupled with species-specific differences, raise limi-

tations of applying mouse model-based practices and standards 

for establishing new stem cell lines across diverse species, high-

lighting the need to establish both universal and species-specific 

derivation standards and pluripotency markers.

Gene expression comparison among pluripotency 

states

To minimize the impact of the inconsistencies in pluripotency 

characterization and assignment across species, we first identi-

fied species-specific DEGs during ESC pluripotency state transi-

tion by performing pairwise DEG analysis within species across 

four ESC states: naive vs. primed, expanded/extended vs. 

naive, naive vs. formative, and formative vs. primed. We then 

compared identified DEGs and Gene Ontology (GO) biological 

process terms across species that had both ESC types pre-

sented (Figure 1F, Tables S3 and S4).

nESCs vs. EpiSCs comparison

We compared DEGs between the nESCs and EpiSCs across six 

species, rat, marmoset, macaque, pig, mouse, and humans 

(Figure 2), and further assessed the expression pattern of these 

common DEGs across different pluripotency states in species 

with multiple ESC states, excluding horse and sheep, which 

each had only one available pluripotency state (Figure S5). Our 

results showed that the species-specific DEGs dominated the 

upregulated DEGs in nESCs, with 2,026 in mice and 1,512 in hu-

mans (Figure 2A). Despite this species specificity, we identified 

two DEGs, ZBTB10 and IHO1, that were consistently upregu-

lated in nESCs across all six species (Figures 2A and S5A). 

ZBTB10, a transcription factor (TF), interacts with core pluripo-

tency factors OCT4 and SOX2, playing a role in maintaining 

stem cell pluripotency. 22 Interestingly, ZBTB10 was consistently 

upregulated in nESCs across six species examined yet also

elevated in the formative states in cattle (Figure S5A), suggesting 

a potentially expanded role in bovine pluripotency regulation. 

IHO1 is known to promote the DNA double-strand break 

formation, 23 a crucial mechanism for maintaining ESC genome 

stability. 24 However, due to the absence of a clearly defined 

1:1 ortholog in several species, we were unable to assess 

IHO1 expression patterns across species (Figure S5A).

GO analysis revealed significant enrichment of pathways 

across all species, including cell differentiation and cell develop-

ment, suggesting that these pathways are fundamental to the 

core processes that maintain naive pluripotency and are evolu-

tionary conserved (Figures 2B and 2C, Table S4). Moreover, 

we identified several mouse-specific enriched pathways, 

including the purine nucleotide metabolic process, peptide 

metabolic process, ubiquitin-dependent protein catabolic pro-

cess, and stem cell population maintenance (Figure 2B). 

Similarly, species-specific DEGs also dominated the upregu-

lated DEGs in EpiSCs compared with nESCs, with 2,386 identi-

fied in mice, 1,640 in humans, and 1,066 in pigs (Figure 2D). 

Sixteen commonly upregulated genes in EpiSCs were identified 

across six species, including OTX2, EPHA1, SLC2A1, ETV4, and 

SPRY4 (Figure 2D). Most of these common DEGs also show an 

upregulated pattern in primed ESCs in other mammalian species 

(Figure S5A). For example, OTX2, a key factor that helps maintain 

the EpiSC state by preventing neural differentiation, 25 was simi-

larly elevated in cattle primed ESCs (Figure S5A). In contrast, 

EPHA1, a member of the Eph receptor tyrosine kinase family, 

which promotes pluripotency maintenance in human ESCs and 

iPSCs, 26 showed a downregulation primed state but was highly 

expressed in formative cells in cattle, indicating a species-spe-

cific pluripotency regulation (Figure S5A). Moreover, SLC2A1 

(GLUT1) supports pluripotency in ESCs by facilitating glucose 

uptake to sustain the high glycolytic activity essential for stem 

cell survival and self-renewal. 27 ETV4, together with ETV5, facil-

itates the exit from naive pluripotency and promotes epiblast 

maturation during early embryonic development. 28 SPRY4 func-

tions as a positive regulator of stemness in mouse ESCs by sup-

porting proliferation, stem cell marker expression, and proper 

embryoid body formation. 29 GO analysis of EpiSCs upregulated 

DEGs revealed significantly enriched pathways for primed state 

ESCs across species, such as non-canonical Wnt signaling, 

BMP signaling, ERK and MAPK cascade, transmembrane re-

ceptor protein tyrosine kinase signaling, embryo development, 

and regulation of cell adhesion (Figures 2E and 2F, Table S4). 

These pathways are essential for lineage specification, cellular 

interactions, signaling, and developmental processes in primed 

state ESC. Their conservation across species suggests their 

evolutionary importance in regulating early development and 

ensuring proper establishment of a robust primed pluripotency 

state.

nESCs vs. EPSCs comparison

In the comparison of nESCs and EPSCs across human, 

marmoset, mouse, and pig (Figure S2), two commonly upregu-

lated genes in nESCs, DDIT4 and BCL3, were identified 

(Figures S2A and S5B). Both genes also showed elevated 

expression in cattle expanded state cells and macaque naive 

state cells (Figure S5B). DDIT4 mediates HIF1α and mTOR
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signaling, which are critical for pluripotency, 30 while BCL3 

links LIF-STAT3 to core pluripotency genes Oct4 and Nanog to 

promote the maintenance of naive pluripotency. 31 GO analysis 

revealed conserved pathways in nESCs, such as cellular devel-

opmental process, regulation of cellular and biological pro-

cesses, cell differentiation, and intracellular signaling cassette 

(Figures S2B and S2C). In EPSCs, 18 commonly upregulated 

genes were identified, including well-known pluripotency

A

D E

F

C

B

Figure 2. Comparative analysis of shared and species-specific genes and GO pathways in naive versus primed ESC states

(A) Up-regulated genes identified in the naive state across multiple species.

