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EpCAM supports exit from pluripotency of embryonic stem cells

via Eomes
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Epithelial cell adhesion molecule (EpCAM) is a tumor-associated antigen that marks pluripotent embryonic stem cells (ESCs).
Regulation of Epcam expression yields a spatiotemporal patterning during embryogenesis that is thoroughly mimicked in a 3D
model of spontaneous differentiation of embryoid bodies (EBs). Here, we present a role of EpCAM in exit from pluripotency of
murine ESCs (mESCs) to establish cardiomyocytes in EBs. Comparative transcriptomic analysis of wildtype and Epcam-knockout
mESCs at strategic time points of spontaneous differentiation uncovered molecular deficiencies of Epcam-knockout ESCs in “Wnt
signaling” and “Heart development”. Multi-level bioinformatic analyses revealed central lineage-defining transcription factors
Eomes, Foxa2, and Gataé6 as differentially expressed genes (DEGs) that are misregulated in Epcam-knockout mESCs. Gene expression
association of Epcam with Eomes, Foxa2, and Gata6 was prominent at day three of spontaneous differentiation, representing
primitive streak formation in EBs. Interrogation of public single-cell RNA sequencing (scRNAseq) datasets supported a co-expression
of Epcam and Eomes at early stages of murine embryogenesis in epiblast, primitive streak, nascent mesoderm, extraembryonic
ectoderm and endoderm. Newly generated scRNAseq of wildtype mESCs in spontaneous differentiation delineated the formation
of epiblast, primitive streak, endo- and mesoderm cells, and cardiomyocytes. Expression and pseudotime analysis positioned Epcam
expression slightly ahead of Eomes at the transition of early to late primitive streak, along with rising Wnt signaling. Accordingly,
conditional re-expression of Epcam or Eomes but not of Foxa2 or Gata6 complemented differentiation defects of Epcam-knockouts
and confirmed an involvement of Wnt signaling in the EpCAM-dependent activation of Eomes. Hence, defective exit of pluripotency

in Epcam-deficient ESCs is linked to Eomes regulation via Wnt signaling.
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INTRODUCTION
Murine embryonic stem cells (mESCs) are self-renewing and
pluripotent cells that give rise to undifferentiated progeny upon
symmetric division and to ecto-, meso-, and endodermal lineages
following asymmetrical division [1-3]. Central aspects of embryo-
nic development can be thoroughly recapitulated in a manage-
able in vitro 3D model of embryoid bodies (EBs) [4]. Murine EBs
have facilitated the identification of transcriptomic changes
associated with early and late pluripotency, exit from pluripotency,
primitive streak formation, and cell specification within a time
frame of five days [5]. Spontaneous differentiation of EBs in the
absence of any stimulant gives rise to various cell lineages,
prominently mesoderm-derived cardiomyocytes [6, 7].

Epithelial cell adhesion molecule EpCAM is a pan-carcinoma
antigen [8]. that is also expressed on the cell surface of human
and murine pluripotent stem cells, in tumor-initiating cells of

