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Haploid-genetic screening of trophectoderm
specification identifies Dyrk1a as a repressor of
totipotent-like status
Wenhao Zhang1†, Shengyi Sun1†, Qing Wang1†, Xu Li1,2†, Mei Xu1†, Qian Li3, Yiding Zhao1,
Keli Peng1, Chunmeng Yao1, Yuna Wang1, Ying Chang1, Yan Liu4, Xudong Wu3*, Qian Gao1*,
Ling Shuai1,5*

Trophectoderm (TE) and the inner cell mass are the first two lineages in murine embryogenesis and cannot nat-
urally transit to each other. The barriers between them are unclear and fascinating. Embryonic stem cells (ESCs)
and trophoblast stem cells (TSCs) retain the identities of inner cell mass and TE, respectively, and, thus, are ideal
platforms to investigate these lineages in vitro. Here, we develop a loss-of-function genetic screening in haploid
ESCs and reveal many mutations involved in the conversion of TSCs. The disruption of either Catip or Dyrk1a
(candidates) in ESCs facilitates the conversion of TSCs. According to transcriptome analysis, we find that the
repression of Dyrk1a activates totipotency, which is a possible reason for TE specification. Dyrk1a-null ESCs
can contribute to embryonic and extraembryonic tissues in chimeras and can efficiently form blastocyst-like
structures, indicating their totipotent developmental abilities. These findings provide insights into the mecha-
nisms underlying cell fate alternation in embryogenesis.
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INTRODUCTION
The first cell fate decision in mice occurs at the time between the 8-
cell embryo stage and the 16-cell embryo stage, which leads to the
first two different cell lineages. In this period, identical blastomeres
segregate to the inner cell mass (ICM) (the origin of the epiblast,
which further develops into an offspring) and the primitive endo-
derm and trophectoderm (TE) (the origin of the placenta) (1).
There are definite boundaries between the ICM and TE; thus,
they are not able to naturally transition to the other in murine
species. The exact mechanisms underlying cell fate segregation
remain unknown and raise extensive concerns. ICM-derived em-
bryonic stem cells (ESCs) and TE-derived trophoblast stem cells
(TSCs) are excellent platforms to study the relationships and differ-
ences between ICM and TE in vitro (2). Previous evidence showed
that the suppression of Oct4 (3) or overexpression of Cdx2 (4)
allowed ESCs to differentiate into the TE lineage. Likewise, the over-
expression ofOct4 facilitated TSC reprogramming to ESCs to regain
pluripotency (5). Another transcription factor (TF), Tead4, is also
very important for TE specification in preimplantation develop-
ment (6), mainly through regulation of the Hippo-Yap pathway in
this process (7, 8). Moreover, Notch is involved in TE specification

by targeting many TE-specific genes (9). A combination of several
TFs, including Gata3, Eomes, Tfap2c, and Ets2, also promoted TE
specification from fibroblasts (10, 11) and ESCs (12). In addition,
microRNAs were found to be sufficient to drive the conversion of
the extraembryonic lineage from ESCs (13). However, whether
there are other genes and pathways regulating TE specification is
still unclear.

Recently established mouse haploid ESCs (haESCs) are premium
tools for finding functionally unknown genes due to their hemizy-
gous and pluripotent nature (14). Many attempts to find target
genes of important biological processes have been realized
through high-throughput genetic screening in haESCs combined
with genome-wide random mutations (15, 16). PiggyBac (PB) is
an efficient transposon that randomly induces abundant mutations
in the mammalian genome and is widely used in generating muta-
tion libraries. Combined with the PB system, haESCs can easily
produce genome-wide homozygous mutations (17, 18), which is
useful for the selection for key genes regulating any desired ap-
proach. Whether such a powerful genetic screening system is suit-
able for revealing key restrictions of TE specification needs further
investigation.

Here, we describe the derivation of genome-scale mutant librar-
ies in haESCs assisted with the PB system. The mutant ESCs can
develop TSC properties after a period of culture in TSC medium,
which are sequenced and analyzed to identify the insertions. There-
after, we performed validation experiments of candidate genes to
prove their essential roles in TE specification and discuss the poten-
tial mechanism underlying this transition.
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RESULTS
Genetic screening related to TE conversion in
mutant haESCs
To construct mutant cell libraries, we used a mouse haESC line with
a 129Sv/Jae background established in our previous work (19). The
haESCs grew well and had a high proportion of haploid cells before
mutation (fig. S1A). PB transposons had a high stability and were
easy to modify, and they were also easily located by inverse polymer-
ase chain reaction (PCR) (20). Therefore, we designed a PB-splice
acceptor (SA)–based plasmid carrying a puromycin resistance gene
(Puror) to introduce mutations into the genome (fig. S1B). For
genetic screening of TE specification, we chose a well-developed
cell culture system to guide this process (Fig. 1A). Briefly, a combi-
nation of 24 μg of PB and 8 μg of PBase vectors was electroporated
into approximately 1 × 107 haESCs. When cells recovered from elec-
troporation for 2 days, puromycin was used to select for mutated
ESCs with PB insertions. Mutant cells with puromycin resistance
[incubated with puromycin (1 μg/ml) for 2 days] survived,
whereas almost all cells in the control group died (fig. S1C).
When the mutant ESCs were cultured in TSC medium [70% condi-
tioned medium (CM) with fibroblast growth factor 4 (FGF4) and
heparin (F4H)] for 10 days, the cell cultures gradually showed
TSC-like colonies [termed induced TSCs (iTSCs)]. For enrichment
of these iTSCs in the cell cultures, we chose a TSC-specific flow cy-
tometric antibody, CDCP1 (21), to purify them. Approximately
36.6% of the cells were CDCP1-positive and were harvested for
further culture (Fig. 1B). The morphology of the CDCP1-enriched