(B) Selected GO pathways significantly enriched by the up-regulated genes in the naive state across species.

(C) All conserved GO:BP pathways significantly enriched by up-regulated genes in the naive state across species, with terms clustered based on similarity. The 

color represents the group of similar GO terms based on their semantic similarity. The dot size reflects the number of genes associated with each GO term. The 

distance between points represents the similarity between terms. Only representative GO terms from each cluster are labeled on the plot.

(D) Up-regulated genes identified in the primed state across multiple species.

(E) Selected GO pathways significantly enriched by the up-regulated genes in the primed state across species.

(F) All conserved GO:BP pathways significantly enriched by up-regulated genes in the primed state across species, with terms clustered based on similarity. The 

color represents the group of similar GO terms based on their semantic similarity. The dot size reflects the number of genes associated with each GO term. The 

distance between points represents the similarity between terms. Only representative GO terms from each cluster are labeled on the plot.
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B

Figure 3. Assessment of known state-specific markers across species and identification of de novo markers

(A–D) Evaluation of known mouse state-specific markers for the expanded/extended state (A), naive state (B), formative state (C), and primed state (D). CM 

represents crab-eating macaque, Sh represents sheep, and Ho represents horse. The SVA-log-TPM values were used.

(legend continued on next page)
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regulators MYC and DNMT3B (Figures S2D and S5B). MYC facil-

itates cell reprogramming and pluripotent state establishment, 32 

while DNMT3B plays a critical role in enabling ESCs to differen-

tiate into multiple lineages, and its depletion has been associ-

ated with sustained self-renewal and impaired differentiation ca-

pacity. 33 Unexpectedly, many of the DEGs identified as specific 

to the expanded/extended state also exhibited high expression 

levels in the formative and primed state cells across multiple 

species (Figures S5B and S5E), suggesting shared pluripotency 

gene regulatory mechanism between these states. Shared GO 

pathways in EPSCs included cell surface receptor signaling, 

regulation of cell adhesion, and embryonic morphogenesis, 

revealing core regulatory processes of expanded/extended plu-

ripotency state maintenance (Figures S2E and S2F, Table S4).

FSCs vs. nESCs comparison

In the comparison between FSCs and nESCs across humans, 

mice, rats, and pigs (Figure S3), 63 commonly upregulated 

DEGs in formative states were identified. These DEGs were 

also enriched in primed states across species (Figure S5C), sug-

gesting shared pluripotency regulation between these two 

states. Several key genes involved in transitioning from naive 

to primed pluripotency, ESC proliferation, and maintaining 

stem cell states, including DUSP6, 18 USP44, 34 and DNMT3B 35 

(Figures S3A and S5C). Enriched GO pathways in FSCs among 

the four species included cell-cell signaling by WNT, cell differ-

entiation, and MAPK cascade (Figures S3B and S3C). 

Conversely, 16 common upregulated genes were identified in 

the naive state, such as MVP, WHAMM, WDR62, and ULK1 

(Figures S3D and S5C). ULK1 is essential for mouse ESC self-

renewal and pluripotency. 36 Notably, most of these 16 naı̈ve-

specific DEGs also exhibited elevated expression in naive state 

cells of both macaque and marmoset, indicating conserved 

regulation mechanisms (Figure S5C). Shared GO pathways in 

nESCs included regulation of cell communication, signal trans-

duction, cell cycle, and apoptotic process (Figures S3E and 

S3F, Table S4).

EpiSCs vs. FSCs comparison

When comparing EpiSCs with FSCs across humans, mice, pigs, 

and cattle (Figure S4), five commonly shared upregulated genes 

in the primed state were MYL9, PNKD, ATP1B2, TSPAN7, and 

NRARP (Figures S4A and S5D). TSPAN7 plays an important 

role in neural differentiation and axonal development, 37 while 

NRARP, a part of the Notch signaling pathway, plays a key role 

in differentiation and pluripotency maintenance. 38,39 These 

genes also exhibited high expression in the primed states of ma-

caque and marmoset, the formative state in rats, and were 

elevated in the expanded state but downregulated in the naive 

state across most species (Figure S5D). Shared GO terms in all 

species except mice included regulation of cell differentiation, 

cell surface receptor, and transmembrane receptor protein tyro-

sine kinase signaling pathways (Figures S4B and S4C, Table S4). 

In FSCs, two shared upregulated genes were ZBTB11 and GDF3 

(Figures S4D and S5D). ZBTB11 maintains pluripotency by re-

pressing pro-differentiation genes in ESCs. 22 ZBTB11 showed 

high expression in both naive and formative states across all 

species, except in mice, where its expression was elevated in 

the expanded state (Figure S5D). GDF3, a TGF-β superfamily 

member, regulates ESCs pluripotency through BMP inhibition 

in a species-specific manner. 40 We could not assess GDF3 

expression across pluripotency states among all species due 

to the absence of 1:1 conserved orthologs (Figure S5D). 