various carcinoma entities [9-11]. and in liver progenitors
including hepatic endoderm [12-14]. Although EpCAM is
commonly regarded as an epithelial marker, EpCAM’s expres-
sion is substantially more intricate, and programmed pattern-
ing occurs along different cell lineages. Single-cell level
analysis of the expression of Epcam during murine gastrulation
uncovered a complex patterning during differentiation. Strict
loss of Epcam gene expression was observed in nascent
mesoderm progenitors whereas endodermal lineages main-
tained high levels of Epcam. Patterning of EpCAM was
confirmed in perinatal mouse embryos, with a selective
expression in cells of the endodermal lineage [14, 15]. Loss-
and gain-of-function of Epcam in mESCs demonstrated a
requirement for a strictly regulated expression across lineages,
as over-expression and knockout of Epcam resulted in faulty
differentiation [15].
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An involvement of Epcam in the regulation of pluripotency and
differentiation was likewise reported for human ESC (hESC) and
induced pluripotent stem cell (iPSC) [16-19]. SCRNAseq analysis of
differentiating human iPSC revealed a predominant expression of
Epcam in pluripotent iPSC, early and late primitive streak, and in
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endodermal derivatives. Pseudotime analysis depicted a fluctuat-
ing expression of Epcam starting with a pronounced presence in
pluripotent cells and primitive streak. In the pseudotime stream,
Epcam expression was substantially reduced in mesodermal
progenitors, early cardiac progenitors, and definitive endoderm.
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Fig. 1 EpCAM expression and impact during spontaneous differentiation of ESCs. A EpCAM expression was analyzed in WT E14TG2a
mESCs by flow cytometry during spontaneous differentiation in embryoid bodies (EBs). Percentages of EpCAM-positive cells (left) and
normalized EpCAM mean fluorescence intensity (EpCAM MFI, right) with SD from n=3 independent measurements are shown. **p-
value < 0.01; ** < 0.001; **** < 0.0001. B WT and EpCAM '~ cells were subjected to spontaneous differentiation in EBs in the absence of LIF.
Contraction rates were quantified from D10 to D14 as mean with SD of n=3 |ndependent experiments. ****p-value < 0.0001; ns: not
significant. C Cardiomyocyte marker a-CAA was quantified by qRT-PCR in WT and EpCAM~~ E14TG2ax over time. Shown are mean with SD of
n=3 independent experlments ****p-value<00001 D E14TG2a EpCAM~/~ ESCs (clones #56 and #114) were stably transfected with
conditional, doxycyclin-responsive vectors expressing EpCAM in fusion with enhanced green fluorescence protein (EGFP). Transgene
expression was induced via doxycycline in 2D-culture and EBs were generated. Upon doxycycline removal, transgene expression was assessed
upon flow cytometry quantification of EpCAM-EGFP. Shown are mean W|th SD from n = 3 independent experiments. *p-value < 0.05, ** < 0.01,
**% £ 0,001, *** < 0.0001. Contraction rates of EBs from WT, EpCAM~~ ESCs (clones #56 and #114), and EpCAM-EGFP re-expression clones at
D14 of spontaneous differentiation are shown as mean with SD from n = 3 independent experiments including at least six EBs per experiment
and treatment. Where indicated, EpCAM~~ ESCs (#56 and #114) re-expression clones were pre-treated with doxycycline (dox). Expression of
“CAA was quantified by gRT-PCR at day 14. Shown are mean with SD from n =3 independent experiments performed in triplicates. p-
value < 0.05, **<0.01, *** <0.001, ****<0.0001. E Scheme of experimental procedure. Wild-type (WT) and Epcam knockout (EpCAM ")
murine E14TG2a were cultured in hanging drops in the absence of LIF. Embryoid bodies (EBs) were cultured for 14 days, and contraction was
quantlﬁed At DO, 3, 7, and 10, 3"-bulk sequencing was performed on quadruplicates. F Principal component analysis (PCA) of WT and
EpCAM "~ cells (clones #56 and #114) at DO, D3, D7, and D10. G Top ten differential gene sets identified upon GSEA using within GSEA-
MSigDB are depicted with normalized enrichment scores (NES) and normalized p-values. Shown are the GSEA from WT versus EpCAM /" cell
clones #56 and #114 at D3. H Contraction rates of EBs from WT and EpCAM ™'~ ESCs (clones #56 and #114) at D10 and D14 of spontaneous
differentiation are shown as mean with SD from n =3 independent experiments including at least six EBs per experiment and treatment
Where indicated, EpCAM ™~ ESCs (clones #56 and #114) were treated with MEK inhibitor (MEKi 1 uM), GSK3p (25 nM), or WAY (50 nM) (C). *
value < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001; ns: not 5|gn|ﬁcant Expre55|on of a-Caa was quantified by qRT-PCR at day 14 of spontaneous

differentiation in the presence or absence of MEK inhibitor in EpCAM ™/

ESCs (clones #56 and #114). Shown are mean with SD from n=3

independent experiments performed in triplicates. *p-value < 0.05, ** < 0.01, *** < 0.001.

