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Regulation of totipotency and naïve pluripotency is crucial for early human embryo development. However, the mecha-
nisms of naïve pluripotency and totipotency regulation in humans, especially the signaling pathways involved in these 
processes, remain largely unknown. Here, using the conversion of human extended pluripotent stem cells (hEPSCs) 
to naïve pluripotent stem cells as a model, we performed a CRISPR/Cas9-based kinome knockout screen to analyze 
the effect of disrupting 763 kinases in regulating human naïve pluripotency. Further validation using small molecules 
revealed that the inhibition of ErbB family kinases promoted the transition of hEPSCs to human naïve pluripotent 
stem cells. More importantly, chemical inhibition of the ErbB family also promoted induction of totipotent signatures 
in human pluripotent cells under different culture conditions. Our findings provide new mechanistic insights into the 
regulation of naïve pluripotency and totipotency in humans.

Introduction

The dynamic regulation of cell potency during early preimplanta-
tion development is crucial for individual development. In humans, 
zygotes and early blastomeres, such as blastomeres from 8-cell 
(8C) embryos are considered to be totipotent, possessing the 
ability to generate the entire individual [1, 2]. Their developmen-
tal potential gradually becomes restricted after differentiating into 
epiblast, trophectoderm, and primitive endoderm at the blasto-
cyst stage. Intriguingly, unlike their mouse counterparts, human 
epiblast cells from preimplantation blastocysts still possess both 
embryonic and extraembryonic developmental potentials [3], 
suggesting great interspecific differences in the regulation of cell 
potency during preimplantation development between mice and 
humans. Although recent studies have revealed several import-
ant totipotent transcription factors (TFs) in humans [4–6], the 
mechanisms of totipotency regulation in humans, especially the 

signaling pathways that are involved in these processes, remain 
largely unknown. In addition, despite that the regulatory network 
of mouse naïve pluripotency has been extensively studied and 
well understood [7], current understanding of human naïve plurip-
otency regulation is still limited [8].

Human naïve pluripotent stem cells have emerged as a valu-
able model for investigating human naïve pluripotency and totipo-
tency in vitro. These cells, unlike formative and primed pluripotent 
stem cells that are derived from peri- and post-implantation 
stages, respectively [9–11], exhibit functional and molecular fea-
tures that closely resemble those of preimplantation human epi-
blast cells [12–14]. Furthermore, human naïve pluripotent stem 
cells possess the ability to generate extraembryonic lineages [3, 
15]. Notably, our previous studies showed the establishment of 
human extended pluripotent stem cells (hEPSCs) that also exhibit 
extraembryonic developmental potentials [16, 17]. However, 
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hEPSCs differ from human naïve pluripotent stem cells in terms 
of their molecular features, as they occupy an intermediate state 
between the naïve and primed states [17]. In addition, the ability 
of hEPSCs to generate trophectodermal lineages is not equiva-
lent to that of human naïve pluripotent cells, as human blastoids 
generated from human EPSCs only recapitulate several molec-
ular aspects of human trophectoderm [18]. Another major differ-
ence is that totipotent-like cells are presented in the cell culture of 
human naïve pluripotent cells [19, 20], which was not observed in 
hEPSC cultures [20]. Clarifying the mechanisms underlying these 
differences would not only reveal key molecular targets that reg-
ulate the above differences between hEPSCs and human naïve 
pluripotent cells but also unravel novel regulators of human naïve 
pluripotency and totipotency, which is important for understanding 
the mechanistic regulation of cell potency.

Among different factors that affect cell potency, components 
in signaling pathways play important roles as their manipulation 
has been proven to be powerful in regulating cell potency in vitro 
[21]. In signaling pathway regulation, protein kinase-mediated 
phosphorylation is a ubiquitous signaling mechanism in eukary-
otic cells [22]. Therefore, exploring the kinome can be an effec-
tive approach to understanding signaling pathway regulation. In 
this study, we utilized the conversion of hEPSCs to human naïve 
pluripotent stem cells as a model to identify novel signaling path-
ways that regulate human naïve pluripotency and totipotency. 
To achieve this, we conducted a CRISPR/Cas9-based kinome 
knockout screen. We validated our findings using small molecules 
and identified that inhibiting ErbB signaling promoted the induc-
tion of human naïve pluripotency and totipotency in vitro.

Results

A CRISPR/Cas9-based kinome knockout screen identified 
kinases that promoted hEPSC conversion to naïve 
pluripotent stem cells

To identify kinase candidates that negatively regulate human 
naïve pluripotency, we conducted a CRISPR knockout screen-
ing using hEPSCs cultured under the xeno-free condition termed 
XF-LCDM [17]. To achieve this, we first integrated a doxycycline 
(Dox)-inducible Cas9 cassette into hEPSCs (iCas9-hEPSCs) (Fig. 
1B and 1C). To minimize the potential toxic effects of CAS9 induc-
tion on human pluripotent cells, we over-expressed BCL2 in the 
Cas9-integrated cell line (Fig. 1B), as previous studies reported 
that Cas9 expression can induce TRP53-mediated toxic response 
in human pluripotent cells [23]. To construct a sgRNA library tar-
geting all 763 human kinase genes, we selected corresponding 
sgRNAs from the Brunello human genome KO library [24], and a 
total of 6204 sgRNAs were included in the kinome sgRNA library 
(Table S1). This pooled lentiviral sgRNA library was transduced 
into the iCas9-hEPSCs, followed by puromycin selection to elim-
inate cells without sgRNA integration. Deep-sequencing analysis 
of the frequency distribution of sgRNAs in the transduced cells 

revealed that the majority of sgRNA read counts varied between 
500 and 1000 counts (Fig. 1D). Furthermore, the percentages of 
mapped sgRNAs in the transduced cells were more than 50%, 
and the Gini index was low (Gini index = 0.03) (Table S2), indicat-
ing a well-covered and diverse sgRNA library in the transduced 
cells.