iTSCs [termed screened out iTSCs (S-iTSCs)] was similar to that of
the wild-type (WT) TSCs (Fig. 1C). In contrast, WT-ESCs were also
induced using the same strategy (Fig. 1A). The immunofluores-
cence results showed that only the S-iTSCs presented CDX2 and
EOMES positivity, whereas the cell cultures of WT-ESCs failed to
achieve iTSCs in the same culture system (Fig. 1D). After expansion,
the S-iTSCs showed high positive proportions of two TE-specific
markers (CDCP1, 92.0%; CD40, 87.3%) during culture, as shown
by flow cytometric analysis (Fig. 1, E and F), and expressed TSC-
specific markers (CDX2 and EOMES), as shown by Western blot-
ting (WB) (fig. S1D). In addition, the S-iTSCs could further differ-
entiate into terminal trophoblast lineages, including trophoblast
giant cells (PROLIFERIN-positive) and spongiotrophoblast cells
(TPBPA-positive), as indicated by immunostaining (fig. S1E).

Analysis of insertions in the S-iTSCs
Thereafter, we expanded the S-iTSCs and prepared them for next-
generation sequencing, with original mutated ESCs without conver-
sion as controls. Next, we performed splinkerette PCR (22) with the
total genomic DNA of the S-iTSCs and controls, the PCR product of
which was sent to a local company for deep sequencing. According
to the analysis, we identified nearly 129 thousand independent hits
across more than 10,000 genes (fig. S2A). Among these hits, approx-
imately 50.38% of the insertions were mapped to gene bodies (pro-
moter, 15.13%; untranslated region, 1.04%; exon, 2.09%; intron,
32.12%), whereas the rest of the insertions were located in intergenic
areas (Fig. 2A). The Kyoto Encyclopedia of Genes and Genomes

Fig. 1. A genetic screening of TE specification with mutant haESCs. (A) Schematic overview of forward genetic screening using mutant haESCs to conduct TE spec-
ification. (B) Proportion of CDCP1-positive cells in the cell cultures of mutant haESCs cultured in TSCmedium for 10 days. WT-haESCs were used as a negative control. SSC-
H, side scatter-height. (C) Phase-contrast images of S-iTSCs, WT-ESCs in the same conversion culture system (failed), and WT-TSCs. Scale bars, 100 μm. (D) Immunofluor-
escence of TSC-specific markers CDX2 (green) and EOMES (green) in the S-iTSC– and WT-ESC–derived cell cultures (failed). DNAwas stained with Hoechst 33342 (blue).
Scale bars, 50 μm. (E) Fluorescence-activated cell sorting (FACS) analysis of TE-specific marker–positive (CDCP1+) cells in the S-iTSCs (92.0%) during culture. WT-ESCs and
WT-ESC–derived cell cultures (failed) were used as controls. (F) FACS analysis of another TE-specific marker–positive (CD40+) cells in the S-iTSCs (87.3%) during culture.
WT-ESCs and WT-ESC–derived cell cultures (failed) were used as controls. PE, phycoerythrin.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhang et al., Sci. Adv. 9, eadi5683 (2023) 20 December 2023 2 of 12



analysis showed that most insertions were related to the Relaxin sig-
naling pathway, Hippo signaling pathway, and other biological ac-
tivities (Fig. 2B). We further analyzed the top 2000 inserted genes
[listed according to the score evaluation by HaSAPPy methodology
(23)] and found that many insertions in some critical pathways
(Hippo/Yap, LIF/STATA3, and others) were related to the first
cell fate determination (fig. S2B). The top 10 genes were ranked ac-
cording to the score and insertion frequency (Fig. 2C), from which
the top 2 candidates (Catip and Dyrk1a) showed enrichment in
many hit loci (Fig. 2D). Overall, our genome-wide screening of
TE specification in mouse haESCs revealed numerous key genes
and pathways involved in the ESC-to-TSC transition. For a proof-

of-concept study, we chose the top 2 candidate genes (Catip and
Dyrk1a) to perform the validation experiments. We investigated
whether the absence of Catip or Dyrk1a promoted the conversion
from ESCs to TSCs. We designed Cas9–green fluorescent protein
(GFP) knockout (KO) vectors to induce Catip-KO or Dyrk1a-KO
and transfected WT-ESCs with these vectors by electroporation
(Fig. 2E). Next, the selected KO subclones were genotyped and con-
firmed by sequencing (Fig. 2F). We chose one Catip-KO ESC line
and three Dyrk1a-KO ESC lines for further investigations.

Fig. 2. Bioinformatic analysis of insertions in the S-iTSCs. (A) Proportion of PB integration sites across the genome: promoters (15.13%), untranslated region (UTR)
(1.04%), exons (2.09%), introns (32.12%), and intergenic regions (49.64%). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the top 200 genes with the
most frequent insertions from the S-iTSCs. VEGF, vascular endothelial growth factor; EGFR, epidermal growth factor receptor. (C) The top 10 candidate genes among the
inserted genes from the S-iTSCs. (D) Sense (red) and antisense (green) insertions of PB in Catip and Dyrk1a gene bodies from the S-iTSCs. The rectangles indicate the
exons. (E) Schematic diagram of the strategy to Catip-KO andDyrk1a-KO inWT-ESCs by using CRISPR-Cas9 system. (F) Sequences of genotypes in the Catip-KO andDyrk1a-
KO ESCs.
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Pluripotency and genome integrity of Catip-KO and
Dyrk1a-KO ESCs
To examine whether KO of Catip or Dyrk1a affects genome integ-
rity and pluripotency, we performed subsequent experiments. We
assessed the cell proliferation and karyotypes of the two KO ESC
lines and found no notable change in proliferation, and there was
mere karyotype abnormality between the KO ESCs (Catip-KO
and Dyrk1a-KO) and WT-ESCs (Fig. 3, A to C). To address the dif-
ferentiation potentials of the KO ESCs, we injected approximately 1
× 107 KO ESCs into each group separately under the skin of severe
combined immunodeficiency mice, with WT-ESCs as a control.
Both theCatip-KO ESCs and theDyrk1a-KO ESCs could form stan-
dard teratomas 3 weeks later (fig. S3A), with three germ layer