Further progression into mesodermal, cardiac, and endothelial
lineages was characterized by complete loss of Epcam, whereas
definitive and hepatic endoderm cells experienced a strong
enhancement of Epcam expression to levels superior to
pluripotent iPSC [14]. In hESC, the intracellular domain EpICD of
EpCAM, which is generated via regulated intramembrane
proteolysis (RIP) of full-length EpCAM [19-21]. binds and
regulates promoters of pluripotency factors Oct3/4, Nanog, Sox,
KLF4, and cMyc [19]. The initial step of RIP of EpCAM sheds a
soluble extracellular domain EpEX that promotes the transcription
of pluripotency genes upon activation of the epidermal growth
factor receptor (EGFR), signal transducer and activator of
transcription 3 (STAT3), and LIN28 [17]. In colorectal [22]. and
head and neck squamous cell carcinoma (HNSCC) [23, 24]. EpEX
functions as an EGFR ligand modulating epithelial-to-
mesenchymal transition (EMT). During mesodermal differentia-
tion of mMESC and after EMT induction in carcinoma cells,
endocytosis and degradation of EpCAM support its gradual loss
at the plasma membrane [25]. Thus, evidence suggests regulatory
functions of EpCAM in stem and carcinoma cell differentiation,
but molecular networks and key regulatory genes remain
insufficiently characterized [26]. Here, EpCAM’s role in mESC
differentiation was interrogated through scRNAseq analysis and a
comparative, temporal transcriptomic analysis of wild-type and
knockout cell lines. We reveal an association of EpCAM with
cardinal lineage-regulatory transcription factors Eomesodermin
(Eomes), Forkhead box A2 (Foxa2), and GATA-binding factor 6
(Gata6), and identify Eomes as important regulator of EpCAM-
dependent cardiomyocyte formation.

RESULTS

Kinetic changes associated with loss of EpCAM in mESC

Cell surface expression of EpCAM was analyzed over time during
spontaneous differentiation of mESC line E14TG2a in EBs. Under
pluripotency conditions, >98% of cells expressed EpCAM to high
levels. At D3 of differentiation, EpCAM expression was homo-
geneously enhanced and gradually declined at D5 and D7 to less
than 10% positive cells (Fig. 1A and Supplementary Fig. 1A, B).
EpCAM was selectively expressed in EBs upon spontaneous
differentiation and was mutually exclusive to cardiomyocyte
marker alpha cardiac actin (a-CAA) (Supplementary Fig. 1C).
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CRISPR-Cas9-generated EpCAM ™/~ single cell clones [15].
Expressed no detectable levels of EpCAM (Supplementary Fig.
1D, E) and were impaired in spontaneously forming contracting
cardiomyocytes (Fig. 1B). This impairment was accompanied by a
loss of a-CAA mRNA induction in knockout clones compared to WT
cells (Fig. 1C) and reduced levels of a-CAA protein without
recognizable patterning (Supplementary Fig. 1F). The phenotype
specificity was confirmed upon conditional re-expression of
EpCAM-EGFP from a doxycycline-inducible promoter in Epcam™~
clones #56 and #114. Expression of EpCAM-EGFP was inducible and
resulted in correct sub-cellular localization at the plasma mem-
brane (Supplementary Fig. 2A, B). Expression analysis further
revealed leakage in clone #56 in the absence of doxycycline.
Leakage in clone #56 led to a 2.26-fold enhanced EpCAM-EGFP
expression compared to clone #114. Doxycycline treatment
induced a strong EpCAM-EGFP expression in 91.2% and 88.7% of
#56 and #114 cells, respectively (Supplementary Fig. 2C, D).
Transgene expression was induced before EB formation and
relieved during spontaneous differentiation to mimic EpCAM’s
gradual loss along differentiation in WT ESCs (Fig. 1D). In knockout
clone #56, EpCAM leakage in absence of doxycycline at the time
point of EB formation complemented cardiomyocyte formation to
50% of WT. Enhanced expression of EpCAM upon doxycycline
addition restored WT contraction rates in clone #56 at D14 (> 90%
of WT). Weak EpCAM leakage in clone #114 had no influence on
contraction rates in absence of doxycycline, whereas EpCAM re-
expression restored contraction to 50% of WT after doxycycline
addition. a-CAA expression levels confirmed contraction rates
observed after EpCAM re-expression in EpCAM ™~ clones (Fig. 1D).
Thus, enhanced expression of EpCAM at early stages of
spontaneous differentiation revealed essential to ensure cardio-
myocyte formation in EBs.