Enriched pathways in FSCs across four species involved regula-

tion of gene expression and DNA-templated transcription 

(Figures S4E and S4F).

Evaluation of known and novel pluripotency state-

specific markers

Next, we evaluated the performance of known pluripotency 

state-specific markers (Table S5) defined in mice to assess their 

expression levels and applicability across mammals (Figure 3). 

Our analysis revealed that, while these state-specific markers 

effectively differentiated pluripotency states in mouse ESCs, 

they failed to consistently distinguish their corresponding plurip-

otency states across all species (Figures 3A–3D). For example, 

expanded/extended markers (n = 8) did not show the highest 

expression of EPSCs compared with other ESC states in humans 

(Figure 3A). Similarly, naive markers (n = 7) generally performed 

well across species except for differentiating nESC from 

EpiSCs in macaque (Figure 3B). Moreover, formative (n = 14) 

and primed (n = 9) markers were able to differentiate FSCs and 

EpiSCs from EPSCs or nESCs but could not distinguish between 

each other in most species that contained these two states 

(Figures 3C and 3D).

Given the limitations of mouse-based ESC markers, we aim to 

identify de novo state-specific markers applicable across multi-

ple mammalian species. Using human, mouse, and pig ESC da-

tasets, each of which contains all four pluripotency states. We 

first conducted pairwise differential expression results to identify 

genes consistently upregulated in a single pluripotency state 

within each species. To further examine the expression pattern 

of these candidate markers, we applied soft clustering (see 

STAR Methods) to capture shared expression trajectories across 

states within each species (Figures 3E, S6A and S6B). Genes ex-

hibiting similar expression dynamics were grouped into the same 

cluster, each representing a distinct expression pattern in which 

candidate markers exhibit peak expression in their associated 

pluripotency state. The Sankey plot (Figure 3E) showed how 

these state-specific markers align across species. For example, 

mouse primed state markers (clusters C1, C3, C6, C7) overlap 

with primed markers in human (C4) and pig (C3, C5). Additionally, 

about half of the human naı̈ve-associated markers (C3, C5) 

derived from mouse primed state clusters align with pig naive

(E) De novo state-specific markers identified across species. Markers identified by differential expression analysis were grouped into clusters using the Mfuzz soft 

clustering algorithm. Each panel represents one cluster of genes (number of genes shown in parentheses), where the x axis corresponds to the four pluripotency 

states and the y axis indicates expression changes. Thin lines represent the expression profiles of individual genes, while the bold red line depicts the trend of the 

cluster, summarizing the dominant expression trajectory within each cluster. The top Sankey diagram compares shared marker gene flow between mouse and 

human, while the bottom one compares human and pig.
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markers (C1). Overall, these analyses revealed both conserved 

and species-specific regulatory signatures of pluripotency. 

Common genes assigned in the same state-specific clusters 

across species were further defined as shared state-specific 

markers. For example, CHRNA4, a potential regulator of plurip-

otency maintenance, 41 was identified as the only primed state-

specific marker shared across all three species (Figure S6A). 

Other state-specific markers were significantly upregulated in 

their respective states in at least two species, such as 

DBNDD1 in expanded/extended state, BHMT 42 in naive state, 

and SNORD17 43 in formative state. Some of these genes play 

known roles in pluripotency-related functions and show consis-

tently elevated expression in their corresponding states across 

species. In contrast, pluripotency-specific genes that did not 

overlap across species were identified as species- and state-

specific genes. Interestingly, genes such as LEF1, SMC6, and 

LSR were uniquely elevated in the expanded/extended state in 

humans, mice, or pigs, respectively, but not in the other two spe-

cies, suggesting that each species possesses a unique set of 

markers tailored to their pluripotency regulation (Figure S6B 

and Table S6).

Gene co-expression network construction and 

preservation analysis

To systematically define pluripotency state-specific gene co-

expression networks and evaluate their evolutionary conserva-

tion, we performed WGCNA across the four pluripotency states 

in all species except sheep, horses, and macaque due to insuf-

ficient sample sizes (Figures 4 and S7–S10). This analysis iden-

tified several modules significantly correlated with each specific 

pluripotency state. For example, in the human pluripotency 

network, the modules labeled salmon (R = 0.87), turquoise (R = 

0.96), tan (R = 0.95), black (R = 0.94), and blue (R = 0.85) were 

significantly associated with the expanded/extended, naive, 

formative, and primed states, respectively (Figure 4A). Similarly, 

in mice, the modules labeled light green (R = 0.85) and blue (R = 

0.8) were significantly correlated with the primed state in mice 

(Figure 4B), while in pigs, modules labeled green (R = 0.89) and 

pink (R = 0.91) were enriched in the primed state (Figure S9). 

To assess the conservation of pluripotency state-specific 

gene modules across species, we conducted a preservation 

analysis using the human network as a reference (Figures 4C 

and 4D, Figure S10). This approach evaluates whether the struc-

ture and connectivity of gene co-expression modules identified 

in one species are retained in another, providing a quantitative 

measure of cross-species network conservation. This analysis 

identified several conserved modules between humans and 

other species, where a module with a Z summary score >2 indi-

cated weak preservation and a Z summary score >10 reflects 

strong preservation. Notably, the blue, black, yellow, brown, pur-

ple, and dark red modules from the human network were pre-

served across all species analyzed (Figure 4C).