representative tissues according to the histological analysis
(Fig. 3D). Furthermore, the global transcriptome analysis showed
that both the Catip-KO ESCs (R = 0.96) and the Dyrk1a-KO ESCs
(R = 0.97) had very high correlations with WT-ESCs (fig. S3B). In
addition, the expression levels of pluripotent genes (Oct4, Nanog,
Klf4, and Rex1) and TE-specific genes (Cdx2, Eomes, and Tead4)
in the KO ESCs were not changed compared with those in the
WT-ESCs according to RNA sequencing (RNA-seq) analysis (fig.
S3C). The differentially expressed genes (DEGs) between Catip-
KO ESCs and WT-ESCs were enriched in protein binding and
other functions (Fig. 3E), being similar to the DEGs between
Dyrk1a-KO ESCs and WT-ESCs (Fig. 3F), as shown by Gene On-
tology (GO) analysis. Thus, the KO ofCatip orDyrk1a did not affect

Fig. 3. Pluripotency and genome integrity analysis of Catip-KO ESCs and Dyrk1a-KO ESCs. (A) The live cell numbers of the Catip-KO ESCs, Dyrk1a-KO ESCs, and WT-
ESCs during daily culture. Catip-KO and Dyrk1a-KO did not affect the proliferation of ESCs. n.s., not significant. (B) Chromosome spread analysis of Catip-KO ESCs, Dyrk1a-
KO ESCs, and WT-ESCs (diploid). Scale bars, 10 μm. (C) Statistical analysis of chromosome numbers in the Catip-KO ESCs, Dyrk1a-KO ESCs, and WT-ESCs. (D) Teratomas
formed from the Catip-KO ESCs, Dyrk1a-KO ESCs, and WT-ESCs were identified by hematoxylin and eosin staining. Scale bars, 100 μm. The tissues shown were glands
(endoderm), blood (mesoderm), and neural tissue (ectoderm). (E) GO analysis of DEGs between Catip-KO ESCs and WT-ESCs. (F) GO analysis of DEGs between Dyrk1a-KO
ESCs and WT-ESCs. Pol II, polymerase II.
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the main properties of ESCs. Further on, we investigated whether
KO of the two genes would promote the ESC-to-TSC transition.

The ESC-to-TSC transition with Catip-KO and Dyrk1a-KO
Next, we cultured Catip-KO ESCs and Dyrk1a-KO ESCs in TSC
medium to induce TE specification. After 10 days, many TSC-like
colonies appeared in the cell cultures of the Catip-KO and Dyrk1a-
KO groups. Then, we performed fluorescence-activated cell sorting
(FACS) to enrich the iTSCs from the cell cultures on day 10 with a
CDCP1–flow cytometric antibody. These CDCP1-positive cells

were further cultured in TSC medium to expand and showed the
typical morphology of TSCs (Fig. 4A). The Catip-KO and
Dyrk1a-KO iTSCs maintained a high proportion of CDCP1-posi-
tive (92.6 and 96.3%, respectively) and CD40-positive (82.1 and
84.6%, respectively) cells in long-term culture (fig. S4A). The im-
munofluorescence results showed that these iTSCs were CDX2-
and EOMES-positive (Fig. 4B). For the random differentiation of
the Catip-KO and Dyrk1a-KO iTSCs, we cultured them in TSC
medium without F4H. DNA content analysis of the differentiated
cells on days 0, 2, 4, and 6 showed that 8n polyploidy peaked with

