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Inhibition of DNA binding proteins 1 and 3 (ID1 and ID3) are important downstream targets of BMP signalling that are necessary for
embryonic development. However, their speciﬁc roles in regulating the pluripotency of human embryonic stem cells (hESCs)
remain unclear. Here, we examined the roles of ID1 and ID3 in primed and naive-like hESCs and showed that ID1 and ID3 knockout
lines (IDs KO) exhibited decreased survival in both primed and naive-like state. IDs KO lines in the primed state also tended to
undergo pluripotent dissolution and ectodermal differentiation. IDs KO impeded the primed-to-naive transition (PNT) of hESCs, and
overexpression of ID1 in primed hESCs promoted PNT. Furthermore, single-cell RNA sequencing demonstrated that ID1 and ID3
regulated the survival and pluripotency of hESCs through the AKT signalling pathway. Finally, we showed that TCF3 mediated
transcriptional inhibition of MCL1 promotes AKT phosphorylation, which was conﬁrmed by TCF3 knockdown in KO lines. Our study
suggests that IDs/TCF3 acts through AKT signalling to promote survival and maintain pluripotency of both primed and naivelike hESCs.
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INTRODUCTION
In 1998, researchers established a human embryonic stem cell line
in vitro by isolating the ICM of human blastocysts [1]. Human
embryonic stem cells (hESCs) differ from mouse embryonic stem
cells (mESCs) because they are more similar to epiblasts (primed
state), while mESCs are more similar to the inner cell mass (naive
state) [2]. The primed and naive states are associated with
different gene expression patterns, except for the OCT4, SOX2 and
NANOG genes. Genes speciﬁc to the naive state include KLF2, KLF4,
KLF17, DPPA3, DPPA5, DNMT3L and TFCP2L1, while genes
expressed in the primed state include FGF5, XIST, DNMT3A and
DNMT3B [3, 4].
Based on the study of the difference between mESCs and
hESCs, conventional hESCs (primed state) were induced to
transform from the primed state to the naive state [5, 6] and
naive hESCs could differentiate into trophoblast stem cells (TSCs)
[7]. Furthermore, recent study showed that a structure similar to
that of blastocysts could be constructed in vitro based on naive
human cells, laying a foundation for recapitulating human early
embryonic development in vitro [8, 9]. Thus, exploring the
regulatory mechanisms underlying the primed-to-naive cell