Given that the blue and black modules had a strong correlation 

with the human primed state, we further investigated whether the 

preserved modules in other species also correlated with this 

state. We found that the human blue module was largely pre-

served within the blue, light green, and pink modules in mice 

(Figure 4D) and turquoise modules of marmosets and cattle. All

of these modules showed significant correlations to the primed 

state in their respective species (Figures S9B and S9C). Howev-

er, in pigs, the human blue module was preserved in the yellow 

and salmon modules (Figure 4C), which were significantly en-

riched in the extended/expanded state (Figure S9A). Similarly, 

the human black module, also associated with the primed state, 

was substantially preserved in modules such as pink in mice, 

brown and green in pigs, and turquoise and yellow in cattle 

(Figures 4D and S8). These preserved modules exhibited signif-

icant primed state associations in their respective species, 

except for the magenta and greenyellow modules in marmoset 

and black modules in mice, which lacked strong primed correla-

tions (Figures 4D and S8C). These findings indicate that the 

human blue and black modules represented conserved gene 

co-expression networks associated with the primed state across 

most mammalian species examined, with some species-specific 

exceptions.

To highlight the internal structure of conserved co-expression 

modules, we visualized the human gene networks using module-

specific subgraphs constructed from the topological overlap 

matrix, which quantifies the strength of connection between 

gene pairs based on their shared network neighbors and co-

expression similarity (Figures 4E and S11A). We identified 

several key hub genes: NAB1, a transcriptional repressor, 44 

along with SLC27A2, MGAT4C, and AMPH, involved in lipid 

metabolism, 45 glycosylation, 46 and endocytosis, 47 respectively, 

were identified as key hub genes in the blue module. Similarly, 

ELAPOR2, associated with the regulation of autophagy and 

apoptosis 48 ; LTA4H, a mediator of leukotriene-associated 

inflammation 49 ; and TSPAN7, contributing to cell adhesion, 

migration, and neural development 50 ; were identified as key 

hub genes in the black module. GO analysis further revealed 

pathways related to neuronal development, tissue morphogen-

esis, and system differentiation (Figures S11B and S11C), 

indicating that primed ESCs are poised for lineage 

commitment, consistent with their role in later embryonic devel-

opment stages.

Transcriptome-based phylogenies

To gain insights into the evolution of gene expression, we 

reconstructed transcriptome-based phylogenetic trees for four 

distinct pluripotency states (Figure 5A). These trees represent 

evolutionary relationships among species inferred from global 

gene expression patterns, offering a complementary perspective 

to sequence-based phylogenies by capturing functional diver-

gence at the transcriptomic level. Each state exhibited a unique 

tree structure, reflecting dynamic transcriptional changes and 

interspecies variations across different pluripotency states. 

Rodents and primates consistently clustered closely across all 

states, whereas ungulates displayed a more varied clustering 

pattern. For example, porcine FSCs formed a distinct branch 

rather than clustering with cattle and horses in the formative-

specific phylogenetic tree (Figure 5A). Given the limited availabil-

ity of FSC datasets in these species, it remains unclear whether 

this divergence reflects a genuine biological difference or study-

specific technical variation.

Among all states, the primed state showed the closest 

alignment with known mammalian phylogeny based on DNA or
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Figure 4. Cross-species comparison of WGCNA analysis

(A) Module-trait relationships within the human co-expression network, with modules showing a correlation coefficient ≥ 0.8 and p < 0.05 marked by an asterisk.

(B) Module-trait relationships within the mouse co-expression network, highlighting modules with a correlation coefficient >0.8 and p < 0.05 by an asterisk.

(C) Z-statistics depicting module preservation of the human network (reference network) in networks of other species. Thresholds for weak preservation (Z = 2) 

and strong preservation (Z = 10) are indicated in the plots.

(D) The top two modules from other species’ networks where the human blue and black modules are mainly preserved. The thickness of the connecting bands 

represents the number of overlapping genes between the two modules, while the color indicates the –log 10 (P) value, where P represents the statistical signifi-

cance of the overlap.

(E) Co-expression network of the human blue module, with the top 10 hub genes (ranked by centrality scores using Kleinberg metric) labeled.
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protein sequences, suggesting it represents a conserved post-

implantation development stage, whereas other states exhibit 

more developmental diversity or species-specific variations 

(Figure 5A). This is further supported by the consistent use of 

FGF2 and Activin-A (F/A) in the culture media for EpiSCs across 

species, in contrast to more variable supplements used for naive 

conditions between mice and humans. 13

Evolutionary rates are correlated with pluripotency

To investigate whether evolutionary rates of protein genes are 

associated with pluripotency states, we calculated the dN/dS 

ratio, which indicates the rate of nonsynonymous (amino acid-

changing) substitutions relative to synonymous (neutral) substi-

tutions in a gene. 51 This metric serves as a proxy for selective 

pressure, where lower values suggest functional constraint and

A

D E

F G

CB

Figure 5. Analysis of expression evolution

(A) Transcriptome-based phylogenetic trees for the four pluripotency states. Neighbor-joining trees were constructed using 1:1 orthologous genes, with branch 

lengths representing the proportion of expression variation corresponding to evolutionary expression changes. Bootstrap values (calculated from 1,000 random 

resamplings of 1:1 orthologous genes) are indicated.

(B–E) Boxplots illustrating dN/dS ratios for various gene sets: DEGs versus non-DEGs (B), state-specific genes identified through DEG analysis (C), module-

associated genes (MRGs) identified by WGCNA as related to any pluripotency state versus Non-MRGs (D), and genes in WGCNA modules associated with 

specific states (E). p-values above each comparison indicate the significance of dN/dS differences between gene sets (Mann-Whitney U test).