Next, we employed two strategies to perform the CRISPR/
Cas9-based screens. The first one was based on switching 
the culture medium from XF-LCDM to PXGL or 5i/LA, respec-
tively (Fig. 1A), which were reported to promote the transition 
of primed human pluripotent cells to the naïve pluripotent state 
thus eliminating non-naïve cells after passaging in our screen 
[13, 25]. Cells were collected at passage 3 and passage 6, and 
genomic DNA samples were harvested for deep sequencing. 
Quality control analyses showed well coverage and diversity 
of sgRNAs in the collected samples from the first screen (Fig. 
S1A). The second one was based on fluorescence-activated cell 
sorting (FACS) of sgRNA-transduced cells expressing SUSD2, a 
representative surface marker of human naïve pluripotent stem 
cells [26] (Fig.  1A). This strategy did not rely on culturing the 
sgRNA-transduced cells in the PXGL and 5i/LA conditions, but 
the XF-LCDM condition was employed during the whole screen-
ing process. As a result, the second strategy was favorable for 
identifying kinase whose knockout led to a more direct transition 
from the hEPSC state to the naïve pluripotent state. Notably, the 
percentage of SUSD2-positive cells in the transduced cells was 
significantly higher than that in the initial iCas9-hEPSCs (Fig. 1E), 
suggesting that knockout of certain human kinases promoted the 
conversion of hEPSCs to the naïve state. After sorting, SUSD2-
positive cells and the initial transduced cells were collected for 
further deep sequencing.

Next, we processed the sequencing data from the two screens 
by comparing gRNA counts between the experimental and control 
groups using the MAGeCK program [27] (Table S2). Using P value 
< 0.05 as the threshold, sgRNAs that target 279 kinase genes 
were identified from the first screen (Table S2), which were signifi-
cantly underrepresented or overrepresented in the cells cultured 
under the PXGL or 5i/LA condition compared with cells under 
the XF-LCDM condition before passasing (Table S2). Using the 
same threshold, sgRNAs that target 78 kinase genes were found 
to be significantly underrepresented or overrepresented in the 
SUSD2 positive cells by the second screen (Table S2). We further 
ranked the sgRNA-target kinases by their enrichment. Because 
the efficiency and specificity of sgRNA targeting varied among 
different sgRNAs may lead to noise and bias in CRISPR screens 
[28], we did not only analyze kinases targeted by sgRNAs that 
were statistically enriched in the experimental groups (P value < 
0.05). Instead, we chose the top 100 (13.11% of the 763 screened 
kinases) enriched genes identified by the MAGeCK program from 
the first or second screening data, respectively, for further analy-
sis (Table S2). Among the top 100 enriched sgRNA-target kinase 
genes from the first screen, we identified several commonly 
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Figure 1. CRISPR kinome KO screen identified novel targets that increase human EPS cells’ competence of acquiring 
authentic human naïve state.
(A) Schematics of CRISPR knockout screen with kinome library under naïve or extended pluripotent conditions. (B) Plasmid design of iCas9 
expression with BCL2 and Neomycin resistance. iCas9, induced Cas9. (C) Quantitative polymerase chain reaction (q-PCR) analysis of the 
expression of iCas9 in hEPSC-iCas9-hBCL2-Neo cell line upon Dox treatment. N = 2 biological replicates. Error bar indicates standard error of 
the mean (SEM). (D) The distribution diagram of the initial sgRNA library read counts frequency. (E) Representative flow cytometry sorting of 
SUSD2 positive cells during kinome KO screen under XF-LCDM condition. Control hEPSCs without SUSD2-phycoerythin (PE) staining (left), 
control hEPSCs with SUSD2-PE staining (middle), and kinome KO EPSCs with SUSD2-PE staining (right) are presented. The percentage of 
SUSD2-PE positive cells is shown. This experiment was repeated at least three times. (F) Kinases targeted by positively enriched sgRNAs in 
cells at passage 6 under naïve pluripotent condition 5i/LA (left) and PXGL (right). Top enriched genes and commonly enriched genes under 
two conditions are shown. (G) Kinases targeted by positively enriched sgRNAs in sorted SUSD2 positve cells at passage 3 under XF-LCDM 
condition. Top enriched genes are shown.
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enriched kinases that were shared by cells from the PXGL or 5i/
LA condition, such as CDK13, BMP2K, and MEX3B (Figs. 1F and 
S1B; Table S2). The top 100 ranked sgRNA-target kinase genes 
enriched in the SUSD2 positive cells under the XF-LCDM condi-
tion were also identified, such as ROCK2, GRK5, and AKT3 (Fig. 
1G; Table S2).

Identification kinases and related signaling pathways that 
regulate human naïve pluripotency

To validate the effectiveness of our screening for kinases that 
regulate human naïve pluripotency, we first analyzed whether 
known kinases that regulate human naïve pluripotency could 
be identified in our screening. Indeed, sgRNAs targeting several 
reported kinases [12, 13], such as SRC, PKC, and MEK-ERK, 
and their upstream and downstream genes along the pathways, 
were enriched in our sequencing data in both screens (Fig. S1C 
and S1D).

To explore the biological processes and signaling pathways 
involved in the induction and maintenance of human naïve plu-
ripotency, we further performed Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis on the 
kinases that were targeted by sgRNAs positively enriched in 
the experimental groups (Figs. 2A–D, S1E and S1F). Multiple 
enriched signaling pathways were identified from the first screen, 
such as ephrin receptor, ErbB, VEGF, Insulin, FoxO and MAPK 
signaling pathways (Figs. 2A–D, S1E and S1F). We also identi-
fied the common enriched kinase families from the first screen-
ing, which included EPH, FGFR, PTK, and ErbB families (Fig. 
2E). Similar analysis was performed using the kinases targeted 
by positively enriched sgRNAs from the second screen, which 
revealed additional signaling pathways and biological processes 
regulated by these kinases, such as Wnt signaling, chemokine 
signaling pathway, autophagy, and hedgehog signaling (Fig. 2A 
and 2B). Notably, by integrating the results of GO and KEGG anal-
ysis from the first and second screens, several common terms 
emerged, such as insulin, ErbB and ephrin receptor signaling 
pathways (Fig. S1G and S1H).