transformation and the dissolution of pluripotency in hESCs is
important for learning early embryonic development and
regenerative medicine.
Inhibition of DNA binding proteins (ID, including ID1-ID4) are a
family of proteins containing Helix-loop-helix (HLH) domains that
regulate gene expression through dominant negative binding
with other HLH transcription factors, such as E protein family
members (including TCF3, TCF4 and TCF12) to regulate a series of
important biological processes [10–13]. In a mESCs culture system,
serum BMP4 activate the Smad1/5 signalling pathway, which
induced the expression of ID1 to maintain the self-renewal of
mESCs by upregulating NANOG [14, 15]. While ID1 and ID3 can be
induced by BMP4/Smad1 signalling, they are not the only
downstream targets of BMPs [16]. BMP4/Smad1 also cooperate
with the LIF/STAT3 signalling pathway to promote the conversion
of epiblast stem cells (EpiSCs) to naive pluripotent stem cells
(PSCs) [17], but whether ID1 and ID3 play a leading role in these
phenomenon is unclear.
In this study, we found that the knockout (KO) of ID1 and ID3
promoted ectodermal differentiation of primed hESCs and
prevented the transformation from primed to naive state.
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Combined with single-cell sequencing, we found that the knockout of ID1/3 downregulated AKT phosphorylation, which promoted pluripotency withdrawal and hindered the transition
towards a naive state. Furthermore, we discovered that ID1 and
ID3 regulate the expression of MCL1 through the IDs/TCF3 axis
and then activate AKT to thereby prevent the dissolution of hESCs
pluripotency.
RESULTS
ID1 and ID3 are indispensable for the maintenance of hESCs
survival and prevention of ectoderm differentiation
To clarify the role of ID1 and ID3 in the maintenance of hESCs
pluripotency, we examined the expression of IDs in hESCs by
immunoﬂuorescence and immunoblotting. High levels of ID1 and
ID3 expression were revealed in E8 and mTeSR1 media (Fig. S1A
and S1B). To assess the regulatory effects of ID1 and ID3 on hESCs
pluripotency, we veriﬁed the KO efﬁciency of three IDs KO lines
generated in house from H9 hESCs by immunoblotting (Fig. S1C).
Wild type (WT) and IDs KO cells were then dissociated with EDTA
and subcultured as single cells. Signiﬁcantly fewer IDs KO cells
than WT cells were present in culture, so we used a Rock
inhibitor––Y27632 to enhance cell survival. When cultured with
Y27632, the numbers of cells in WT and IDs KO were not
signiﬁcantly different (Fig. 1A, B). These data indicate ID1 and ID3
are indispensable for sustaining the viability of hESCs.
Next, to determine the effect of ID1 and ID3 on the expression
of pluripotent genes, real-time PCR (qPCR) was performed and
revealed a decrease in the expression of OCT4, NANOG, PRMD14
and TERF1 in IDs KO cells compared with WT cells (Fig. 1C). The
levels of pluripotent genes were further reduced on day 3 of
differentiation, indicating the double KO of ID1 and ID3 promotes
the dissolution of pluripotency.
We next examined the effect of IDs KO on cell fate
determination. RNA was collected on Days 0, 3 and 6 of embryoid
bodies (EBs) differentiation, and the expression of three germ
layer-related genes was detected by qPCR (Fig. 1D and S1D, E). In
the early stage of EBs differentiation, the ectoderm-related genes
PAX6, DLK1 and SOX1 were expressed at signiﬁcantly higher levels
in the IDs KO, while the mesoderm-related genes T and EOMES
and the endodermal-related gene GATA4 were expressed at
signiﬁcantly lower levels in IDs KO. Immunoﬂuorescence staining
and western blotting (WB) were performed to detect the protein
expression of PAX6 in the early stage of differentiation in the WT
and IDs KO lines (Fig. 1E, F), which conﬁrmed that ID1 and ID3 KO
promoted the differentiation of ectoderm cells from hESCs. We
further performed direct neuronal differentiation and detected the
Ca2+ transient amplitude after glutamic acid stimulation [18–20].
We found that the KO of ID1 and ID3 promotes the functional
neuron differentiation of hESCs (Fig. 1G, H and S2, 3).
ID1 and ID3 are necessary for resetting hESCs from the primed
state to the naive state
To determine the role of IDs in naive hESCs, we established hESCs
in a naive-like state by using RSeT medium from the Stem CellTM
Technologies (Fig. S4A). As shown in Fig. 2A, the cell morphology
was typical of that in the naive state, and alkaline phosphatase
staining was positive. In addition, the expression of naive genes in
the established cell line such as DPPA3, DPPA5, DNMT3L and KLF17
was shown to increase signiﬁcantly as the cells were continuously
passaged (Fig. 2B). Next, the expression of pluripotency factors
was detected at the protein level (Fig. 2C and S4B, S4C). Then, the
WT and IDs KO cells were induced to naive state to observe the
effect of ID1 and ID3 KO on the primed-to-naive transition (PNT).
After culture in RSeT medium for 2 generations, the clone sizes of
the IDs KO cells were signiﬁcantly smaller and the clone
outgrowth rate was markedly lower than those of the WT cells
(Fig. 2D). These data indicate that the ID1 and ID3 are essential for