(F–G) dN/dS ratios as functions of (F) gene expression and (G) connectivity identified by WGCNA. Smoothing functions represent different gene sets, with the 

green line for all orthologous genes, the blue line for module-associated genes (MRGs), and the black line for non-module-associated genes (Non-MRGs). 

Negative correlations are observed between gene expression and dN/dS ratio, as well as between connectivity and dN/dS ratio.
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higher values may indicate relaxed or positive selection. DEGs 

identified from pairwise pluripotency state comparisons ex-

hibited a significantly lower dN/dS ratio (0.14) compared with 

non-DEGs (0.21, p < 0.0001, Mann-Whitney U test, Figures 5B 

and S12A). While both median dN/dS values were below 1, indi-

cating purifying selection, DEGs had a significantly lower dN/dS 

ratio, suggesting stronger evolutionary constraints. However, 

since DEGs also showed higher expression levels than non-

DEGs, we cannot fully exclude gene expression as a confound-

ing factor in the observed evolutionary rate differences.

To ensure these results were not biased by a large number of 

total DEGs, we further divided the DEG and non-DEG by species 

(Figure S12E) or separated DEGs in specific pairwise compari-

sons (expanded extended/naive, naive/formative, formative/ 

primed) within each species (Figure S12F). Across comparisons, 

DEGs consistently showed significantly lower dN/dS values than 

non-DEGs, except for the mouse formative/primed comparison 

(Figure S12F). These findings reinforce that genes involving plu-

ripotency state transitions are generally under stronger purifying 

selection with a slower evolutionary rate. 52

We further analyzed dN/dS ratios for pluripotency-specific 

genes uniquely expressed in different pluripotency states among 

all species. Our results revealed that the primed state had the 

significantly (p < 0.05, Mann-Whitney U test) lowest dN/dS ratios 

compared with other states (Figures 5C and S12B), suggesting 

higher conservation of the primed states related genes with 

slower evolutionary rates. Similarly, genes from WGCNA mod-

ules (MRGs) correlated with specific states exhibited lower dN/ 

dS ratios than those from non-correlated modules (Non-MRGs, 

Figures 5D and S12C). Among these modules, the primed state 

showed the lowest dN/dS values (Figures 5E and S12D). Finally, 

we observed a statistically significant negative correlation be-

tween gene expression levels and dN/dS ratios (linear model co-

efficient = − 0.0864, P < 1e-10, linear model, Figure 5F), as well 

as between WGCNA module connectivity and dN/dS ratios 

(linear model coefficient = − 0.4158, P < 1e-10, linear model, 

Figure 5G). To further investigate the relationships among these 

variables, we performed a correlation and partial correlation 

analysis to assess how dN/dS, gene expression levels, and con-

nectivity interact (Table S7). The results confirmed that genes 

with higher expression levels or greater connectivity in gene 

co-expression networks tend to evolve more slowly, consistent 

with the hypothesis that highly expressed and functionally cen-

tral genes are subject to stronger purifying selection. These find-

ings indicate that genes that were highly expressed or had more 

gene network connections evolve more slowly. Overall, these re-

sults highlight the close relationship between evolutionary rates 

and pluripotency across states, with genes associated with plu-

ripotency transitions, particularly in the primed state, showing 

stronger evolutionary constraints and slower rates of evolution.

DISCUSSION

Defining and aligning pluripotency states is essential for mean-

ingful cross-species comparisons. In this study, we used the 

state assignments reported by the original publications, which 

were generally supported by multiple lines of evidence, including 

colony morphology, transcriptomic profiling, in vivo stage map-

ping, and functional validation such as embryoid body formation, 

teratoma formation, or directed differentiation. However, 

perfect alignment across species remains challenging due to dif-

ferences in developmental timelines and experimental condi-

tions, particularly for less-characterized states like the formative 

and expanded or extended states. Given the limited number of 

currently available datasets, we cannot fully exclude the influ-

ence of technical noise when interpreting biological variation 

from these states. Nevertheless, our analysis revealed consis-

tent preservation of state-associated transcriptomic trajectories 

and co-expression patterns, suggesting core molecular features 

defining each pluripotency state are broadly conserved and 

comparable across species. Future studies with standardized 

experimental protocols and expanding datasets, especially for 

under-characterized states, will help refine these cross-species 

comparisons.