To investigate the interactions of these kinases targeted by 
positively enriched sgRNAs in the experimental groups, we con-
ducted a protein–protein interaction (PPI) network analysis using 
the STRING tool [29]. We first selected the top 100 enriched 
kinases from each dataset of the first screen and excluded kinases 
that appeared only once. The remaining kinases were subjected 
to PPI analysis, with parameters set to display only strong con-
nections between them. The resulting PPI network revealed that a 
total of 32 kinases were mapped to 2 major networks. Noteworthy 
nodes in the larger network included SRC, PIK3R3, and ERBB2 
(Fig. 2F), whereas those in the smaller network included NME4 
and AURKA (Fig. 2F). Similar PPI analysis was performed using 
the top 100 enriched kinases from the second screen, which 
showed a major network regulated by MAPK and PI3K signaling 
pathways (Fig. 2G).

To further reveal kinases involved in regulating human naïve 
pluripotency, we also analyzed kinases targeted by sgRNAs that 
were absent or underrepresented in the experimental groups (Fig. 
S2A; Table S2). In addition to protein phosphorylation, GO anal-
ysis revealed that these kinases were involved in other biologi-
cal processes such as cell cycle regulation, cellular senescence, 
and lipid phosphorylation (Fig. S2B). Moreover, KEGG analysis 
showed that several other signaling pathways, such as GnRH sig-
naling, progesterone-mediated oocyte maturation and VEGF sig-
naling (Fig. S2C), were affected. PPI analysis further revealed that 
the major network of these kinases was affected by PI3K-AKT, 
PKC, and AMPK signaling pathways (Fig. S2D and S2E).

Chemical screening verified that inhibition of ErbB signaling 
promoted the transition of hEPSCs towards naïve pluripotent 
and totipotent states

Next, we aimed to functionally verify the roles of newly identified 
kinases in regulating human naïve pluripotency, and performed a 
chemical screening as small molecules can regulate the activity 
of kinases within the same kinase family, making the validation 
process more efficient. To achieve this, we constructed a small 
molecule inhibitor pool containing 82 small molecules, which tar-
geted approximately 70% of the kinase families that were targeted 
by positively enriched sgRNAs (P value < 0.05) in the experimen-
tal groups from the first and second screens (Fig. 1A; Table S3). 
As the positive controls, small molecules targeting known kinase 
regulating human naïve pluripotency were also included, such as 
SRC and PKC inhibitors. To verify the functional effect of small 
molecules, we established a KLF17-mScarlet reporter cell line 
(Fig. 1A). KLF17 is a well-known marker that distinguishes primed 
pluripotency from naïve pluripotency in humans [30, 31]. Moreover, 
this gene is highly expressed in human totipotent embryos and in 
vitro induced human 8C-like cells [19, 20], making it suitable for 
identifying KLF17 positive totipotent-like cells. Consistent with its 
roles in marking cells from early preimplantation stages, no sig-
nificant fluorescence of the KLF17 reporter was observed in cells 
cultured in the XF-LCDM medium or mTeSR1 medium (Fig. 3A).

We evaluated the effect of individual small molecules during 
the conversion of hEPSCs to human naïve pluripotent stem cells 
using the PXGL condition. Seven small molecules caused severe 
cell death in the chemical screen (Table S3), the concentration 
of which may need further titration in the future study. In addi-
tion, we observed six small molecules that enhanced the fluo-
rescence of KLF17 reporter positive cells (Table S3). Notably, the 
ErbB family inhibitor Afatinib significantly increased the percent-
age and strength of KLF17 reporter expression (Fig. 3A and 3B), 
suggesting that it can promote the conversion of hEPSCs into an 
earlier state. We further analyzed the molecular characteristics of 
Afatinib-treated cells using qPCR analysis. Under both PXGL and 
XF-LCDM conditions, the expressions of multiple naïve pluripo-
tent markers (i.e. KLF17, ZFP42, UTF1) were significantly upreg-
ulated whereas those of primed pluripotent markers (i.e. THY1, 
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Figure 2. Analysis of enriched kinases that regulate human naïve pluripotency induction and maintenance.
 (A) GO analysis of kinases targeted by positively enriched sgRNAs in cells under 5i/LA (passage 6) (top), PXGL (passage 6) (middle) 
and sorted SUSD2 positive cells at passage 3 under XF-LCDM condition (bottom). (B) KEGG analysis of kinases targeted by positively 
enriched sgRNAs in cells under 5i/LA (passage 6) (top), PXGL (passage 6) (middle) and sorted SUSD2 positive cells at passage 3 under 
XF-LCDM condition (bottom). (C) Venn diagram of enriched GO biological processes terms at passage 3 and passage 6 under PXGL and 5i/
LA conditions. Commonly enriched terms are listed. (D) Venn diagram of enriched KEGG signalling pathways at passage 3 and passage 6 
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CD24) were downregulated (Fig. 3C and 3D), suggesting the pro-
motion of hEPSCs toward the naïve pluripontent state by Afatinib 
treatment. Consistent with these results, ErbB-related upstream 
or downstream genes, and ErbB family co-evolved genes were 
repetitively enriched in the first and second screens (Fig. S3A).

Because KLF17 is also highly expressed in totipotent cells, 
we also analyzed whether Afatinib could promote hEPSCs acquir-
ing totipotent features by qPCR analysis. Importantly, we found 
that the expression of multiple totipotent markers, such as DUXA, 
LEUTX, and TPRX1, was elevated after adding Afatinib under the 
PXGL condition (Fig. 3C). Moreover, a similar effect was observed 
under the XF-LCDM condition (Fig. 3D), and knockdown of EGFR 
or ERBB2 also led to upregulation of totipotent marker expression 
in the cells cultured under the XF-LCDM condtion (Fig. 3E). To 
further analyze the effects of Afatinib on promoting human totipo-
tency, we tested it under the e4CL condition that was reported to 
promote inducing human totipotency [20]. TPRX1 expression was 
further enhanced when Afatinib was added to the e4CL condi-
tion (Fig. 3F), and the percentages of TPRX1 positive cells were 
also increased by its treatment (Fig. 3G). Moreover, qPCR anal-
ysis showed an upregulation of totipotent marker genes in the 
e4CL plus Afatinib condition (Fig. 3H). In addition, Afatinib also 
enhanced the expression of multiple totipotent marker genes in 
the purified TPRX1 positive cells when compared to the e4CL 
control (Fig. 3I), which also supported the role of Afatinib in 
enhancing totipotent features. Besides Afatinib, we also tested 
Erlotinib, an inhibitor of EGFR signaling that belongs to the ErbB 
family, and observed similar effects of promoting totipotent marker 
expression (Fig. 3F-I). Taken together, our small-molecule-pooled 
screen validated our candidate genes and identified that ERBB 
family inhibition promoted the transition of hEPSCs towards naïve 
pluripotent and totipotent states.