Next, EpCAM’s impact on the transcriptome was addressed using
bulk 3-RNA sequencing (3-RNAseq) across cardinal stages of
spontaneous differentiation (GSE293121). Pluripotent mESCs (DO; in
the presence of LIF) and spontaneously differentiating EBs at D3 of
LIF withdrawal corresponding to genetic changes in association
with primitive streak, and D7 and D10 representing early and late
time points of differentiation were assessed for WT and knockout
mESC lines (Fig. 1E). Principal component analysis (PCA; n = 10,000
most variant genes) showed clustering of biological replicates for
each cell lines and time points (Fig. 1F). Differentially expressed

SPRINGER NATURE



N. Gong et al.

3"-RNAseq f/L B 1.  DEGs 2. Gsea 3. selected
( | & Log2FC>1.0; MSigDB Hallmarks Intersected | |~
—* o ) —b p-value <0.05) gene sets MSigDB | —>  genes
o WT . Pluripotency  Spontaneous =
* EpCAM differentiation WT vs. Ep”-
row min row max row min row max row min row max
= = a
a o
© WT.D3 ~ wrp7 WTD10
d NTiaDg S N114D7 > oo
o LT N56.D3 a N56.D7 N56.D10
TTmMgOa 5 ZImmnmooa
SSBEEEEEEEEE, §52558854949498" HEEEEEE
ot B Ofﬁ_‘g: @ m8< oy B o mg Q= | &
E epiblast (@) ° . @ . - Y . L.
Exe ectoderm- ' . . . [ ] Y ‘ ‘ °
EXE endoderm- [ ] ] ° ° . . o . . @ 2500
Gut: ° . . . . . . . ’ 5000
Nascent mesoderm ° [ ] . [ ) [ ] ° [ ] [ ] . . . . ] [ ) 7500
Primitive Streak @  ® @ o e @ = o (] . . ® 10000
Rostral neurectoderm [ ] B ° . . . ° . . . . 12500
Surface ectoderm ® . 0 ° . .
Visceral endoderm ° . . . . .
Epcam Foxa2 Gata6 Wnt1l Nanog DKkl MesplEomes Sall3 MixIl Uty Fgf8 Fgfl0 Fgf4 Esirb Twistl Cdx2 Handl T
F Epcam/Eomes Epcam/Foxa2 Epcam/Gata6
coexpressed EXE 10 coexpressed Gut 10
Not_VE i
i N 0.8 EXE
g 0.6 &
: :
=) 0.4 =)
0.2 NM
UMAPL 00 UMAP1 00
G * Kk ns ns - WT s ﬁ" *f E E ﬁ : E
400 — —_— — — 50 ns *okk * ns 300 ns % ns ns
FOE T OT e o - T - - - - -
s 307 Eomes - #1143 , | Foxa2 g 200 Gata6
£ 200 § §
5 G 20 5 100
E 100 E 10 §

/

genes (DEGs;

log2FC>1,
between WT and both EpCAM ™~ clones revealed minor transcrip-
tomic differences under pluripotency (DO, n = 36 DEGs). At D3, D7,
and D10, n=58, n=448, and n=309 DEGs were identified,
respectively (Supplementary Fig. 3A and Supplementary Table 1). At

FDR < 0.05) consistently observed
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D5 D7 D5 D7