Dynamics of gene expression in pluripotency states 

transition

Cross-species DEG analysis revealed conserved genes such as 

ZBTB10 and IHO1 in the naive state and OTX2 in the primed 

state. ZBTB10, a C2H2 zinc finger BTB domain TF expressed 

in human and mouse early embryos, is downregulated upon dif-

ferentiation. 53 Although ZBTB10 knockdown has minimal effects 

on ESC morphology or OCT4-positive cell numbers, it may have 

accessory or self-renewal functions. 22 Conversely, the functions 

of IHO1 in pluripotency remain underexplored, underscoring 

the need for further investigation. OTX2, a key transcription 

factor facilitating the transition from naive to primed state, has 

been widely recognized as essential for maintaining primed 

pluripotency. 25,54,55

To capture intermediate dynamics of the pluripotency transi-

tion, we incorporated the formative state between naive and 

primed states. This analysis identified conserved upregulated 

genes including DNMT3B and DUSP6 during the naı̈ve-to-

formative transition, while ZBTB11 was downregulated during 

the formative-to-primed transition. These findings align with pre-

vious studies. For example, DNMT3B 56 is a well-documented 

formative marker in mice, while DUSP6 is known to associate 

with the naı̈ve-to-primed transition 17 and up-regulated in the in-

termediate state of human PSCs. 57 Further GO analysis high-

lighted consistently conserved pathways across several states, 

such as the MAPK cascade, which has been shown to play a 

pivotal role in balancing proliferation and differentiation in stem 

cells. 58 Additionally, genes upregulated in the formative state 

were enriched in pathways related to DNA recombination and 

chromosome organization. These pathways may be linked to 

X chromosome inactivation, a hallmark event during the transi-

tion between naive and primed states, which involves extensive 

chromatin reorganization. 13,59

Identification of pluripotency state-specific markers

and co-expression hub genes

Our analysis revealed that mouse pluripotency state-specific 

markers were insufficient to distinguish pluripotency states in 

other species. We further identified conserved and species-spe-

cific de novo markers for each pluripotent state. We observed 

that the primed state had the highest number of shared markers,
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with CHRNA4 conserved across humans, mice, and pigs. 

CHRNA4 encodes the neuronal acetylcholine receptor subunit 

alpha-4 (nAChRα4) and is involved in neural differentiation. 60 

Our findings revealed substantial variability in species-specific 

gene expression patterns and uncovered an intriguing phenom-

enon that a state-specific cluster in one species aligned with a 

different state cluster in another species. This indicates the 

need for caution when selecting or applying markers from one 

species to another in cross-species analyses.

While state-specific genes are poorly conserved across spe-

cies, the structure of WGCNA co-expression networks appears 

to be well preserved among mammals, consistent with previous 

comparative transcriptomic analyses involving data from eight 

tissues, such as skin, mammary gland, and marrow. 61 This con-

servation may reflect the integrated nature of pluripotency regu-

lation, which relies on interactions between various signaling 

pathways rather than isolated gene activity. 62 In our analysis, 

several human co-expression primed-specific modules were 

consistently preserved in cattle, pigs, mice, rats, and marmo-

sets. Notably, the human blue module and its preserved counter-

parts in other species showed a significant correlation with the 

primed state across species. GO analysis revealed enrichment 

for pathways associated with neuronal development and differ-

entiation, supporting the notion that cells in the primed state 

are poised for lineage commitment while retaining elements of 

the pluripotency network. 63

Primed state exhibits the highest evolutionary 

conservation

We further calculated the dN/dS ratios for DEGs, non-DEGs, and 

state-specific upregulated genes. Our results revealed that 

DEGs generally have lower dN/dS values than non-DEGs, 

suggesting that genes involved in pluripotency regulation are 

subject to stronger purifying selection. Such evolutionary 

constraints align with our observation that the core pluripotency 

regulatory network demonstrates significant conservation, 

indicating the critical role of pluripotency-related genes in 

maintaining essential cellular processes. 64 Interestingly, primed 

state-specific genes exhibited significantly lower dN/dS values 

compared with genes specific to other states, indicating intensi-

fied selective pressure on this state. This aligns with the primed 

state showing the highest evolutionary conservation, as demon-

strated by transcriptome-based phylogenetic clustering, a 

greater number of shared DEGs, and a higher WGCNA module 

preservation across species. This conservation may be due to 

the consistent derivation of EpiSCs from the embryonic epiblast 

cells of the post-implantation embryonic stage across species, 

in contrast to nESCs, which are derived from the more variable 

pre-implantation stage. Moreover, the uniformity of culture con-

ditions for EpiSCs across species may contribute to the tran-

scriptomic similarities, in contrast to the species-specific condi-

tions required for naive states. 13 Additionally, a previous study 65 

comparing several pre- and post-implantation stage embryos of 

monkeys, pigs, and humans revealed that post-implantation 

samples clustered closer across species than pre-implantation 

samples in PCA. This finding suggests that the observed conser-

vation of the primed state primarily reflects the intrinsic evolu-

tionary stability of post-implantation epiblast cells during early

development, supporting the idea of the hourglass model, which 

proposes that embryonic divergence is highest at the earliest 

and latest stages, while the mid-embryonic (phylotypic) stage 

exhibits the greatest evolutionary conservation. 66

Our study provides a comparative transcriptomic analysis 

across mammalian species, revealing both conserved and 

species-specific mechanisms of pluripotency regulation. The 

primed state emerged as the most evolutionarily conserved 

state, with shared pathways and gene networks highlighting its 

critical role in preparing cells for lineage commitment. While 

species-specific gene expression patterns highlight evolutionary 

diversity, the preservation of gene co-expression network 

structures suggests a broader regulatory network conserved 

across species. The knowledge gained here provides a founda-

tion for standardizing pluripotency state characterization 

within species and optimizing ESC culture systems across 

diverse species. These advancements hold the potential to 

enhance applications in regenerative medicine, sustainable 

agriculture, and conservation while deepening our understand-

ing of the evolutionary mechanisms shaping early mammalian 

development.

Limitations of the study

This study presents a comprehensive cross-species transcrip-

tomic comparison of pluripotency states in ESCs. However, 

several limitations should be acknowledged. For example, all 

datasets were sourced from previously published studies, 

which introduces variability in sample collection, culture con-

ditions, maintenance protocols, and sequencing methods. 