Transcriptomic analysis of Afatinib-induced totipotent 
features in human pluripotent cells

Because Afatinib is a potent ErbB family inhibitor which can simul-
taneously inhibit EGFR, ERBB2, and ERBB4 [32], we sought to 
analyze the expressions of ErbB signaling-related gene members 
during early human preimplantation development. By re-analyzing 
data from single-cell RNA-sequencing and Ribo-sequencing of 
human early preimplantation embryos [33, 34], we found that the 
expressions of ErbB receptors EGFR and ERBB2 were relatively 
low or undetectable in 8C embryos when compared to that in 
human primed pluripotent stem cells (Fig. S3B). ERBB4 showed 

relatively higher expression at embryonic stages before the 8C 
embryo stage, which gradually reduced to an undetectable level 
after the 8C embryo stage (Fig. S3B). Additionally, the majority of 
kinases involved in the ErbB signaling pathway were also lowly 
expressed at the 8C embryo stage (Fig. S3C), suggesting the 
activity of ErbB signaling was suppressed in the totipotent 8C 
human embryos.

To further investigate the effect of ErbB inhibition on induc-
ing totipotent features, we analyzed the transcriptomic changes 
induced by ErbB or EGFR inhibitors under different culturing 
conditions, including mTeSR1, XF-LCDM, and PXGL (Table S4). 
In mTeSR1 medium, both Afatinib and Erlotinib downregulated 
the expression of representative primed pluripotency markers 
(Fig. 4A). Notably, Erlotinib was found to be more effective than 
Afatinib in promoting the expression of naïve pluripotency mark-
ers under the mTeSR1 condition (Fig. 4A). We then focused on 
analyzing whether ErbB or EGFR inhibitors promoted the transi-
tion of pluripotent states toward an early embryonic state. Using 
the transcriptomic data set generated by Yan et al. [33], we iden-
tified gene clusters that were upregulated from the oocyte to the 
morula stage during the preimplantation stages in humans (Fig. 
S3C), which included 6377 genes and were defined as pan-early 
embryonic genes. Additionally, we also identified gene clusters 
that were enriched in primed pluripotent stem cells (Fig. S3D). 
By comparing to the non-treated controls, we found that multi-
ple pan-early embryonic genes were upregulated in Afatinib or 
Erlotinib-treated groups under the mTeSR1, XF-LCDM, or PXGL 
conditions, respectively (Fig. S4A). Furthermore, genes enriched 
in primed pluripotent stem cells were downregulated upon the 
treatment with Afatinib or Erlotinib (Fig. S4A). These results 
suggest that chemical inhibition of ErbB signaling suppresses 
transcriptomic features of primed pluripotency and promotes 
the induction of early embryonic transcriptomic features. On the 
other hand, we also noticed significant transcriptomic differences 
between Afatinib and Erlotinib treated samples, which may be 
caused by the differences ininhibiting ErbB-related receptors and 
related genes between Afatinib and Erlotinib. In addition, it is also 
possible that off-target effects of these two small molecules may 
contribute to these differences.

Because the PXGL condition has been shown to support the 
presence of a totipotent-like cell subpopulation in human naïve plu-
ripotent cell cultures [18], we focused on analyzing the transcrip-
tomic changes that occur upon the addition of Afatinib or Erlotinib 
in the PXGL condition. To this end, we first identified differentially 

under PXGL and 5i/LA conditions. Commonly enriched pathways are listed. (E) Venn diagram of enriched transmembrane receptor protein 
tyrosine kinase families at passage 3 and passage 6 under PXGL and 5i/LA conditions. Commonly enriched kinase families are listed. 
(F) PPI analysis of kinases targeted by positively enriched sgRNAs in cells under PXGL and 5i/LA conditions from the first screen. Color 
of lines between nodes indicated evidence types. Light blue, from curated database, purple, experimentally determined, deep green, gene 
neighborhood, red, gene fusions, deep blue, gene co-occurrence. Interaction score = 0.700. (G) PPI analysis of kinases targeted by positively 
enriched sgRNAs in sorted SUSD2 positve cells under XF-LCDM condition from the second screen. Color of lines between nodes indicated 
evidence types. Interaction score = 0.700.
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Figure 3. Chemical validation identified ErbB family inhibitor promotes the transition of hEPSCs toward naïve 
pluripotency and totipotency.
(A) Representative fluorescent images of KLF17-RFP reporter under the mTeSR, XF-LCDM, PXGL, and PXGL with Afatinib conditions. 
BF, Bright field. Scale bar, 200 μm. This experiment was repeated at least three times. (B) Representative flow cytometry analysis of the 
percentages of KLF17-RFP positive cells under the XF-LCDM, PXGL, and PXGL with Afatinib conditions. This experiment was repeated at 
least three times. (C) q-PCR analysis of the expression of KLF17 and marker genes upon Afatinib treatment under the PXGL condition. N = 2 
biological replicates. Error bar indicates SEM. (D) q-PCR analysis of the expression of naïve pluripotency, primed pluripotency and totipotency 
marker genes upon Afatinib (upper panel) and Erlotinib (lower panel) treatment under the XF-LCDM condition. N = 2 biological replicates. 
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expressed genes between cells cultured under the XF-LCDM 
condition and those under the Afatinib+PXGL, Erlotinib+PXGL, 
and PXGL conditions respectively. Among these different genes, 
we focused on analyzing genes that were also pan-early embry-
onic genes. Among the differentially expressed genes between 
the PXGL and XF-LCDM condition, 1367 genes were identified 
as pan-early embryonic genes, 49.2% of which were upregulated 
in the PXGL condition when compared to the XF-LCDM condi-
tion (Fig. 4B). Using the XF-LCDM condition as the control, 1023 
differentially expressed genes were shared by Afatinib+PXGL 
and Erlotinib+PXGL conditions and were identified as pan-early 
embryonic genes, 60.9% of which were upregulated when com-
pared to the XF-LCDM condition (Fig. 4B). Similarly, when using 
the PXGL condition as the control, 63.3% of the pan-early embry-
onic genes from the differentially expressed genes that were 
shared by Afatinib+PXGL and Erlotinib+PXGL conditions were 
upregulated when compared to the PXGL condition (Fig. 4B). 
To further analyze the transcriptional changes of totipotent 8C 
embryonic features upon ErbB inhibition, we integrated reported 
totipotent 8C marker genes and defined an 8C totipotent signa-
ture that contained 141 genes [19, 20, 35] (Fig. S3E; Table S5). 
Notably, the majority of the 8C totipotent signature was upregu-
lated by Afatinib or Erlotinib treatment under the PXGL condition 
(Fig. 4C). Furthermore, GSEA analysis showed that both Afatinib 
and Erlotinib treatment led to the enrichment of genes that reg-
ulate the protein translation process (Fig. 4D), which plays an 
important role in regulating early human embryonic development 
[36]. These data suggest that ErbB inhibition promotes the induc-
tion of totipotent 8C signatures from the human naïve pluripotent 
state.