promoting the survival ability of naive hESCs. Next, we examined
the expression of naive genes in the WT and IDs KO cells by qPCR
and found it was signiﬁcantly lower in IDs KO cells than in WT cells
(Fig. 2E), indicating that ID1 and ID3 are indispensable in the PNT
of hESCs.
To further understand the role of ID proteins in the PNT, a
doxycycline (DOX)-induced ID1-GFP overexpression line was
established in our lab (Fig. 2F). Then, the ID1 overexpression line
was induced to a naive-like state. As the expression of ID1
increased, the mRNA levels of naive marker genes increased,
indicating that ID1 could promote the PNT of hESCs (Fig. 2G).
Impact of ID1 and ID3 double knockout on the TSCs
differentiation potential of naive hESCs
To further explore whether the knockout of ID proteins hinders
the PNT of hESCs and therefore affects their differentiation
potential, we induced the differentiation of WT and IDs KO cells in
the naive state into TSCs. First, we established a TSCs differentiation system according to the latest reports [7, 21]. As shown in
Fig. 3A, naive hESC-derived TSCs displayed a typical morphology,
while primed differentiated TSCs did not. qPCR showed that the
expression of TSC marker genes CDX2, KRT7, GATA3, TFAP2C,
TEAD4 and ELF5 was higher in naive-TSC than in the primed-TSCs
(Fig. 3B). Then, the TSCs derived from naive hESCs were subjected
to immunoﬂuorescence staining to detect the expression of the
TSC marker ELF5, KRT7 and TP63 in protein level (Fig. 3C and S4D).
Subsequently, we veriﬁed the effect of ID1 and ID3 knockout on
the differentiation of naive hESCs into TSCs. Naive WT and IDs KO
hESCs were differentiated into TSCs and subcultured to the third
generation. qPCR showed the expression levels of the TSC marker
genes in the IDs KO cells were signiﬁcantly lower than in the
WT cells, indicating that the knockout of ID1 and ID3 reduced the
TSC differentiation potential of naive hESCs (Fig. 3D, E and S4E).
To explore the effect of ID knockout on the differentiation of
TSCs, we differentiated TSCs into syncytiotrophoblasts (STBs)
(Fig. 3F and G). Morphological assessment of the STBs and qPCR
analyses showed that the differentiation of STBs from IDs KO cells
was obviously limited. Collectively, these data indicate that the
knockout of ID1 and ID3 reduces the differentiation potential of
naive hESCs into TSCs and limits the PNT of hESCs.
ID1 and ID3 double knockout decreases AKT phosphorylation
in both primed and naive hESCs
To elucidate the underlying molecular mechanism, we conducted
single cell RNA sequencing on the WT and IDs KO cells in the
primed state, and analysed the results by Seurat. The WT and IDs
KO cells were evenly dispersed, and no differentiated cell clusters
were found (Fig. 4A). Then, based on differential gene expression
between the two lines, a volcano map was constructed (Fig. 4B). A
total of 2548 genes had upregulated expression, and 2023 genes
had downregulated expression in the IDs KO cells compared to
the WT cells. Then top 20 differentially expressed genes (DEGs)
were shown in Fig. 4C. These data indicate a change in the gene
expression pattern in the IDs KO cells. To illustrate the signiﬁcance
of this change, we performed Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis, which revealed that genes
with downregulated expression were enriched in focal adhesion,
tight junctions and adherens junctions (Fig. 4D and S5A). Thus, the
downregulated expression of genes in these pathways led to a
decrease in cell viability (Fig. 1B and S5B). Moreover, some genes
with downregulated expression were found to be enriched in the
insulin, PI3K/ATK and Wnt signalling pathways. Together, these
ﬁndings suggest that these pathways are involved in the
regulation of hESCs pluripotency. In addition, violin diagrams
showed the expression of key genes in the signalling pathways
related to regulation of pluripotency (Fig. 4E, F and S6A–C),
indicating that IDs may regulated pluripotency through these
genes.
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Fig. 1 ID1 and ID3 double knockout impairs the survival and promotes ectoderm speciﬁcation of primed hESCs. A Clone morphology of
the WT and double knockout lines after culturing for 4 days and the clone outgrowth of the WT and double KO lines after supplementation
with or without Y27632, bar = 300 μm. B Number of the WT and IDs KO cells after four days of culture with or without Y27632 (n = 3),
**p < 0.01 compared with WT, t-test. C Pluripotent markers expression level of the WT and double knockout lines after spontaneous
differentiation at day 0 and day 3 (n = 3), *p < 0.05; **p < 0.01 compared with day 0 WT; #p < 0.05; ##p < 0.01 compared with day 3 WT, one-way