While we applied a standardized processing pipeline with sur-

rogate variable analysis to reduce technical noise, residual 

batch effects cannot be fully ruled out. Moreover, the assign-

ment of pluripotency states across species was based on 

original publications using criteria such as morphology and 

molecular markers, which may not be fully aligned across 

species. Our comparative approach also focused on 1:1 

orthologous genes, enabled cross-species analysis, but 

excluded non-orthologous or species-specific genes that 

may be functionally relevant. Furthermore, formative and 

expanded/extended states remain underrepresented in public 

datasets, limiting the resolution of our comparative analyses. 

While our work provides valuable transcriptomic insights, the 

absence of matching epigenomic and proteomic data con-

strains the interpretation of regulatory mechanisms. Addition-

ally, these findings were based on nine species and may not 

fully capture the diversity of pluripotency regulation across 

all mammals. Broader species inclusion and integration of 

multi-omics data will be crucial in future studies to validate 

and expand upon these findings.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to 

and will be fulfilled by the lead contact, Jingyue (Ellie) Duan (jd774@cornell. 

edu).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

• Data: All datasets analyzed in this work are publicly available and listed 

in Table S1.

• Code: The source code used for data processing and analysis is avail-

able at: https://github.com/coderFaye/CS-ESC.

• Other: No additional resources were generated or analyzed in this 

study.
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METHOD DETAILS

In this study, we performed a comparative transcriptomic analysis of embryonic stem cells across multiple mammalian species. Pub-

licly available RNA-seq datasets representing distinct pluripotency states were integrated and uniformly processed for downstream 

analyses. Detailed descriptions of each analytical step are provided in the following sections.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Curation and quantification of transcriptome data

A total of 120 RNA-seq samples from embryonic stem cells (ESCs) at various pluripotent and totipotent states (expanded or 

extended, naı̈ve, formative, and primed) were collected across nine species: human, mouse, rat, marmoset, crab-eating macaque, 

cattle, pig, sheep, and horse. These samples, derived from 28 studies, were sourced from the NCBI GEO database (https://www. 

ncbi.nlm.nih.gov/geo/). The specific references for the RNA-seq data are provided, and detailed information for all samples is sum-

marized in Table S1. For certain species, RNA-seq data for specific pluripotency stages were unavailable in public databases (last 

searched on January 1, 2024), and these cell types were excluded from further analysis.

All samples underwent a standardized upstream analysis pipeline. The RNA-seq data were downloaded using the SRA Toolkit 

v3.0.5 (https://github.com/ncbi/sra-tools/wiki/01.-Downloading-SRA-Toolkit) with the fastq-dump function. Quality control was per-

formed using fastp v0.23.4 83 with the parameters: -f 15 -F 15 -q 20 -u 40 -n 8 -L 30. Subsequently, alignment was carried out with 

STAR v2.7.10b, 84 mapping each sample to its corresponding genome (Table S2) using the parameters: –quantMode 

TranscriptomeSAM –outSAMtype BAM SortedByCoordinate –outSAMunmapped Within –readFilesCommand zcat. Finally, RSEM 

v1.3.3 85 was used for gene-level quantification with default settings.

Ortholog retrieval and data normalization

We retrieved the one-to-one orthologs for the species in our dataset from the Ensembl database release 109, 86 identifying 9,941 or-

thologous genes with 1:1 orthology relationships among all the species studied. The RNA-seq samples from different species were 

integrated using these orthologous genes, enabling cross-species comparisons based on the merged data. TPM normalization was 

performed, with values calculated using RSEM, and subsequently transformed to log2 (N + 1) values (log2-TPM). To detect and cor-

rect for hidden biases like those arising from variations in sampling conditions and sequencing protocols across different experi-

ments, we employed Surrogate Variable Analysis (SVA) method using the SVA R package (v3.50.0), 87 which identifies latent sources 

of variation in high-dimensional genomic data. By estimating and adjusting for these surrogate variables, SVA effectively reduces the 

impact of unmodeled batch effects and other confounding factors. This approach generated SVA-log2-TPM values, which were sub-

sequently used for further analysis.

Data exploratory analysis

Principal Component Analysis (PCA) was performed using the prcomp function in R, based on the SVA-log2-TPM values. Pearson 

correlation analysis was conducted on the raw counts, log2-TPM values, and SVA-log2-TPM values, both before and after normal-

ization. To further dissect sources of gene expression variation, we applied variance partitioning analysis, a statistical approach that 

estimates the proportion of variance in gene expression attributable to different factors. This analysis was implemented using the 

variancePartition R package (v1.32.3), 88 with species and state as fixed effects in a linear mixed model.

Differential gene expression analysis

We employed the DESeq2 R package (v1.42.0) 89 to identify differentially expressed genes (DEGs) in each species by comparing 

nESCs to EpiSCs and across successive states: EPSCs to nESCs, nESCs to FSCs, and FSCs to EpiSCs. To control for multiple hy-

pothesis testing and improve statistical power, we applied Independent Hypothesis Weighting. 98 Genes exhibiting an absolute log2

Continued
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PAML (v4.10.6) Yang et al. 95 https://github.com/abacus-gene/paml

gprofiler2 (v0.2.3) Kolberg et al. 96 https://cran.r-project.org/package=gprofiler2

rrvgo (v1.14.2) Sayols et al. 97 https://bioconductor.org/packages/rrvgo
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fold-change greater than 1 and an adjusted p-value less than 0.05 were classified as DEGs. We then performed an overlap analysis of 

DEGs across different species to identify those that are commonly shared using the UpSetR R package (v1.4.0). 90

Identification of de novo state-specific markers

State-specific markers were defined as genes significantly upregulated in a specific state compared to all other states. Marker iden-

tification was first performed within each species to capture intra-species specificity. To examine expression dynamics across 

states, we applied Mfuzz, a soft clustering approach well-suited for capturing gradual changes in gene expression across conditions. 