Foxa2 /Gata6

D3, most DEGs were down-regulated in EpCAM ™~ cells versus WT,
whereas up- and down-regulated DEGs were distributed more
evenly at D7 and D10. Hence, kinetic transcriptomic differences
between WT and EpCAM ™~ ESCs suggested early dysregulation
starting at D3 and amplifying at D7 and D10.
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Fig. 2 Definition of EpCAM-associated functional DEGs in mESC exit from pluripotency. A Schematic representation of the workflow and
three-tiered selection applied to identify functional DEGs (fDEGs) between WT and EpCAM~/~ cells. B-D Heatmaps of functional DEGs at D3,
D7, D10 of spontaneous differentiation identified between WT and EpCAM ™~ cells (clones #56 and #114). E Expression of Epcam and n =18
fDEGs is shown as dot plot graph in the indicated murine lineages. F UMAP representation of co-expression patterns of Epcam with Eomes,
Foxa2, and Gataé, respectively, in lineages of murine development. APS anterior primitive streak, DE definitive endoderm, EXE extraembryonic
endoderm, EXEct: extraembryonic ectoderm, Epi epiblast, G gut, IM intermediate mesoderm, MM mixed mesoderm, NM nascent mesoderm,
NC notochord, PE parietal endoderm, PS primitive streak, VE visceral endoderm. G WT and EpCAM '~ ESCs (clones #56 and #114) were
subjected to spontaneous differentiation in EBs and were analyzed by qRT-PCR at indicated time points for the expression of Eomes, Foxa2,
and Gata6 in independent experiments (n=3). Shown are mean with SD. *p-value <0.05, **<0.01, ***<0.001, ****<0.0001; ns: not
significant. Expression levels are displayed for WT (blue), EpCAM’/’ clones #56 (red) and #114 (green). H Immunofluorescence staining of
EpCAM in combination with Eomes, Foxa2, and Gata6 is shown in wildtype E14TG2a cells at the indicated time points of spontaneous
differentiation in EBs. Shown are representative sections of n =3 independent experiments performed with multiple EBs.

Gene set enrichment analysis (GSEA) using the Molecular
Signature Database (MSigDB) delivered insights in murine
canonical pathways affected by EpCAM. Both EpCAM ™~ clones
used in this study were highly similar regarding transcriptional
differences compared to WT cells with n =117 common gene sets
(Supplementary Fig. 3B, C). Starting from D3 and ongoing, WT cells
were characterized by an up-regulation of the canonical pathways
(CP) “Wnt signaling”, “Heart development”, and “NCAM1 interac-
tions” compared to EpCAM ™~ cell clones (Fig. 1G and Supple-
mentary Fig. 3D). Common down-regulated hallmarks in WT
versus EpCAM ™'~ were “Golgi associated vesicle biogenesis” (DO
and D7), “SRP-dependent cotranslational protein targeting to
membrane” (D3), and “Mitochondrial translation” (D10). Hence,
differences in regulated gene sets between WT and EpCAM '~
cells mirrored functional deficiencies of knockout cells in “Heart
development” and indicated “Wnt signaling” as potentially
involved.

Treatment with Whnt-activating compounds AZD6244 (MEK
inhibitor [27, 28]. CHIR99021 (GSK3p inhibitor), and WAY262611
restored contraction rates in EpCAM /" clones. AZD6244 had the
strongest restoring effect and rescued contraction rates to 50.9%
and 56.4% of WT cells in EpCAM ™~ clones #56 and #114,
respectively. CHIR99021 and WAY262611 recovered 36.6%/33.8%
and 26%/31.9% of the WT contraction rate in EpCAM ™~ clones
(Fig. TH). Based on the superior complementation of the EpCAM
knockout phenotype by MEKi, we interrogated the levels of a-CAA
following treatment and show a significant up-regulation (Fig. TH).
Notably, Wnt signaling was required in the early phase of EB
differentiation from DO to D6, whereas a permanent activation
throughout the differentiation period was ineffective. Thus,
EpCAM-related defects in exit from pluripotency and differentia-
tion are associated with disturbance of Wnt activation in the early
phase of ESC differentiation.