ANOVA followed by t-test. D mRNA levels of mesoderm, endoderm, and neuroectoderm markers in the WT and double knockout lines were
measured via qPCR at the indicated time points, as the cells spontaneously differentiated into embryoid bodies (EBs); the results were
normalized to measurements for the WT cells at the beginning of the differentiation period (n = 3). *p < 0.05; **p < 0.01 compared with the
WT; one-way ANOVA followed by t-test. E Immunoﬂuorescence analysis of PAX6 expression levels in the WT and KO lines after spontaneous
differentiation, bar = 300 μm. F The protien levels of NANOG and PAX6 were detected by immunoblotting after three days spontaneous
differentiation. G Immunoﬂuorescence analysis of NESTIN and TUJ1 (β3-TUBLIN) expression levels in the WT and double KO lines after
spontaneous differentiation, bar = 200 μm. H Detection of calcium inﬂux in differentiated neurons after stimulation with glutamic acid.
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Fig. 2 ID1 and ID3 are required for the reset from primed to naive state of hESCs. A Reset primed hESCs to a naive state and alkaline
phosphatase stain (APS). B Naive marker genes expression when primed hESCs reset to naive state (n = 3), compared with primed, *p < 0.05;
**p < 0.01, data are presented as means ± SEM, one-way ANOVA followed by t-test. C Immunoﬂuorescence analysis of pluripotency-related
gene expression levels in naive hESC, bar = 100 μm. D Reset WT and ID1/ID3 KO lines to naive state and the clone out-growth rate of the WT
and double konckout lines (n = 3), **p < 0.01, data are presented as the means ± SEM, t-test. E RT-PCR detection of naive gene expression
levels in the WT and KO lines (n = 3), compared with the WT, *p < 0.05; **p < 0.01, data are presented as means ± SEM, t-test. F Establishment of
the ID1 overexpression line, and the GFP was observed when cultured in E8 with 2 μg/ml DOX, bar = 300 μm. G RT-PCR detection of naive
gene expression levels after ID1 overexpression line were reset to naive like state and treated with different concentrations of DOX for 48 h
(n = 3), *p < 0.05; **p < 0.01, compared with DOX 0.0 μg/ml, data are presented as means ± SEM, one-way ANOVA followed by t-test.
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Fig. 3 ID1 and ID3 double knockout attenuates the TSC-differentiation potential of naive hESCs. A Morphology of trophoblast stem cell
that are derived from primed and naive state hESCs separately, bar = 300 μm. B Quantitative gene expression analysis for the trophoblast
marker genes ELF5, KRT7, GATA3, TFAP2C, TEAD4,and CDX2 in the H9 hTSC-like cells derived from naive hESCs, and primed hESCs cultured in
hTSC medium (n = 3), data are presented as means ± SEM, t-test, *p < 0.05; **p < 0.01. C Immunoﬂuorescence staining for TSC markers KRT7,
ELF5, and TP63 in H9 hTSC-like cells derived from naive hPSCs. The scale bars indicate 300 μm. D The naive state associated genes expression
level of naive hESCs and TSC that derived from WT and double knockout lines separately (n = 3), *p < 0.05; **p < 0.01, compared with WT, data
are presented as means ± SEM, one-way ANOVA followed by t-test. E The TSC associated genes expression level of naive hESCs and TSCs that
derived from WT and double knockout lines separately (n = 3), *p < 0.05; **p < 0.01, compared with WT, data are presented as means ± SEM,
one-way ANOVA followed by t-test. F Morphology of 2D- syncytiotrophoblast that are derived from WT and double knockout lines TSC
separately, bar = 300 μm. G qPCR detect the TFAP2C and CGB gene expression level of TSCs and STB that derived from WT and double
knockout lines separately, *p < 0.05; **p < 0.01, compared with WT, data are presented as means ± SEM, t-test.
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Fig. 4 ID1 and ID3 double knockout reduces AKT phosphorylation of hESCs. A scRNA-seq t-SNE plot of the WT and double knockout line,
WT cells are blue, and double knockout cells are red. B Volcano plots showing the fold change (X axis) between the WT and double knockout
line cultured in E8 medium. In IDs KO cell, the number of genes with upregulated expression is 2548, and the number of genes with
downregulated is 2023. C Heatmap shows the distinct gene expression patterns of the WT and IDs KO. Top 20 DEGs are shown. D KEGG
pathway analysis of the genes with downregulated expression in IDs KO compared with WT. E, F Violin plots show the expression distributions
of speciﬁc marker genes that are enriched in PI3K/AKT pathway (E), WNT and pluripotency (F). G Western blotting conﬁrmed the reduction of
AKT phosphorylation of both primed and naive state hESCs and the raise of AKT phosphorylation after ID1 overexpression.