To understand the potential mechanisms underlying the 
enhanced totipotency induction by ErbB inhibition, we explored 
the biological processes and signaling pathways that were 
affected by ErbB inhibition (Fig. S4B and S4C). Using genes that 
were differentially expressed between Afatinib or Erlotinib treated 
groups and the controlled PXGL group, we performed GO and 
KEGG analysis (Fig. S4B and S4C). Notably, the top GO terms 
included protein translation and regulation of transcription (Fig. 
S4B), which were shown to be major pathways during the human 
embryonic genome activation process [36]. Consistent with this 
result, KEGG analysis showed that signaling pathways relating to 
ribosome regulation were mostly enriched (Fig. S4C). Additionally, 

oxidative phosphorylation, which was related to mitochondria 
function, was also enriched (Fig. S4C).

To further explore the interaction between ErbB signaling 
and the core gene regulatory network (GRN) of human toti-
potency, we analyzed the protein interaction between the hub 
genes from the GRN of human 8C-like cells (8CLC) and ErbB 
family kinases as well as their downstream targets [19]. Notably, 
we observed that the major node genes that connected ErbB 
signaling to the totipotent GRN in human 8CLC included KLF5 
and TFAP2C (Fig. 4F). This observation was consistent with the 
prediction of TF–gene interaction network between ErbB family 
members and 8C-specific genes, which also showed that KLF5 
and TFAP2C interacted with the major ErbB family members 
(Fig. 4G). Interestingly, we found that transient overexpression 
of KLF5 or TFAP2C in hEPSCs under the XF-LCDM condition 
upregulated EGFR and ERBB2 (Fig. 4H and 4I). Moreover, inhi-
bition of KLF5 function by applying a KLF5 inhibitor SR18662 
not only led to downregulation of ERBB2 and ERBB3 (Fig. 4J) 
but also upregulated the expressions of totipotent marker genes 
(Fig.  4K). Collectively, these data indicate that ErbB signaling 
plays an important role in regulating key biological processes 
involved in early human embryo development and interacts with 
the core GRN of human totipotency.

Discussion

In this study, using the conversion of hEPSCs to human naïve 
pluripotent stem cells as a model, we performed a comprehen-
sive CRISPR/Cas9-based kinome knockout screen and identified 
new kinases and related signaling pathways that regulate human 
naïve pluripotency. More importantly, chemical validation of these 
newly identified kinases revealed that inhibition of ErbB signaling 
not only promoted induction of human naïve pluripotency but also 
human totipotency in vitro (Fig. 5). These findings are favorable 
for deepening the understanding of mechanisms of human naïve 
pluripotency and totipotency regulation.

Our screen uncovered new kinases that underpin the core 
signaling regulatory network of human naïve pluripotency. 
Notably, 94.5% of kinases (315/333) identified in our study were 
not discovered in a recent genome-wide CRISPR/Cas9-based 
screening that identified regulators of human primed to naïve 
pluripotent stem cell reprogramming [37] (Table S2). Compared 
to the genome-wide CRISPR/Cas9-based screening study that 

Error bar indicates SEM. (E) q-PCR analysis of the expression of naïve pluripotency and totipotency marker genes upon EGFR and ERBB2 
knockdown under the XF-LCDM condition. N = 2 biological replicates. Error bar indicates SEM. (F) Resentative immuno-fluorescent images of 
TPRX1 expression and DAPI upon Afatinib and Erlotinib treatment under the e4CL condition. Scale bar, 200 μm. This experiment was repeated 
at least three times. (G) Fold change of percentage of TPRX1-GFP+ cells relative to e4CL control upon Afatinib and Erlotinib treatment. N = 2 
biological replicates. Error bar indicates range. (H) Q-PCR analysis of the expression of totipotency marker genes upon Afatinib and Erlotinib 
treatment under the e4CL condition. N = 2 biological replicates. Error bar indicates SEM. (I) Q-PCR analysis of the expression of totipotency 
marker genes in TPRX1-GFP+ sorted cells under e4CL condition and upon Afatinib and Erlotinib treatment under the e4CL condition. N = 2 
biological replicates. Error bar indicates SEM.
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Figure 4. Transcriptomic analysis of ErbB family inhibitors induced naïve pluripotency and totipotent features.
(A) Heatmap analysis of significantly down-regulated primed pluripotency marker genes (left) and up-regulated naïve pluripotent marker genes 
(right) upon Afatinib and Erlotinib treatment under the mTeSR condition. (B) Pie chart showing number of up-regulated and down-regulated 
differentially expressed pan-early embryonic genes under different conditions. PXGL treated, differentially expressed genes shared by PXGL 
supplemented with Afatinib and that with Erlotinib. (C) Heatmap analysis of totipotency-specific genes under mTeSR, PXGL and PXGL treated 
with Afatinib and Erlotinib. (D) GSEA enrichment result upon Afatinib treatment under PXGL condition. (E) GSEA enrichment result upon 
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used a flow cytometry strategy [37], our study employed a more 
focused sgRNA library and combined both viability screens and 
flow cytometry strategy to perform the pooled screen (Fig. 1A). 
Therefore, the reduction in library size could allow the generation 
of cleaner data and the complementary use of viability screens 
and flow cytometry strategy may facilitate efficient identification 
of functional targets [38]. On the other hand, we also noticed that 
the overlap of genes identified from the two screens was not high, 
as only 24 enriched genes were identified from both two screens. 
This may be explained by the different strategies of enriching tar-
get in the two screens, because extended culturing cells under 
the naïve conditions in the first screen may favor the selection 
of genes that promote the survival and proliferation of naïve plu-
ripotent cells, and purifying naïve cells by flow cytometry may 
facilitate identifying genes that promote direct conversion to the 
naïve state. Despite the differences in the enriched kinase genes, 
we identified several common signaling pathways and biological 
processes from the two screens (Fig. S1G and S1H), suggesting 
both screens enabled the discovery of kinase genes regulating 
human naïve pluripotency.