Fig. 4. Derivation of Catip-KO and Dyrk1a-KO iTSCs. (A) Phase-contrast images of established Catip-KO iTSCs and Dyrk1a-KO iTSCs. Scale bars, 100 μm. (B) Immu-
nofluorescence of TSC-specific markers CDX2 (green) and EOMES (green) in the Catip-KO iTSCs and Dyrk1a-KO iTSCs. DNAwas stained with Hoechst 33342 (blue). Scale
bars, 50 μm. (C) Immunofluorescence of the trophoblast lineage–specific markers PROLIFERIN (green), TPBPA (green), and SDC1 (green) in differentiated cells derived
from the Catip-KO iTSCs and Dyrk1a-KO iTSCs. DNA was stained with Hoechst 33342 (blue). Scale bars, 50 μm. (D) PCA of RNA-seq datasets from the WT-ESCs, Catip-KO
ESCs,Dyrk1a-KO ESCs, Cdx2-OE ESCs, WT-TSCs, Catip-KO iTSCs,Dyrk1a-KO iTSCs, and Cdx2-OE iTSCs. (E) Genome browser tracks showing CpGmethylation status in Pou5f1
and Elf5 loci of WT-ESCs, Catip-KO ESCs,Dyrk1a-KO ESCs, WT-TSCs, Catip-KO iTSCs, andDyrk1a-KO iTSCs. (F) Bubble plot representing the expression of Catip,Dyrk1a, Cdx2,
Zscan4b, Dux, and Oct4 in early embryonic developing stages and ESCs. (G) Schematic diagram of the DYRK1A inhibitor–harmine. (H) Phase-contrast images of estab-
lished harmine+ iTSCs and WT-TSCs. Scale bars, 100 μm.
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the increase in days, indicating the emergence of differentiating
giant cells (fig. S4B). The immunofluorescence staining positive
for PROLIFERIN, TPBPA, and SDC1 (syntrophoblast-specific
marker) in differentiated cells also confirmed their differentiation
potentials (Fig. 4C). We further analyzed the RNA-seq data of the
Catip-KO ESCs, Dyrk1a-KO ESCs, Cdx2-overexpression (OE)
ESCs, WT-ESCs, Catip-KO iTSCs, Dyrk1a-KO iTSCs, Cdx2-OE
iTSCs, and WT-TSCs to investigate their properties. Principal com-
ponents analysis (PCA) revealed that the Catip-KO iTSCs and
Dyrk1a-KO iTSCs were closer to the WT-TSCs and Cdx2-OE
iTSCs than to the other cells (Fig. 4D). The whole-genome bisulfite
sequencing (WGBS) analysis showed that Catip-KO iTSCs and
Dyrk1a-KO iTSCs had similar methylation status in the loci of
Pou5f1 and Elf5 to WT-TSCs, being different from WT-ESCs
(Fig. 4E). In total, our findings validated that either Catip-KO or
Dyrk1a-KO ensured that ESCs were converted to TSCs, along
with differentiation potentials into terminal trophoblast lineages.
To further investigate the roles of Catip and Dyrk1a involved in
the first cell fate decision, we checked the expression levels of
them in early embryo developing stages (from zygote to blastocyst).
According to the RNA-seq data (download from the public data-
base, PMID: 27309802) (24), Dyrk1a was highly expressed in all
stages before implantation, whereas Catip was barely expressed
during early embryogenesis (Fig. 4F). Thus, we hypothesized that
Dyrk1a played an important role in early embryonic development.
Dyrk1a (dual specificity tyrosine phosphorylation–regulated kinase
1A) is a gene encoding a member of the dual-specificity tyrosine
phosphorylation–regulated kinase family, which is expressed in de-
veloping and mature nervous systems (25). It raised a lot of con-
cerns for relating to learning disorders caused by Down
syndrome (26) and RNA polymerase II (27, 28). However, Dyrk1a
is rarely studied in TE specification or placental development. To
confirm the role of Dyrk1a in the ESC-to-TSC transition, we intro-
duced an inhibitor of DYRK1A (harmine) to this process (Fig. 4G).
Here, we cultured WT-ESCs in TSC medium with 10 μM harmine
to induce the ESC-to-TSC transition. In addition, Dyrk1a-inhibited
ESCs were able to achieve iTSCs on day 10 by CDCP1-positive en-
richment (fig. S4C). The harmine-induced iTSCs presented typical
TSC colonies (Fig. 4H) in further culture and were positive for
CDX2 and EOMES (fig. S4D). Therefore, inhibition of DYRK1A
by harmine could also promote the conversion of TSCs from
ESCs; thus, it was interesting to clarify the potential mechanism un-
derlying why Dyrk1a deletion promoted the conversion from ESCs
to TSCs.

A totipotent-like state of Dyrk1a-null ESCs
Since the Notch signaling pathway (29), the Hippo/Yap pathway
(30), and totipotent genes (31–34) were previously reported to be
related to TE specification, we investigated whether the DEGs
between the Dyrk1a-KO ESCs and the WT-ESCs mapped to the
three pathways. The heatmap results showed that some representa-
tive totipotent genes were included in the DEGs of Dyrk1a-KO
ESCs versus the WT-ESCs, while the representative genes of the
other two pathways did not change substantially (Fig. 5A). There-
fore, we compared our Dyrk1a-KO ESCs with the already reported
totipotent-like stem cells (TLSCs) globally at transcriptome level
(32–34). The PCA results revealed that Dyrk1a-KO ESCs were
close to totipotent blastomere–like cells (TBLCs) (32), being far
from TLSCs (33), chemically induced totipotent stem cells

(ciTotiSCs) (34), and WT-ESCs (Fig. 5B). Consistent with the quan-
titative analysis, gene set enrichment analysis (GSEA) demonstrated
that the DEGs identified in the Dyrk1a-KO ESCs versus WT-ESCs
were also strongly related to previously reported totipotent genes of
TBLCs (Fig. 5C). We further analyzed the overlapping DEGs of
Dyrk1a-KO ESCs and TBLCs, versus WT-ESCs. There were 2369
co–up-regulated DEGs between Dyrk1a-KO ESCs and TBLCs
(Fig. 5, D and E), which showed functions of multicellular organism
development and others by GO analysis indicating (Fig. 5F). Mean-
while, there were 683 co–down-regulated genes between them (fig.
S5, A and B), mapping to regulation of transcription from polymer-
ase II promoter function and other ones (fig. S5C). Recent studies
have shown that double homeobox (Dux in mice and DUX4 in
humans) can activate the mammalian embryonic genome chroma-
tin landscape and regulate the expression of two-cell embryo (2C)
(totipotent-like state cells)–specific genes to govern totipotency (35,
36). DUX or DUX4 can also activate hundreds of endogenous
genes, including Zscan4 family genes, which are precursors of 2C
genes (37, 38). Our results showed that Dux was up-regulated obvi-
ously in the Dyrk1a-KO ESCs (fig. S5D); nevertheless, Zscan4
family genes were almost unchanged compared with those in the
WT-ESCs (Fig. 5A). Given that the Dyrk1a-KO ESCs did not acti-
vate the Zsacan4 family, it was necessary to determine whether
Dyrk1a-KO activated another 2C-specific marker, MuERV-L
(MuERV-L driving tdTomato), in the cell cultures (normally
low). We found that the proportion of MuERV-L+ cells in the
Dyrk1a-KO ESCs (4.2%) increased compared with that in the
WT-ESCs (2.1%) (fig. S5E). Besides, inhibition of DYRK1A in
WT-ESCs by 10 μM harmine could also increase that of MuERV-
L+ cells (from 2.0 to 7.7%) (fig. S5F), demonstrating that deficiency
of Dyrk1a-KO could activate MuERV-L. In total, the repression of
Dyrk1a could shape the partial transcriptome of totipotency includ-
ing Dux and MuERV-L.