Previous reports have shown that insulin/PI3K/AKT signalling
pathway inhibit GSK3β to activate Wnt signalling pathway and
thereby maintain the pluripotency of hESCs and mESCs [22].
Therefore, we speculated that ID proteins regulate the
pluripotency of hESCs through AKT signalling pathway. To
assess this hypothesis, we measured phosphorylated AKT in the
WT and IDs KO cells by Western blot analysis (Fig. 4G and S6D,
S7A, B). The knockout of ID1 and ID3 reduced the level of

phosphorylated AKT in both primed and naive hESCs. To further
determine the regulatory effect of ID1 and ID3 on AKT
phosphorylation in hESCs, ID1 overexpression was induced by
DOX, and the results are shown in Fig. 4G, S7C, D. The level of
AKT phosphorylation increased as the ID1 expression level
increased in primed hESCs. Overall, these results suggest that
IDs promote the phosphorylation of AKT in both primed and
naive hESCs.

Cell Death and Disease (2022)13:549

H. Jiang et al.

7
Inhibition of AKT phosphorylation promotes the ectoderm
differentiation of hESCs and impedes their primed-to-naive
transition towards TSCs
Previous studies have reported that phosphorylated AKT inhibited
GSK3, subsequently affecting the pluripotency of hESCs and
mESCs [22, 23]. However, the regulatory effects of the AKT
signalling pathway on termination of pluripotency and the PNT of
hESCs are not clear. Therefore, we investigated whether the
reduction in AKT phosphorylation by LY294002 parallels that
following ID1 and ID3 knockout. First, under E8 and E6 culture
conditions, cell morphology was observed after 48 h of culture
with LY294002 at different concentrations (Fig. 5A). As the
LY294002 concentration increased, the clones gradually shrank.
Expression of the pluripotency-related genes in cells cultured
under E6 conditions stimulated by LY294002 was decreased to a
greater extent than that in cells cultured under the E8 conditions,
consistent with the phenotype of ID1 and ID3 knockout, which
promoted an exit from the pluripotent state (Fig. 5B).
We next detected the expression of ectodermal genes to
conﬁrm that the propensity to differentiate into ectoderm in the
IDs KO lines was related to the reduced AKT phosphorylation. The
results are shown in Fig. 5C. The addition of LY294002 to the E6
differentiation medium promoted ectoderm differentiation, as
conﬁrmed by immunoﬂuorescence staining (Fig. 5D, S7E). These
data suggest that differentiation of hESCs to ectoderm caused by
an inhibitor-induced reduction in AKT phosphorylation is consistent with that of ID1 and ID3 knockout.
Next, we determined whether the phosphorylation of AKT was
altered during the PNT by adding LY294002 at different
concentrations to hESCs. Cell morphology analyses demonstrated that the cell clone size decreased as the LY294002
concentration increased (Fig. 5E). Analyses of the expression
levels of relevant naive marker genes by qPCR showed that
pluripotent marker genes were expressed at a signiﬁcantly lower
level in the cells treated with LY294002 than in control cells
(Fig. 5F). Next, we assessed the abilities of naive cells treated with
or without LY294002 to differentiate into TSCs, and the results
are shown in Fig. 5G. The addition of LY294002 reduced the
differentiation potential of TSCs in the naive state. These data
indicate that the level of AKT phosphorylation affects the
maintenance of hESCs pluripotency and the transition of hESCs
to a naive state.
Identiﬁcation of MCL1 as a target of the IDs/TCF3 protein axis
that regulates AKT phosphorylation
Next, we investigated the mechanism by which ID1 and ID3
regulate AKT phosphorylation. Previous studies have shown that
ID proteins regulate cardiac formation through E protein family
members, especially TCF3 (E2A) [24]. In our culture system, we
observed the interaction of TCF3 with ID1 and ID3 by
Coimmunoprecipitation (Fig. 6A). In addition, we performed
TCF3 Chromatin immunoprecipitation (ChIP)-seq to assess differences in the genes pulled down in the WT and IDs KO cells. KEGG
analysis of the genes pulled down in the WT and IDs KO cells
revealed the associated pathways enriched in these genes
(Fig. 6B, C). Previous studies have shown that TCF3 plays a role
in transcriptional inhibition and that ID proteins bind TCF3 to
inhibit its function [25]. The knockout of ID proteins resulted in the
release of TCF3, which binds the transcriptional regulatory region
in DNA. Analysis of the results shown in Fig. 6B, C revealed that the
PI3K/AKT signalling pathway was enriched in genes expressed by
IDs KO cells, and indicated that TCF3 released from ID inhibition,
repressed the AKT pathway and thus regulated the expression of
related genes. When the genes enriched in the AKT pathway from
the single-cell RNA-seq data and ChIP-seq data were put together
for comparasion, we identiﬁed four overlapping genes (Fig. 6D)
that were regulated by TCF3 to subsequently affect the
phosphorylation of AKT.
Cell Death and Disease (2022)13:549