Identification of functional DEGs

Next, we sought to identify genes involved in EpCAM-dependent
processes of mESC differentiation with particular focus on
cardiomyocyte development, which we termed functional DEGs
(fDEGS). For this purpose, a three-tiered selection was conducted
on our bulk transcriptomic dataset. Tier 1: DEGs with a Log
2FC> 1.0 and FDR < 0.05 were identified between WT and both
KOs. Tier 2: Significantly activated or suppressed hallmarks of the
molecular signature database (MSigDB) were defined by GSEA
comparing WT cells with both KO clones. Tier 3: DEGs from Tier 1
that contribute to selected hallmarks relevant to cardiomyocyte
formation were extracted independently of significant changes in
the corresponding hallmarks. Here we concentrated on “Pluripo-
tency”, “Stem cell differentiation”, “Mesoendodermal differentia-
tion”, “Mesoderm differentiation”, “Endoderm differentiation”,
“Ectoderm differentiation”, “Heart development”, “Cardiac con-
traction”, and “WNT signaling”. Functional DEGs are the intersec-
tion of genes across tiers, ensuring they represent DEGs
contributing to gene networks relevant to the phenotype of
EpCAM knockouts (see scheme in Fig. 2A).

Cell Death and Disease (2026)17:389

Under pluripotency conditions, central regulators of “Stem cell
differentiation” and germ layer definition such as Gata6, Nanog, Stat3,
Esrrb, and Foxa2 were determined in the GSEA/hallmark intersect
(Supplementary Fig. 4A). Expression of coding and non-coding
transcripts related to primitive streak formation have been reported
at D3 of spontaneous differentiation in EBs [5]. Shortly thereafter
(D3.5) initiation of patterning of EpCAM expression occurs, which was
associated with a complete loss of expression in mesodermal cells
and retention in endodermal cells [15]. At D3, transcription factor (TF)
Foxa2 was determined as fDEG enriched in “Mesoendodermal
differentiation” and “Heart development” (triple-intersected). TF Gata6
was a triple-intersected fDEG identified in “Pluripotency”, “Stem cell
differentiation”, “Endoderm differentiation”, and “Heart development”
(Fig. 2B and Supplementary Fig. 4B). Foxa2, Gata6, and Wnt11 were
DEGs identified in the GSEA, and Mespl, a central regulator of
cardiomyocyte formation, and DKKT1, a negative regulator of Wnt
signaling, were identified as DEGs involved in “Mesoderm differentia-
tion” and “Endoderm differentiation” (double-intersected). Further
prominent regulators of differentiation included T (Brachyury), Eomes,
and MixI1 (Fig. 2B and Supplementary Fig. 4B). Specifically assessing
“Heart development” and “Cardiac contraction” hallmarks at this early
time point of spontaneous differentiation, fibroblast growth factor 8
and 10 (Fgf8, Fgf10) and the ubiquitously transcribed tetratricopeptide
repeat containing, Y-linked protein Uty were identified as DEGs. All
DEGs at D3 were repressed in EpCAM~~ clones except cyclin-
dependent kinase inhibitor Cdkn2a, suggesting a lack of induction of
central lineage regulators in combination with an induction of cell
cycle inhibitors in EpCAM KOs (Fig. 2B and Supplementary Fig. 4B).

At D7 and D10, a total of n=15 and n=7 triple-intersected
genes, respectively, were identified; four of which were shared
between both differentiation time points, i.e,, Esrrb, Fbxo15, Fgf4,
and Nanog. fDEGs included pluripotency genes and central
regulators of differentiation such as Nanog, Twistl, Foxa2, and
KIf5. Collagen V alpha sub-units Col5al, Col5a2, the endodermal
switch Foxa2 at D7, caudal-type homeobox protein 2 (Cdx2) and
heart- and neural crest derivatives-expressed protein 1 (Hand1) at
D10, were enhanced in WT cells, whereas all other functional DEGs
showed an enhanced expression in both EpCAM ™~ clones (Fig.
2C, D and Supplementary Fig. 4C, D). Cdx2 is a TF expressed in
intestinal epithelial cells that is relevant to the differentiation and
maintenance of intestinal lining. Hand1 is a TF with an ill-
understood role in cardiac morphogenesis. Thus, late time points
of spontaneous differentiation in the absence of EpCAM were
characterized by a reduced expression of TFs Foxa2, Cdx2, and
Hand1, and the retention of pluripotency factors (Nanog, Kif5),
indicating a defect in pluripotency exit.