Totipotent developmental potentials of Dyrk1a-null ESCs
It was important and interesting to address whether Dyrk1a-KO
ESCs have embryonic and extraembryonic developmental potential
as totipotent cells. To answer this question, we conducted a more
rigorous experiment by chimeric analysis. We microinjected GFP-
labeledDyrk1a-KO ESCs and WT-ESCs (fig. S6A) into mouse four-
cell embryos to construct chimeric embryos. In embryonic day 3.5
(E3.5) chimeric blastocysts, the immunofluorescence staining
results showed that the Dyrk1a-KO ESCs could contribute to both
the ICM and TE, while GFP-labeled WT-ESC only integrated into
the ICM (Fig. 6A). We further measured the differentiation poten-
tials of the Dyrk1a-KO ESCs in E12.5 chimeric embryos in vivo.
About 125 WT four-cell embryos were injected with GFP-labeled
Dyrk1a-KO ESCs or WT-ESCs, separately. There were about 30%
embryos that could develop to E12.5. In the Dyrk1a-KO group,
there were 10 chimeric fetuses, 6 chimeric placentas, and 4 chimeric
yolk sacs with contribution of GFP cells (Fig. 6B and fig. S6B), while
the WT-ESC group could only generate chimeric fetus (fig. S6B).
FACS analysis of these chimeric embryos showed that the
Dyrk1a-KO GFP+ cells contributed to 43.6% of the fetus, 14.9%
of the placenta, and 54.4% of the yolk sac (Fig. 6C). In another par-
allel experiment, we analyzed the Dyrk1a-KO GFP+ ESC–derived
chimeric placenta with uninjected placenta as a control (fig. S6C)
by FACS analysis. The results showed that there were 4.3% positive
cells for TFAP2C (a placental specific marker) among GFP+ cells
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from Dyrk1a-KO GFP+ ESC–derived chimeric placenta, suggesting
the contribution of Dyrk1a-KO GFP+ cells into the placental tissues
(fig. S6D). Next, immunofluorescence analysis of the Dyrk1a-KO
ESC–derived E12.5 chimeric placenta further confirmed that
Dyrk1a-KO ESCs had developmental potential in the functional
placenta (TPBPA-, PROLIFERIN-, TFAP2C-, and GCM1-positive)
(Fig. 6D).

Given that the cells themselves could form standard blastocyst-
like structures containing ICM and TE and were generally in a to-
tipotent-like state (32, 33, 39), we culturedDyrk1a-KO ESCs in blas-
toid medium (40) for 6 to 7 days to form blastocyst-like structures,
with WT-ESCs and WT-TSCs as controls. Besides, we performed a
reoverexpression of Dyrk1a in the Dyrk1a-KO ESCs as a rescue
control (Dyrk1a-KO-OE ESCs) (fig. S7A). The Dyrk1a-KO ESCs
could self-organize into cavitation with a high efficiency to form
blastoids with good quality compared with WT blastocyst

(Fig. 6E), whereas the Dyrk1a-KO-OE ESCs, WT-ESCs, and WT-
TSCs could not cavitate to form blastocyst-like structures (fig. S7,
B and C). The immunofluorescence results showed that all the
Dyrk1a-KO blastoids contained OCT4-, CDX2-, and GATA6-pos-
itive cells, demonstrating that Dyrk1a-KO blastoid structure con-
tained all lineages of blastocyst including ICM, TE, and primitive
endoderm (Fig. 6, F and G). We further evaluated the in vivo devel-
opmental potentials of the Dyrk1a-KO blastoids by embryo transfer
into oviducts of pseudo-pregnant mice at 0.5-day postcoitum. At 6.5
days postcoitum, decidualization instead of normal embryos
formed from the Dyrk1a-KO blastoids (fig. S7D). Totally, all the
above evidences proved that the repression of Dyrk1a could
induce a totipotent-like state and enable ESCs to efficiently form
blastoids.

Fig. 5. Bioinformatic analysis of Dyrk1a-KO ESCs. (A) Heatmap showing some DEGs between Dyrk1a-KO ESCs and WT-ESCs mapping to Notch pathway genes, Hippo/
Yap pathway genes, and totipotent genes. (B) PCA results of RNA-seq datasets from the WT-ESCs, Dyrk1a-KO ESCs, TBLCs, TLSCs, and ciTotiSCs. (C) GSEA of DEGs asso-
ciated with totipotent genes in Dyrk1a-KO ESCs. NES, normalized enrichment score; FDR, false discovery rate. (D) The Venn diagram of the up-regulated DEGs between
Dyrk1a-KO ESCs and TBLCs, versusWT-ESCs. (E) Top 10 genes in the co–up-regulated DEGs between Dyrk1a-KO ESCs and TBLCs, versus WT-ESCs. (F) GO analysis of co–up-
regulated DEGs between Dyrk1a-KO ESCs and TBLCs, versus WT-ESCs.
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DISCUSSION
The first cell fate decision is an important event in preimplantation
development, but the underlying mechanisms are unknown. In
vitro–established ESCs and TSCs provide convenient platforms to
study cell fate conversion, which is very useful for understanding
the first cell fate decision. Many studies have shown that the over-
expression of TE-specific TFs, including Cdx2, Elf5, and Gata3, can
induce TE cell fate in ESCs (4, 41, 42). In addition to TSC-specific

TFs, some epigenetic regulators in ESCs were found to play impor-
tant roles in the initiation of TE specification. Tet1-deleted ESCs can
activate Elf5 and exhibit TE cell properties (43). Another study dem-
onstrated that a histone H3K9 methyltransferase, SETDB1, was also
essential for TE specification from “ground-state” ESCs (44). All of
the above results proved that ESCs are good choices for investigating
the key modules of TE specification. Haploid stem cells are powerful
tools for genetic studies, mainly owing to their single-genome and