These results, together with previous studies [26], led us to
focus on the MCL1 gene. Next, TCF3 signal track and ChIP-qPCR of
MCL1 demonstrated that TCF3 binding the upstream of MCL1
locus (Fig. 6E, F). As a recent report has shown that MCL1 can
regulate AKT phosphorylation in tumour cells [26], we ﬁrst
conﬁrmed the downregulation of MCL1 expression in the IDs KO
lines by WB and qPCR analyses (Fig. 6G and S8A, B). After ID1
overexpression, the analyses revealed that the gene and protein
expression of MCL1 increased as that of ID1 increased (Fig. 6H and
S8C, D). These data once again demonstrate the regulatory effect
of ID1 on MCL1 expression.
Next, we clariﬁed the inhibitory effect of TCF3 on MCL1protein
expression. Transfection of the TCF3 plasmid into 293 cells
decreased the protein expression of MCL1 (Fig. 6I and S9A, B).
Then, we found that the AKT phosphorylation level decreased as
the MCL1 expression level reduced in hESCs upon the addition of
MIM1 (a speciﬁc inhibitor of MCL1 [27]) (Fig. 6J, S9C). These results
suggest that MCL1 is a downstream target of IDs/TCF3 and that ID
proteins regulate MCL1 and AKT phosphorylation through TCF3.
Suppressed transcription inhibition of TCF3 on MCL1
increases the pluripotency of IDs KO hESCs
To determine whether MCL1 has the same regulatory effect on
hESCs, we treated primed and naive hESCs with MIM1. A high
dose of MIM1 caused a decrease in the cell boundary and induced
differentiation and downregulated expression of pluripotencyrelated genes in primed cells (Figs. 7A, B). In the naive state, the
MCL1 inhibitor decreased the sizes of the cell clones (Fig. 7C).
Moreover, DPPA3 and DNMT3L, which are related to naive
pluripotency, were signiﬁcantly downregulated (Fig. 7D). The
protein samples were then collected for assessment by WB, which
revealed that the MCL1 inhibitor signiﬁcantly decreased the
protein expression of MCL1 and NANOG and decreased the
phosphorylation of AKT (Fig. 7E, S10A, B). We aslo conducted
MCL1 overexpression in IDs KO lines and found OCT4 and NANOG
had partial reversal at mRNA and protein level, meanwhile the
expression of PAX6 and DLK1 decreased in KO hESCs with MCL1
overexpressed (Fig. 7F–H, S10C). To conﬁrm the transcriptional
regulation of TCF3 on MCL1, we knocked down the TCF3 by
shRNA in naive-like hESCs and found the expression of MCL1 was
increased, which conﬁrmed that the TCF3 was regulated by IDs to
repress the transcription of MCL1 (Fig. S10D). Although we
couldn’t detect signiﬁcantly rescued genes expression or other
phenotype in IDs KO line, the TCF3 knockdown with shRNA in IDs
KO line markedly enhanced the survival and proliferation of IDs
KO line compared with shNC treated IDs KO lines at naive-like
state (Fig. 7I, J). qPCR showed that the expression of naive marker
genes could be partially rescued (Figs. S5D, 7K). We further
conﬁrmed that TCF3 inhibited naive gene expression by knocking
down TCF3 in hESCs (Fig. S10E). Thus, these results conﬁrm that
suppressed transcription inhibition of TCF3 on MCL1 increases the
pluripotency of KO hESCs in a naive-like state.
DISCUSSION
In this study, we found that double KO of ID1 and ID3 signiﬁcantly
reduced the single-cell viability and pluripotency of hESCs. KEGG
pathway analysis of the single-cell transcriptome sequencing
results showed reduced gene expression in the IDs KO cells
compared with the WT cells, and the genes were mainly enriched
in the focal adhesion and PI3K/AKT signalling pathways.
During the passage of stem cells, especially at the single-cell
level, the stem cell niche is destroyed, then cell adhesion and focal
adhesion become defective during this process. At the same time,
the Rho-related protein kinase (Rock) signalling pathway is
activated, which results in the death of single dissociated cells.
The addition of the Rock inhibitor Y27632 to medium promotes
the survival of hESCs after passaging [28]. Therefore, after

H. Jiang et al.

8

Fig. 5 Inhibition of AKT phosphorylation promotes pluripotent dissolution and impedes the primed-to-naive transition. A Morphology of
primed hESCs after stimulation for 48 h with the PI3K/AKT inhibitor LY294002, at different concentrations bar = 300 μm. B, C Quantitative gene
expression analysis for pluripotent marker genes OCT4, NANOG, PRMD14, and TERF1 (B) and the neuroectoderm marker genes PAX6 and DLK1
(C) in the primed hESCs after culture for 72 h in E8 and E6 medium with different concentrations of LY294002 separately (n = 3), data are
presented as means ± SEM, compared to E8 LY 0 and E6 LY 0, *p < 0.05; **p < 0.01, one-way ANOVA followed by t-test. D Immunoﬂuorescence
analysis of PAX6 expression level in primed hESC after cultured 72 h in E6 medium supplemented with 5 μM LY294002, bar = 300 μm.
E Morphology of naive-like hESCs after stimulation for 48 h with the PI3K/AKT inhibitor LY294002 at different concentrations, bar = 300 μm.
F qPCR detection of the naive marker genes mRNA levels in naive-like hESCs after treated with different concentration of LY294002 (n = 3),
data are presented as means ± SEM, compared to DMSO, *p < 0.05; **p < 0.01, one-way ANOVA followed by t-test. G Naive marker gene and
TSC gene expression levels in naive like cells and TSC that treated with LY294002 at different concentration (n = 3), data are presented as
means ± SEM, compared to DMSO, *p < 0.05; **p < 0.01, one-way ANOVA followed by t-test.
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Fig. 6 Identify MCL1 as a target of the ID-E protein axis in the regulation of AKT phosphorylation. A TCF3 was immunoprecipitated from
WT hESCs; then, the amount of ID1 and ID3 present in the precipitate was evaluated via Western blots. B Peak annotation plot of TCF3 ChIPseq analysis in WT and KEGG analysis of the genes that TCF3 binding at in WT. C Peak annotation plot of TCF3 ChIP-seq analysis in the IDs KO
cells and KEGG analysis of the genes that TCF3 binding at in IDs KO. D Screening strategy for identifying potential genes that mediate AKT
phosphorylation through TCF3. E, F TCF3 signal track for the representative locus MCL1 in WT and IDs KO hESCs from ChIP-seq data, and the
binding of promoter sequences for MCL1 to TCF3 was evaluated in WT and IDs KO hESCs via ChIP-qPCR (n = 3). **p < 0.01 compared with WT;
t-test. G Western blot detect the protein level of MCL1 in both primed and naive-like hESCs. H Western blot detect the ID1 and MCL1
expression level in ID1 overexpressed line. I Western blot analysis the TCF3 and MCL1 protein level when TCF3 vector was transfect to 293 cell
48 h. J Western blot analysis the MCL1, AKT, P-AKT protein level in the cell that treated with different concentrate of MCL1 inhibitor MIM1 48 h.