Genes with similar expression patterns across the four states are assigned to the same Mfuzz cluster, each representing a distinct 

expression trajectory. Clustering was performed using the clusterGVis R package (v0.1.1) (https://github.com/junjunlab/ClusterGVis) 

to group genes into predominant expression trajectories. Subsequently, cross-species comparisons were conducted to identify both 

conserved markers shared across species and those unique to individual species, providing insights into universal and species-spe-

cific pluripotency regulation.

Gene co-expression network construction and preservation analysis

To identify modules of co-expressed genes and explore their association with biological traits, we applied Weighted Gene WGCNA. 

We utilized the WGCNA R package (v1.72-5) 91 to construct gene co-expression networks for each species individually. The block-

wiseModules function from WGCNA in R was employed for the analysis, using SVA-log-TPM data as input. The soft-thresholding 

power was determined with the pickSoftThreshold function to optimize the scale-free topology fit of the network. A signed network 

was constructed to retain the sign of the correlation in the adjacency matrix. To assess the conservation of gene co-expression pat-

terns across species, we performed module preservation analysis, which quantifies how well modules identified in one co-expression 

network are retained in another. Using network statistics, we conducted a preservation test with the modulePreservation function 

from WGCNA package, taking the human network as the reference. Z-scores were estimated to measure the preservation, with 

Z > 10 suggesting strong preservation, 2 < Z < 10 representing weak preservation and Z < 2 meaning no preservation. 99 Hub genes 

within the networks were identified based on the hub centrality scores via Kleinberg’s metric using the hub_score function from the 

igraph v2.0.3 package. 92 The relationships among genes within the modules were visualized using networkD3 R package (v0.4) 

(https://github.com/christophergandrud/networkD3).

Gene expression phylogenies

To infer evolutionary relationships among species from a transcriptomic perspective, we reconstructed gene expression phylog-

enies using orthologous gene expression profiles. Aligned with Brownian-motion-based models which assumes that gene-

expression evolution occurs through a succession of independent changes in gene-expression levels, we employed a vari-

ance-based method to estimate expression divergence between each pair of species. 100 Distance matrices were calculated 

for each pluripotency state based on the SVA-log2-TPM values of all orthologous genes. Using these distance matrices, we con-

structed phylogenetic trees using the neighbor-joining (NJ) approach. The reliability of the branching patterns was assessed 

through bootstrap analyses, wherein 1:1 orthologous genes were randomly sampled with replacement 1000 times. The bootstrap 

values represent the proportions of replicate trees that support the branching pattern of the consensus tree displayed in the 

figures.

dN/dS ratio calculation

To assess evolutionary pressures acting on protein-coding genes, we calculated the dN/dS ratio, which compares the rate of 

nonsynonymous (dN) to synonymous (dS) substitutions. A dN/dS ratio significantly lower than 1 indicates purifying selection, 

whereas a ratio near or above 1 suggests relaxed or positive selection, respectively. A lower dN/dS ratio reflects stronger evolu-

tionary constraint, suggesting that the protein-coding sequence is functionally important and has been conserved to maintain its 

biological role. The coding sequences (CDS) of all orthologous genes were retrieved from the Ensembl database. Multiple 

sequence alignments were performed using TranslatorX 93 with MAFFT as the alignment method. For phylogenetic reconstruc-

tion, RAxML v8.2.12 94 was used to infer maximum-likelihood gene trees. The ratio of nonsynonymous substitutions per nonsy-

nonymous site (dN) to synonymous substitutions per synonymous site (dS) was calculated using PAML (codeml) v4.10.6. 95 

A homogeneous model was applied (model = 0, NSsites = 0) to estimate the overall dN/dS ratio for each orthologous gene. 

Additionally, we examined the relationships between dN/dS ratios and two gene properties: gene expression levels and 

gene connectivity (i.e., the number of direct interactions a gene has with other genes). Gene connectivity was derived from 

WGCNA. To further investigate the interplay among these factors, we performed a correlation and partial correlation analysis 

to assess how dN/dS, gene expression, and connectivity interact. Specifically, we computed Spearman correlations for all 

pairwise comparisons and further estimated partial correlations to disentangle direct and indirect relationships between these 

factors. To ensure robustness, we applied a bootstrapping approach (1,000 replicates) to calculate confidence intervals for the 

partial correlations.
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Gene ontology enrichment analyses

Gene ontology analysis is conducted using gprofiler2 R package (v 0.2.3). 96 To facilitate interpretation of enriched biological pro-

cesses, we performed GO term reduction to summarize redundant and overlapping categories. GO lists were grouped by similar 

terms based on their semantic similarity to reduce redundancy by rrvgo R package (v1.14.2). 97

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters were reported either in individual figures or corresponding figure legends. Statistical details of experiments can 

be found in method details. All statistical analyses were performed in R.
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