Fig. 6. The totipotency of Dyrk1a-KO ESCs. (A) Immunofluorescence of CDX2 (red) in chimeric blastocyst from GFP-labeled Dyrk1a-KO ESCs and WT-ESCs. Donor cells
were GFP+ (green), and DNAwas stained with Hoechst 33342 (blue). Scale bars, 50 μm. (B) Images of E12.5 chimeras (including fetus, placenta, and yolk sac) derived from
GFP-labeled Dyrk1a-KO ESCs, with uninjected embryo as a control. Scale bars, 5 mm. (C) FACS analysis of GFP+ cells in the fetus, placenta, and yolk sac in E12.5 chimeras
derived from the GFP-labeled Dyrk1a-KO ESCs. The percentages of GFP+ cells in the fetus, placenta, and yolk sac of Dyrk1a-KO chimera were 43.6, 14.9, and 54.4%,
respectively; uninjected ones (fetus, placenta, and yolk sac) at E12.5 were as a control. (D) Immunofluorescence staining of placental-specific markers (TPBPA, PROLIFERIN,
TFAP2C, and GCM1, each in red) in the GFP-labeled Dyrk1a-KO ESC–derived E12.5 placentas. The white arrows indicated that GFP-positive cells could contribute to the
tissues expressing specific markers. Scale bars, 75 μm. (E) Phase-contrast images of blastoid derived from the Dyrk1a-KO ESCs. WT-blastocyst was used as a control. Scale
bars, 10 μm. (F) Immunofluorescence of CDX2 (green) and OCT4 (red) in blastoid derived from the Dyrk1a-KO ESCs. WT-blastocyst was used as a control. DNAwas stained
with Hoechst 33342 (blue). Scale bars, 50 μm. (G) Immunofluorescence of CDX2 (green) and GATA6 (red) in blastoid derived from the Dyrk1a-KO ESCs. WT-blastocyst was
used as a control. DNA was stained with Hoechst 33342 (blue). Scale bars, 50 μm.
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self-renewal features. Many attempts at genetic screening in mutant
haESCs have been achieved, such as determining key exits of the
ground state (45) or “formative state” in ESCs (46). Hence, we
chose mouse haESCs as a powerful tool to select crucial genes reg-
ulating TE specification, not only because of their pluripotency and
self-renewal but also because of their high efficiency in obtaining
homozygous mutants. Although a similar genetic screening was re-
ported recently, only a single gene (Zfp281) was found to be related
to TE specification, which did not show the advances of the haploid
system (47). Nevertheless, we present numerous useful genes related
to TE specification using the haploid platform (Fig. 2C and fig.
S2B). In addition, most other studies focus on overexpression of
some specific genes to obtain desired phenotypes, whereas our ap-
proach is a loss-of-function genetic screening to uncover many po-
tential trapped genes. Rif1, also found in our list, had been proved
played critical role in the conversion of TSCs and regulated the plu-
ripotency-to-totipotency transition (48).

Whether TSCs derived by overexpressing a single factor present
a stable TSC state is controversial (49). Although the cell cultures
showed TSC-like morphology after overexpression of Cdx2 in
WT-ESCs, the cell fate conversion was still incomplete (4). Similar-
ly, Elf5-overexpressing ESCs were able to enter the TE lineage but
could not maintain an undifferentiated TSC state (42). In addition,
similar phenomenon was observed in Gata3-overexpressing iTSCs,
which were prone to differentiate into other lineages (41). There-
fore, the accurate conversion of TSCs from ESCs with self-
renewal is important for TE specification studies. In our research,
iTSCs derived from Catip-KO orDyrk1a-KO ESCs morphologically
resembled WT-TSCs (Fig. 4A) and could be expanded for more
than 30 passages without differentiation. Although iTSCs generated
from differentiated ESCs show heterogenicity, the TSC-specific an-
tibodies CDCP1 and CD40 were chosen to enrich them. For enrich-
ment of authentic iTSCs, both Catip-KO and Dyrk1a-KO iTSCs
were purified two to three times for CDCP1 and CD40 positivity.
The achieved Catip-KO and Dyrk1a-KO iTSCs stably showed high
percentages of CDCP1 and CD40 double-positive cells (fig. S4A).
These iTSCs have the potential to further differentiate into terminal
trophoblast lineages (Fig. 4C and fig. S4B), suggesting that iTSCs
have differentiation potentials similar to those of WT-TSCs. To in-
vestigate whether Dyrk1a+/− ESCs could also be converted into
TSCs, we cultured Dyrk1a+/− ESCs and Dyrk1a−/− ESCs in TSC
medium to induce TE specification, with WT-ESCs as a control.
After 10 days of induction, both Dyrk1a−/− and Dyrk1a+/− groups
could generate TSC-like colonies, whereas the WT-ESCs group
could not (fig. S8A). To evaluate the efficiency of induction, we
performed FACS by incubated with CD40 cytometric antibody.
The results showed that there were 76.5% of cells that were CD40-
positive in homozygous mutant (Dyrk1a−/−) group, while 15.3% in
heterozygous mutant (Dyrk1a+/−) group (fig. S8B). Together,
Dyrk1a+/− ESCs could also promote the ESC-to-TSC transition,
although slower than Dyrk1a−/− ESCs.

Naturally, murine ESCs cannot transition to TSC properties only
if they are genetically edited. Determination of why Dyrk1a-KO
ESCs tend to generate functional iTSCs is very important. Many
groups have obtained extended pluripotent stem cells by optimizing
the culture medium, and these cells can further differentiate into
ESCs and TSCs (50–52). Moreover, 2C-like cells among ESCs
were able to develop into the ICM and TE (38, 53). All of the
above cells present a totipotent-like state, which is logical if

repression of Dyrk1a can trigger a pluripotency-to-totipotency
transition to achieve cell fate alternation. Our results demonstrate
that Dyrk1a-KO activates some totipotent genes including the 2C-
like reporter (MuERV-L) and Dux (Fig. 5, A to C, and fig. S5, D and
E). Dyrk1a-KO ESCs could contribute to fetus, placenta, and yolk
sac in vivo in chimera production experiment (Fig. 6, B and C, and
fig. S6C), even self-organizing to form blastocyst-like structure in
vitro (Fig. 6, E to G, and fig. S7). All the above evidences demon-
strated that Dyrk1a-KO ESCs presented a totipotent-like state with
developmental potentials. Whether Catip-KO ESCs showed similar
developmental potentials to Dyrk1a-KO ESCs in these assays war-
ranted more investigations.