knockout of the ID1 and ID3 proteins, the resultant decreased
focal adhesion could not support the hESCs survival-dependent
niche, which could be rescued by inhibiting Rock activity.
We investigated the effect of ID knockout on the maintenance
of hESCs pluripotency and observed two major events: (a) the
differentiation of primed hESCs into the ectodermal lineage and
(b) the hampered transition of primed hESCs towards naive hESCs,
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thus affecting the differentiation of naive hESCs to TSCs. This is the
ﬁrst report that ID1 and ID3 play an essential role in the PNT of
hESCs and regulate the TSC differentiation of human embryonic
stem cells in the naive state.
In subsequent experiments, we found that ID1 and ID3
knockout signiﬁcantly reduced AKT phosphorylation in primed
and naive cells. Insulin has been shown to maintain the
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pluripotency of hESCs via activation of the PI3K/AKT patyway in a
well-deﬁned medium [29, 30]. LY294002 treatment decreased the
expression of pluripotency-related genes in hESCs [31, 32]. The
activation of PI3K inhibits the MAPK/ERK signalling pathway, and
activated GSK3 leads to the inactivation of β-catenin and
potentially inhibits the differentiation of hESCs [23, 33]. Therefore,

we identiﬁed that ID1 and ID3 regulate viability and pluripotent
gene expression in hESCs through the PI3K/AKT signalling
pathway.
Using ChIP-seq and scRNA-seq, we identiﬁed MCL1 as a target
gene regulated by ID proteins that relays the signal needed to
activate the PI3K/AKT pathway. MCL1 belongs to the BCL2 protein
Cell Death and Disease (2022)13:549
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Fig. 7 Suppressed transcription inhibition of TCF3 on MCL1 increases the pluripotency of IDs KO hESCs. A Morphology of primed hESC
after stimulation for 48 h with MCL1 inhibitor MIM1 at different concentrations, bar = 300 μm. B Quantitative gene expression analysis of OCT4
and NANOG in the primed hESCs (n = 3), compared to DMSO, data are presented as means ± SEM, *p < 0.05, one-way ANOVA followed by
t-test. C Morphology of naive-like hESCs after stimulation for 48 h with the MCL1 inhibitor MIM1 at different concentrations, bar = 300 μm.
D Quantitative gene expression analysis for DPPA3 and DNMT3L in naïve-like hESC (n = 3), compared to DMSO, data are presented as means ±
SEM, *p < 0.05, **p < 0.01, one-way ANOVA followed by t-test. E Western blot analysis of MCL1, NANOG, AKT, and P-AKT protein levels in the
naive-like hESCs after treatment with MIM1 for 48 h. F Embryonic bodies differentiation of the WT and IDs KO 1# cells at day 3 after
transfection with empty and MCL1 overexpression vectors. G qPCR detection of pluripotent and ectodermal genes in EBs of the WT and IDs
KO 1# cells after transfection with empty and MCL1 overexpression vectors (n = 3), compared to WT + empty, data are presented as means ±
SEM, *p < 0.05, **p < 0.01, one-way ANOVA followed by t-test.. H Western blot analysis of MCL1, OCT4, NANOG, and PAX6 protein levels in day
3 EBs of the WT and IDs KO 1# cells after transfection with empty and MCL1 overexpression vectors. I Morphology of the WT and IDs KO 1#
cells in the naive-like state after separate transfection with shNC (wild type) and shTCF3, bar = 800 μm. J Growth curve of the WT and IDs KO
1# cells in naive-like state after separate transfection with shNC and shTCF3, **p < 0.01, compared to WT + shNC, ## p < 0.01, compared to IDs
KO + shNC, one-way ANOVA followed by t-test. K Quantitative gene expression analysis in the WT and IDs KO naive-like hESCs after
transfection with shNC and shTCF3 (n = 3) compared to WT + shNC. Data are presented as means ± SEM, *p < 0.05, **p < 0.01, one-way ANOVA
followed by t-tests.