Notably, analysis of the PPI network of the identified kinases 
suggested that the core regulatory signaling pathways of human 
naïve pluripotency included not only MAPK signaling that gov-
erns mouse naïve pluripotency regulation [7] but also SRC, 
PI3K-AKT, PKC, and AMPK signaling (Figs. 2F and 2G, S2D 
and S2E). Moreover, bioinformatic analysis of these newly iden-
tified kinases revealed several novel signaling pathways that 
were involved in regulating human naïve pluripotency, such as 
ephrin receptor, ErbB, VEGF, insulin, and FoxO signaling path-
ways (Fig. 2A and 2B, S1B and S1C), which were not reported 
in previous studies that stabilized human naïve pluripotent stem 
cells by signaling pathway regulation [12, 13, 39]. These results 
provide a foundation for future explorations of the newly iden-
tified signaling pathways that potentially regulate human naïve 
pluripotency and would have important implications for the der-
ivation of human stem cells from early preimplantation develop-
mental stages.

More importantly, our study has established a new role for 
ErbB signaling in the regulation of human totipotency in vitro. 
While ErbB signaling has been extensively studied in cancer 
biology [40], its involvement in the regulation of totipotency and 

early preimplantation embryonic development in humans has 
remained largely unknown. Our data showed that the ErbB inhib-
itor Afatinib effectively promoted the induction of typical molecu-
lar characteristics of human totipotency under different culturing 
conditions for human pluripotent cells (Figs. 3C, 3D and S1A), 
as well as the e4CL condition for inducing human totipotent-like 
cells in vitro (Fig. 3F-I). In support of these findings, indepen-
dent analysis of expressions of ErbB family members in the 
early human preimplantation embryos suggests that the activity 
of ErbB signaling is suppressed in totipotent 8C human embryos 
(Fig. S3B and S3C). Moreover, GO and KEGG analysis revealed 
that ErbB inhibition significantly affected protein translation, 
regulation of transcription, and oxidative phosphorylation (Fig. 
S4B and S4C), which are majorly involved in the regulation of 
the transition from human 4–8 embryos to morulae [36]. These 
observations indicate that ErbB signaling plays important roles 
not only in the induction of human totipotency in vitro but also 
actively participates in early human preimplantation develop-
ment. Interestingly, both TF–gene interaction and PPI analysis 
suggest that ErbB signaling interacts with TFAP2C and KLF5 
(Fig. 4F and 4G), which participate in the regulatory network 
of human 8C-like cells and have been reported to be upstream 
activators of ErbB signaling [19, 41, 42]. Considering that these 
two TFs are implicated in directing extraembryonic trophectoder-
mal fate in early preimplantation blastomeres or embryonic stem 
cells [43, 44], it is possible that their downstream ErbB signal-
ing could be an important driver that regulate the transition of 
human totipotent state to the non-totipotent state. Future studies 
of the mechanisms of ErbB signaling in regulating human toti-
potency and early preimplantation development would be ben-
eficial for understanding cell fate determination in early human 
development.

In summary, our study has revealed new kinases and sig-
naling pathways involved in the regulation of human naïve plu-
ripotency. The screening datasets generated in this study provide 
a valuable resource for exploring novel signaling pathways and 
regulators that control human naïve pluripotency and totipotency 
in the future. Furthermore, our study has also highlighted the ErbB 
signaling pathway as a new regulator that induces human toti-
potency in vitro, which may play an active role in early human 
preimplantation embryo development. These findings provide 

Afatinib treatment under PXGL condition. (F) PPI analysis network showing protein–protein interactions between ErbB family along with 
their downstream genes and 8CLC hub genes. Interaction score = 0.4. Line thickness indicates the strength of data support. (G) Predicted 
TF–gene interaction network between ErbB family and 8CLC hub genes. Factor and gene target data derived from the ENCODE ChIP-seq 
data. Only peak intensity signal < 500 and the predicted regulatory potential score < 1 is used (using BETA minus algorithm). (H) Q-PCR 
analysis of the expression of ERBB famlily genes and TFAP2C upon TFAP2C transient over-expression under the XF-LCDM condition. N = 
2 biological replicates. Error bar indicates SEM. (I) q-PCR analysis of the expression of ERBB family genes and KLF5 upon KLF5 transient 
over-expression under the XF-LCDM condition. N = 2 biological replicates. Error bar indicates SEM. (J) q-PCR analysis of the expression of 
ERBB family genes upon SR18662 treatment under the XF-LCDM condition. N = 2 biological replicates. Error bar indicates SEM. (K) q-PCR 
analysis of the expression of totipotency marker genes upon SR18662 treatment under the XF-LCDM condition. N = 2 biological replicates. 
Error bar indicates SEM.
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significant insights into the mechanisms governing human naïve 
pluripotency and totipotency regulation and will advance the opti-
mization of in vitro culturing conditions for human naïve pluripo-
tent stem cells and human totipotent stem cells in the future.