To conclude, our study provides a genome-scale screening strat-
egy for TE specification with the haploid system. Thousands of mu-
tations involved in the conversion from ESCs to TSCs were
uncovered, including Catip and Dyrk1a, by validation experiments.
Moreover, repression of Dyrk1a activates a totipotent-like state,
which might be the reason for the efficient conversion of TSCs.
All the findings shed light on the mechanisms underlying cell fate
alternation between ESCs and TSCs.

MATERIALS AND METHODS
Mice
All mice were purchased from Beijing Vital River Laboratory
Animal Technology Co. Ltd. in specific pathogen-free grade. They
were used according to the guidelines of Animal Care and Use
Committee of Nankai University.

Mouse haESC culture and cytometric sorting
Mouse haESCs were cultured in t2i/L ESC medium on feeder cells as
described previously (54). For enrichment of haploid cells, haESCs
were incubated with Hoechst 33342 (3 μg/ml; Invitrogen, H3570)
for 25 min at 37°C and filtered with a 40-μm cell strainer (BD Bio-
sciences, 352340). The well-prepared samples were sorted with a
diploid control on a MoFlo Astrios EQ sorter (Beckman)
every period.

Genomic mutation
For the gene-trapping experiment, a PB vector (SBI, PB513B-1)
with slight modification was used to construct the PB-dual-SA
vector. Briefly, two copies of alternatively spliced sequences (SA)
(55) were inserted into the PB vector with two orientations. For in-
troduction of mutations into the genome of haESCs, PB-dual-SA
and PBase (SBI, PB210PA-1) vectors were electroporated into
them with an electroporator (Invitrogen, NEON) at 1400 V for 10
ms with three pulses. The transfected cells were treated with puro-
mycin (1 μg/ml; Gibco, A1113802) to enrich mutated cells, with
nontransfected haESCs as a negative control.

Genetic screening of TE specification
Approximately 1 × 107 mutant haESCs were seeded in gelatin-pre-
coated (Sigma-Aldrich, V900863) dishes and cultured in TSC
medium {70 CM medium with F4H [human recombinant FGF4
(25 ng/ml; PeproTech, AF-100-31) and heparin (1 mg/ml; Milli-
pore, 375095-100KU)]} (2) to induce the transition from ESCs to
TSCs. After 10 days, CDCP1 (R&D, AF4515)–positive cells were
harvested from the cell cultures according to the instructions of
the antibody. The CDCP1-positive cells were further cultured in
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TSC medium to establish iTSCs. The total DNA of screened mutant
iTSCs was amplified by splinkerette PCR (56), the product of which
was sent to a local company for next-generation sequencing. All the
primers are listed in table S1. For analysis of the insertion sites of PB
in screened iTSCs, reads were mapped to the reference genome
(mm39) and analyzed using HaSAPPy as described previously (23).

WB and immunostaining
The WB experiments were performed according to our previous
work (57). For immunostaining, chimeric embryos were treated
with Tyrode’s solution (Sigma-Aldrich, T1788) for 20 s to remove
the zona pellucida and washed three times with M2 medium
(Sigma-Aldrich, M7167). Cells or embryos were fixed with 4% para-
formaldehyde at room temperature for 30 min. After being washed
three times in phosphate-buffered saline, the samples were blocked
and permeabilized in 2% bovine serum albumin (diluted with 0.5%
Triton X-100) at room temperature for 1 hour (embryos need 4
hour in this step). Then, the samples were incubated with
primary antibodies at 4°C overnight. Next, the phosphate-buffered
saline–washed samples were incubated with the secondary antibod-
ies at room temperature for 1 hour. Hoechst 33342 (Thermo Fisher
Scientific, H3570) was used for nuclear staining. The primary anti-
bodies used for WB and immunostaining were as follows: CDX2
(Biogenes, MU392A), OCT4 (Abcam, ab181557), α-tubulin
(Sungene, KM9007), EOMES (Abcam, ab23345), PROLIFERIN
(Santa Cruz Biotechnology, SC271891), TPBPA (Abcam, 104401),
GATA6 (Cell Signaling Technology, 5851S), GCM1 (Santa Cruz Bi-
otechnology, sc-101173), SDC1 (Abclonal, A4174), and TFAP2C
(also known as AP-2γ) (Santa Cruz Biotechnology, sc-12762). Sec-
ondary antibodies included fluorescein isothiocyanate (FITC) goat
anti-rabbit immunoglobulin G (IgG) (H + L) (Abclonal, AS011),
FITC goat anti-mouse IgG (H + L) (Abclonal, AS001), goat anti-
rabbit IgG(H + L)–horseradish peroxidase (Sungene, LK2001),
and Cy3 goat anti-rabbit IgG (H + L) (Abclonal, AS007). Immuno-
fluorescence images were observed on a confocal laser scanning mi-
croscope (Leica, TCS SP8).

Transition from candidate gene-KO ESCs to TSCs
For Catip and Dyrk1a KO, single-guide RNAs (sgRNAs) were de-
signed using a website (http://crispor.tefor.net/). KO plasmids were
constructed according to a previous report (57). For Catip-KO or
Dyrk1a-KO ESCs, approximately 2 × 106 WT-ESCs were electropo-
rated with 8 μg of sgRNA-Cas9 plasmids. GFP-positive cells were
sorted by FACS 48 hours after electroporation and plated back in
ESC medium for further culture. Subclones were randomly
picked, and genotyping was performed. The primers for genotyping
are listed in table S1. For inhibition of DYRK1A, different concen-
trations of harmine (MCE, HY-N0737A) were used as indicated.