Single cell resolution of EpCAM-associated DEG expression in
embryogenesis

Temporal and cell-specific expression of Epcam and associated
fDEGs was investigated in murine embryogenesis in public sScRNA-
seq datasets covering post-gestation days E3.5-E6.75 and E6.5-
E8.5, respectively [29, 30]. This approach was chosen to
interrogate physiological relevance and co-expression patterns
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of EpCAM and fDEGs at single-cell resolution during murine in vivo
embryogenesis.

At early pre-gastrulation time point E3.5, Epcam was strongly
expressed, showed transient decrease at E4.5, and reinforced
expression at E5.5, E6.5, and E6.75 (Supplementary Fig. 5A). Eomes
was expressed in few cells at early time points E3.5-5.5 and was
more strongly and frequently expressed in cells at days E6.5 and
E6.75. Foxa2 was not expressed at E3.5 and E5.5, showed a weak
expression at E4.5, and strongest expression at E6.5/E6.75. Gata6
was expressed in selected cells at E3.5 and E4.5, and very weakly
at E6.5 (Supplementary Fig. 5A). Correlations of expression of
fDEGs with Epcam are depicted in Supplementary Fig. 5B.
Pluripotent and epiblast cells were mapped to gestation days
and the expression of Epcam and functional DEGs was analyzed.
Epcam was expressed in pluripotent cells, most strongly at E3.5,
and in the epiblast at E5.5 and 6.5, and showed considerable
overlap with Eomes, which was additionally expressed at E4.5 in
pluripotent cells. Foxa2 was primarily expressed in pluripotent
cells at E4.5, in pluripotent and epiblast cells E6.5, and showed
overlap with Epcam. Gata6 was expressed in pluripotent cells at
E3.5, E4.5, and E6.5, showing overlap with Epcam (Supplementary
Fig. 5Q).

The expression of Epcam and fDEGs was analyzed at later
gestation days E6.5-E8.5 [29] (Supplementary Fig. 6A for detailed
expression profiles and kinetics). Numbers of cells expressing
Epcam, Eomes, Fgf8, and T showed a sharp increase at gestation
day E7.5, starting as co-expression of Epcam with Eomes and Fgf8
at E7.0-7.25 (Supplementary Fig. 6B-D). Epcam was most
frequently expressed in the epiblast, extraembyonic ecto- and
endoderm, primitive streak, rostral neuroectoderm, and in fewer
cells of the gut, nascent mesoderm, surface ectodem, and visceral
endoderm (Fig. 2E). Co-expression of Epcam with Eomes, Foxa2,
and/or Gata6é was predominant in (anterior) primitive streak, and
endodermal tissue. Specifically, co-expression of Epcam with
Eomes occurred in the epiblast, (anterior) primitive streak,
extraembryonic ectoderm, nascent mesoderm, extraembryonic
ectoderm, and visceral endoderm. (Fig. 2F). This timely association
of Epcam expression with Eomes, Foxa2, and Gata6 (Fig. 2G), and
with Dkk1, Fgf8, Fgf10, Mesp1, MixI1, T, and Wnt11 was confirmed
at D3 of spontaneous differentiation in EBs of WT but not of
EpCAM ™~ clones (Supplementary Fig. 7). Immunofluorescence
staining of WT cells demonstrated a co-expression of EpCAM with
Eomes and Foxa2 in single cells at D3 and a selective Gata6
expression in the absence of EpCAM at D7 (Fig. 2H).