Research limitations
Although we identified multiple new kinases and related signaling 
pathways involved in the regulation of human naïve pluripotency, 
the functional roles of these newly identified targets in regulat-
ing human naïve pluripotency have not been extensively studied. 
In addition, a more specific CRISPR/Cas9 screening strategy 
for identifying regulators of human totipotency is required to be 
developed. Future studies are needed to clarify the mechanisms 
of human naïve pluripotency regulation by these newly identified 
kinases, as well as to systematically identify novel regulators of 
human totipotency in vitro.

Methods
Cell culture

Human EPSCs were cultured in a xeno-free LCDM medium on Matrigel 
[17]. H1-ESCs were cultured in mTeSR1 medium (Stem cell technology, 

85850) on Matrigel. Naive human PSCs were propagated in PGXL or 5i/
LA medium on Matrigel [13, 25]. 8CLCs were first cultured in 4CL medium 
[20]. Three passages later the medium was switched to e4CL medium 
[20].

Plasmid design and construction
For plasmid PB-iCas9-hBCL2-CMV-Rtta-Neo, the Cas9 sequence was 
obtained from pAAVS1-tet-iCas9-BFP2 vector (addgene#125519). The 
human BCL2 (hBCL2) sequence (NM_000633.3) and synthesized by 
Genscript. The backbone vector was originated from PB-TRE-dCas9-VPR 
(addgene#63800), in which the HygR sequence was replaced by NeoR 
and dCas9-VPR sequence was replaced by Cas9-P2A-hBCL2 sequence.

For plasmid PB-KLF17-mScarlet-NLS-PGK-Hygro, the regula-
tory sequence started from -2 kb to transcription start site (TSS) of 
human KLF17 gene was synthesized by Genscript. The mScarlet and 
PGK promoter sequences were obtained from addgene#110623 and 
addgene#31937. The KLF17 regulatory sequence, mScarlet with an 
nuclear localization signal (NLS) in C terminal, SV40 polyA, and PGK 
promoter were amplified with PrimeSTAR Max DNA Polymerase kit 
(TAKARA) and assembled using NEBuilder HiFi DNA Assembly kit (NEB). 
The backbone vector originated from addgene#63800, in which the TRE-
dCas9-VPR-CMV sequence was replaced by KLF17-mScarlet-NLS-PGK 
sequence.

Figure 5. Graphic summary. 
We performed a comprehensive CRISPR/Cas9-based kinome knockout screen with different strategies on hEPSCs and identified new kinases 
and related signaling pathways that regulate human naïve pluripotency. Chemical validation of these newly identified kinases revealed that 
inhibition of ErbB signaling not only promoted the induction of human naïve pluripotency but also human totipotency in vitro.
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Cell line establishment
hEPSC-Piggybac-iCas9-hBCL2-Neo cell line was established by nucle-
ofection of PBase and PB-iCas9-hBCL2-CMV-Rtta-Neo plasmids into 
hEPSCs under XF-LCDM medium. Cells were then cultured in XF-LCDM 
medium supplemented with 400 μg/mL G418 for two passages. The 
remaining cells were recovered for one passage and then single clones 
were picked. hEPSC-Piggybac-KLF17-mScarlet-Hygro cell line was 
established by nucleofection of PBase and plasmid PB-KLF17-mScarlet-
NLS-PGK-Hygro plasmids into hEPSCs under XF-LCDM medium. Cells 
were then cultured in XF-LCDM medium supplemented with 100 μg/mL 
Hygromycin for two passages. The remaining cells were recovered for one 
passage and then single clones were picked.

Kinome-wide CRISPR-Cas9 knockout screening
Human Kinome CRISPR Knockout Library (addgene, #1000000082) with 
a total of 6204 single guide RNAs (Table S1) were used. Lentivirus of the 
kinome CRISPR library was produced in HEK293T cells by co-transfection 
of the sgRNA pooled library together with pMD2.G (addgene#12259) and 
psPAX2 (addgene#12260) using polyethyleneimine (PEI). Supernatants 
were collected 48 h and 96 h post-transfection and centrifuged at 7000 
rcf to remove cell residue and the lentivirus-containing was concentrated 
with PEG8000.

The lentiviral kinome library was delivered into 
hEPSC-Piggybac-iCas9-hBCL2-Neo cell line in XF-LCDM medium with 
the cell density of 6.8 × 10E7 per T225 flask, in a total of 10 T225 flasks. 
Two days post-infection 2 µg/ml puromycin were supplemented into the 
culture medium. After 2 days, the dead cells were washed off with PBS, 
the remaining cells were trypsinized with 0.05% trypsin and seeded into a 
new dish with the density of 6.8 × 10E7 per T225 flask in XF-LCDM con-
taining 2 µg/ml puromycin. Cells were purified for another 4 days before 
screening. After puromycin selection, cells were passaged and equally 
divided for further screening. 1/3 of the total cells were then switched to 
culture under PXGL condition, 1/3 were switched to 5i/LA condition. Cells 
were then collected every three cell passages with the counts more than 
6 × 10E6 (minimum average 100 cells per sgRNA) to harvest sgRNAs 
for analysis. The remaining 1/3 of the total cells were continually cul-
tured under XF-LCDM conditions and collected in three passages. 1/3 
of the total cells under XF-LCDM condition were immuno-stained with 
SUSD2-PE antibody (Miltenyi Biotec, 130-106-399). The stained cells 
were then sorted with FACS for PE-positive cells.