Thereafter, the Catip-KO ESCs, Dyrk1a-KO ESCs, harmine-
treated ESCs (10 μM), and WT-ESCs were cultured in TSC
medium for the conversion of TSCs as described, which were en-
riched for CDCP1-positive cells on day 10 of transition.

Differentiation of iTSCs
For determination of the differentiation potentials of iTSCs, cells
were plated in gelatin precoated dishes and cultured in TSC
medium without F4H. Samples were fixed for immunostaining or
were collected on days 0, 2, 4, and 6 for further analysis. For DNA
content analysis, cells were dissociated into single cells with 0.25%

trypsin-EDTA (Thermo Fisher Scientific, 25200072), fixed with
75% ethanol overnight, and then incubated with propidium
iodide (50 μg/ml; Sigma-Aldrich, P4170) for 30 min at 37°C.
DNA content analysis was performed on an analyzing flow cytom-
eter (BD Biosciences, LSRFortessa).

Teratoma formation and chimeric assay
For teratoma analysis, approximately 1 × 107 Catip-KO ESCs,
Dyrk1a-KO ESCs, and WT-ESCs were injected subcutaneously
into the limbs of 8-week-old male severe combined immunodefi-
ciency mice independently. Fully formed teratomas were dissected
3 weeks later, fixed in 4% paraformaldehyde, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin for further
analysis.

To obtain GFP-labeled cell lines, we constructed a β-actin–GFP
reporter system. Briefly, the homologous arms of a pax6-GFP donor
vector (19) were replaced with those of β-actin. The β-actin–
sgRNAs were designed using a website (http://crispor.tefor.net/)
and cloned into the pSpCas9n (BB)–2A-GFP backbone (Addgene,
48140). Then, a combination of 3 μg of β-actin–GFP donor vector
and 2 μg of β-actin–sgRNA plasmids was independently cotrans-
fected into 2 × 106 WT-ESCs and Dyrk1a-KO ESCs. E3.5 and
E12.5 chimeric embryos were generated by microinjecting GFP-
labeled WT-ESCs or Dyrk1a-KO ESCs into CD-1 background
four-cell embryos. In E12.5 embryos, the placentas, yolk sacs, and
fetuses were digested into single cells to analyze the percentages of
GFP-positive cells on an analyzing flow cytometer (BD Biosciences,
LSRFortessa).

Generation of blastoids
Blastoids were generated as described previously (40). Briefly,
Dyrk1a-KO, WT-ESCs, and WT-TSCs were cultured in blastoid
medium composed of 25% TSC basal medium (TSC medium
without F4H), 25% N2B27 basal medium (N2B27 medium
without 2i and LIF) (58), and 50% K+ Simplex Optimised
Medium (KSOM) (Millipore, MR-020P-5F) with 2 μM Y-27632
(MCE, HY-10071), FGF4 (12.5 ng/ml; PeproTech, 10031),
heparin (0.5 mg/ml; Millipore, 375095), 3 μM CHIR99021 (MCE,
HY-10182), bone morphogenetic protein 4 (BMP4) (5 ng/ml; Pe-
proTech, 123005ET), and 0.5 μM A83-01 (MCE, HY-10432). A
total of 300 to 500 cells were seeded into one well of a 96-well ultra-
low attachment plate (Corning, 7007) (59). After 5 days, an aggre-
gating structure appeared in each well with many blastocyst-like
structures attached to it (fig. S8C). Thereafter, these blastocyst-like
structures were separated from the original aggregate gently by a
mouth pipette under a stereomicroscope to another well, each of
which would further self-organize to form blastoids. After 1 to 2
days, dozens of blastoids could be observed in a single well (fig.
S8D) and then be manually collected using a mouth pipette for sub-
sequent experiments.

Analysis of RNA-seq data and WGBS
Total RNA was separately extracted from Catip-KO ESCs, Dyrk1a-
KO ESCs, WT-ESCs (60), Catip-KO iTSCs, Dyrk1a-KO iTSCs, and
WT-TSCs and sequenced by a local company (Novogene) to gener-
ate raw data based on PE150. The clean data were used for down-
stream analysis. The reference genome (mm39) and gene model
annotation GTF files were directly downloaded from the USCS
and GENCODE websites. The index of the reference genome was

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Zhang et al., Sci. Adv. 9, eadi5683 (2023) 20 December 2023 10 of 12

http://crispor.tefor.net/
http://crispor.tefor.net/


built, and the paired-end clean reads were aligned to the reference
genome using STAR software (v2.5.3). The read counts were calcu-
lated and output with HTSeq for subsequent analysis. DEG analysis
was performed using the DEseq2 R package. The correlation coef-
ficients were calculated on the basis of the normalized count values
of all genes in each sample. Genes with expression fold changes of
>2 and adjusted P < 0.05 according to the DEseq2 results were used
for GO analysis and volcano plot generation. GSEA (v4.2.4) was
used to determine whether the gene set of 2C, and totipotency
genes was statistically enriched in Dyrk1a-KO ESCs versus WT-
ESCs by RNA-seq data. The normalized enrichment score and
false discovery rate q value were indicated for the relative gene set.

For WGBS analysis, genomic DNAwas separately extracted from
Catip-KO ESCs, Dyrk1a-KO ESCs, WT-ESCs, Catip-KO iTSCs,
Dyrk1a-KO iTSCs, and WT-TSCs and sequenced by a local
company (Novogene) to generate raw data based on Illumina
Novaseq platform. The clean data were aligned to the mm39
genome using bismark. CpG sites with a read depth of <5 were fil-
tered. The resultant bedGraph file was visualized in Itegrative Ge-
nomics Viewer (IGV).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S8
Table S1
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