Fig. 8 A model of IDs acting through TCF3 to induce AKT phosphorylation to maintain pluripotency in hESCs. Speciﬁcally, IDs KO allows
TCF3 to bind to the MCL1 promoter region, which represses its expression and thereby reduces the phosphorylation of AKT in hESCs.
Consequently, the reduction in AKT phosphorylation promotes the ectodermal differentiation of primed hESCs and inhibits PNT.

family, the members of which mainly localize in the mitochondrial
membrane [34, 35]. Recent studies have shown that MCL1 directly
interacts with AKT, leading to AKT phosphorylation and activation
[26]. In hESCs, MCL1 promotes the maintenance of stem cell
pluripotency by regulating the mitochondrial dynamics of stem
cells [27]. MCL1 knockout mice were shown to have trophectoderm defects that resulted in peri-implantation embryonic
lethality [36], consistent with the impaired ability of the IDs KO
cells in this study to differentiate into TSCs. In-depth analysis
suggested that ID1 and ID3 promote the expression of MCL1 by
inhibiting TCF3 and that MCL1 promotes AKT phosphorylation
through direct interaction.
In conclusion, the knockout of ID1 and ID3 allows TCF3 to bind
the MCL1 promoter region, which represses the expression of
MCL1 and thereby reduces the phosphorylation of AKT. The
consequent reduction in AKT activity promotes ectoderm
differentiation and impairs the transition of hESCs from the
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primed to the naive state (Fig. 8). Our ﬁnding of comparable
function of IDs in human naive and primed ESCs conﬁrms that the
signalling pathway can reliably be studied in naive hESCs for the
application of regenerative medicine.
MATERIALS AND METHODS
Cell culture
Human conventional embryonic stem cells (hESCs, H9) were mainly
maintained in E8 medium. When the cells were passaged, the original
medium was discarded, and the cells were washed with 1 mL of DPBS (12well plate). Then 500 μL of 0.5 mM EDTA was added, and the cells were
incubated at 37 °C for 5 min. Then, the EDTA was discarded and 1 mL of E8
medium was added to suspend the cells. The cells were placed in Matrigelcoated 12-well plates at a ratio of 1:10-1:20. When primed hESCs were reset
to a naive state, the cells were resuspended in E8 medium and added to
Matrigel-coated 12-well plates. After 24 h, the medium was changed to
RSeT medium. After 4 days, the cells were digested with TrypLE for 3 min,
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and then subcultured at a ratio of 1:10-1:20. The medium was
supplemented with 10 μM Y27632. The medium was changed every day,
and the cells were passaged the every 3-4 days. All the cell lines we used
are mycoplasma clean by PCR detection.

Chromatin immunoprecipitation assay
The cells were cross-linked with 37% formaldehyde at room temperature
for 10 min; then, the reaction was quenched with 0.125 M glycine for 5 min
at room temperature. The next experiment was performed as the
instructions described (Simple ChIP Enzymatic Chromatin IP Kit, 9003,
CST).Brieﬂy, chromatin was digested by micrococcal nuclease for about
20 min at 37 °C to shear chromatin into 150-900 bp fragments. Next, 510 μg samples were incubated with 3-5 μg of antibody overnight at 4 °C;
2% of precleared chromatin was reserved for use as input DNA before
incubation with the antibody. Next day, protein G was added to the IP
samples and incubated for 2 h at 4 °C. At last, the beads were washed, and
the chromatin was eluted. For ChIP-qPCR, immunoprecipitated DNA was
analysed by qPCR; then, the ampliﬁcation product was expressed as a
percentage of the input and normalized to the control experiment for each
condition. DNA libraries from TCF3-ChIP, corresponding to the input DNA
samples were prepared and sequenced by Kangcheng BioTechnology
Company (Shanghai, China) with an Illumina Genome Analyzer, as directed
by the manufacturer’s protocol.

Statistical analysis
Data are expressed as the mean ± SEM in the Figure legends. Differences
between two groups were assayed by one-way ANOVA and two-tailed
Student’s t-test. The 0.05 level of probability was used as the criterion of
signiﬁcance. Analyses were conducted with GraphPad Prism software. We
statistically compared the similar variances between the groups as well. All
experiments were repeated at least three times.
The expanded material and methods section is available in the online
supplemental material.

DATA AVAILABILITY
The single cell RNA sequencing data for this paper are publicly available at NCBI
Sequence Read Archive under the ID PRJNA761514. The ChIP-seq data for this paper
are deposited in GEO database under the accession numbers GSE183518 (reviewer
token: qnkjqeakjvibhwd).
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