EGFR and ERBB2 knockdown
Lenti-dCas9-KRAB-MeCP2-BSD plasmid (addgene#122205) was pack-
aged with pMD2.G (addgene#12259) and psPAX2 (addgene#12260) 
using PEI in HEK293T cells. Supernatants were collected 48 h and 96 
h post-transfection and centrifuged at 7000 rcf to remove cell residue 
and the lentivirus-containing was concentrated with PEG8000. gRNAs 
targeting EGFR or ERBB2 cloned to a Piggybac vector with puromycin 
resistance were transduced into hEPSCs via nucleofection with PBase 
plasmid. Cells were cultured under XF-LCDM condition for 1 day and then 
switched to XF-LCDM supplemented with 2 μg/mL puromycin and purified 
for two passages. Cells were then infected with dCas9-KRAB-MeCP2-
BSD lentivirus and purified with 10 μg/mL BSD for two passages.

KLF5 and TFAP2C over-expression
CMV-KLF5-Neo (Origene, RC202438) and CMV-TFAP2C-Neo (Origene, 
RC208665) were transduced into hEPSCs via nucleofection. Cells 
were cultured under XF-LCDM condition for 1 day and then switched to 
XF-LCDM supplemented with 400 μg/mL G418 for 3 days.

Flow cytometry
hEPSCs were dissociated with 0.05% trypsin. Cell pellets were washed in 
5 mL PBS twice. The cells were then resuspended in FACS buffer (PBS 
supplemented with 2% FBS), and incubated with antibody anti-SUSD2-PE 
(1:100) for 30 min on ice in the dark. Cells were then washed twice with 
5 mL PBS pre-incubated on ice, resuspended in 1 mL FACS buffer, and 
passed through a 0.4 μm cell strainer. Flow cytometry was performed using 
BD FACSAria SORP and the data were analyzed using Flowjo software.

Genome extraction and deep-sequencing library preparation
Genome DNAs were isolated with QIAamp DNA Mini Kit (QIAGEN, 
51304). For each Deep-sequencing sample, we performed 100 μL reac-
tions with 5 μg genomic DNA in each reaction using Q5 High Fidelity 
Master Mix (NEB, M0492S). Primers used for sgRNA library amplification 
are listed in Table S8. The PCR products were purified using the QIAquick 
Gel Extraction Kit (QIAGEN, 28704).

Whole-kinome CRISPR-KO screen data analysis
The Deep-sequencing samples were sequenced on a NovaSeq 6000 
(Illumina). The screening data were analyzed using the Model-based 
Analysis of Genome-wide CRISPR-Cas9 Knockout (MAGeCK v0.5.9.4) 
algorithm. Quality control and plotting were performed with MAGeCKFlute. 
GO and KEGG analysis for identified genes were performed using DAVID 
bioinformatics resources.

Protein–protein interaction analysis
PPI analysis was performed with STRING Database. The list of posi-
tively and negatively enriched genes was submitted for mapping. Full 
STRING network was performed. All interaction sources were activated 
and the minimum required interaction score was set as 0.700 or 0.400. 
Disconnected nodes were hidden.

TF–gene interaction analysis
TF–gene interaction analysis was performed on NetworkAnalyst with 
Encode database. TF and gene target data derived from the ENCODE 
ChIP-seq data. Only peak intensity signal <500 and the predicted regu-
latory potential score <1 were used (using a BETA minus algorithm). TFs 
only connected to one node were manually hidden.

Chemical validation of candidate targets
Candidate targets were generated from the screening results. 
hEPSC-KLF17-TdTomato reporter cell line was cultured in either 
XF-LCDM or PXGL medium and seeded to 96-well plate at the concentra-
tion of 2 × 10E6 each plate. Chemical small molecules were added into the 
medium the second day cells were seeded at the concentrations of 1 μM 
and 2 μM. The observation of fluorescence was 3 days afterward.

Immunofluorescence of TPRX1 for cells under e4CL condition
The cells were fixed in 4% paraformaldehyde for 10 min. Fixed cells were 
permeabilized with PBS plus 0.2% Triton X-100 for 30 min and blocked 
with 2% BSA for 1 h. The cells were incubated with primary TPRX1 
antibody (1:500, Novus Biologicals, NBP1-92524) at 4°C overnight and 
washed with PBS 3 times. Then the cells were incubated with a secondary 
antibody for 1 h. The nuclei were stained with DAPI at room temperature 
for 5 min and washed three times with PBS.

Imaging
The imaging was performed in live conditions within culture media for chem-
ical validation and fixed condition within PBS for immunofluorescence. 
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All images were captured at 10× magnification on a Nicon eclipse Ti 
microscope.

qPCR analysis
Isolated RNAs were converted to cDNA using TransScript First-Strand 
cDNA Synthesis SuperMix (TransGen Biotech, AT311). qPCR analysis 
was conducted using KAPA SYBR FAST qPCR Kit (KAPA Biosystems, 
KK4601) with Bio-Rad CFX Real-Time System. The primers used for 
qPCR analysis are listed in Table S6. The data were analyzed using the 
ΔΔCt method. Error bars represent the standard error of the mean of the 
replicates. Asterisk (*) represent statistical significance (P value < 0.05).

Bulk RNA-sequencing and data analysis
RNA libraries for RNA-seq were prepared using the KAPA Hyper Prep 
Kits (KK8504). RNA sequencing reads generated from each sample were 
aligned to the human genome (UCSC h19) with TopHat (v2.1.1). Mapped 
reads were assembled into genes guided by reference annotation (h19, 
USCS gene annotation) with Cufflink. Differential gene was conducted 
by using the Cuffdiff program (P value < 0.05). The read counts for 
each gene were calculated, and the expression values of each gene 
were normalized using FPKM. Heatmap was generated with R pack-
age ComplexHeatmap. Volcano plot was drawn with R package ggplot2. 
GSEA was performed with R package clusterProfiler.

Statistical analysis
Statistical significances were calculated with ONE WAY ANOVA analysis. 
Asterisk (*) represent statistical significance (P value < 0.05).

Public data analysis
We used public data GSE36552 and GSE165782 in this article. Clustering 
was performed with data GSE36552 and processed with Tight clustering 
algorithm.

Research ethics
H1 human ES cell line was purchased from WiCell and all the experiments 
were performed under relative ethical guidelines of WiCell and ISSCR 
guidelines of stem cell research.

Data availability
Bulk-RNA sequencing data are deposited at NCBI’s GEO under the 
accession number GSE233760.
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