To decipher cross-species associations of Epcam with central
genes in embryonic differentiation, we assessed expression
patterns in the landscape of human gastrulation in the public
dataset GSE155121 [31]. Carnegie stages 12-16 of human
embryonic development, representing post-fertilization age 29-
31 days to day 39, were examined for the expression of fDEGs
(Supplementary Fig. 8A). Epcam expression was observed at
CS12, CS13-14, and (CS15-16, and primarily in epithelium,
epidermis, and endoderm. Except for Fgf4, ESRRB, Nanog, and
TBXT, which were expressed in only very few cells, all other fDEGs
showed spatiotemporally defined expression patterns (Supple-
mentary Fig. 8A). Epcam was co-expressed with Foxa2, Gatasé,
and Dkk1 in single endodermal cells. In the epidermis, co-
expression was seen with Stat3, Fgf8, and Twist1, whereas neural
progenitors co-expressed Epcam and Foxa2, Sall3, Fgf8, and
Twist1. In somites and spanchnic lateral plate mesoderm (LPM),
Epcam was co-expressed with Gata6, Dkk1, Sall3, and Twist1
(Supplementary Fig. 8B). Similarly to murine embryonic devel-
opment, Epcam was expressed in high numbers of single cells
(Supplementary Fig. 8C), and strongest co-expression at the level
of single cell numbers was seen with Gata6, Foxa2, Dkk1, and
Fgf8 (Supplementary Fig. 8D, E). Co-expression with Eomes could
not be addressed based on low numbers of positive cells at these
developmental stages. Co-expression of Epcam and Foxa2
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occurred in epidermis, epithelium, endoderm, and in few neural
(progenitor) single cells. Co-expression with Gata6 was less
confined and observed in splanchnic LPM, endoderm, and
endothelium. The expression of Epcam, Foxa2, and Gata6
occurred specifically in epidermis, epithelium, and endoderm.
Furthermore, co-expression of Epcam with Dkk1, Stat3, and Fgf8
was seen in endoderm, epidermis, epithelium, and neural cells
(Supplementary Fig. 8F).

scRNAseq analysis of mESC in spontaneous differentiation
Next, we resolved gene (co)-expression patterns at single cell-level
during spontaneous differentiation of E14TG2a EBs. scRNAseq
analysis yielded transcriptomes from n=8,594, n=11,243, and
n=28,248 cells at D3, 5, and 7, respectively (GSE318465). Gene
expression-based clustering of single cells revealed segregated
clusters at D3, D5, and D7, with increasing sub-clustering over
time (Fig. 3A). Marker gene-based cell annotation defined epiblast,
formative epiblast, and early primitive streak at D3, late primitive
streak, extraembryonic mesoderm, early paraxial mesoderm, and
endoderm at D5, and mesenchyme, endoderm, and cardiomyo-
cytes at D7 (Fig. 3A and Supplementary Fig. 9A).

Epcam was expressed in the epiblast, formative epiblast, early
primitive streak, late primitive streak, and endoderm. fDEG
estrogen-related receptor beta (Esrrb) encodes a self-renewal
and pluripotency-associated nuclear receptor co-expressed with
Epcam in epiblast cells. Epcam was further co-expressed with
pluripotency gene Nanog in epiblast, formative epiblast, early
primitive streak and selected late primitive streak cells. In the
latter, Epcam and Nanog were co-detected with Brachyury, Mesp]1,
and Gata6. Upon further differentiation to mesodermal cells,
Brachyury and Mesp1 were silenced, while Hand1 was strongly
induced. The expression of Epcam in endodermal cells was
accompanied by Wnt signaling inhibitor Dkk1 in selected cells and
by central endodermal reprogramming transcription factor Foxa2
(Fig. 3B). Co-expression at single cell level was consistently
observed between Epcam, Nanog, Eomes, and Foxa2, while Epcam
and Gata6 showed exclusive expression patterns (Fig. 3C, D). The
expression of Epcam and all fDEGs across D3, 5, and 7
demonstrated further association of Epcam with Fgf8, Fgf4, Nanog,
Uty, Eomes, and Sall3 at D3. Later stages of differentiation (i.e. D5
and 7) were characterized by loss of Epcam and expression of
Gata6, Twist1, and Hand1 (Fig. 3E and Supplementary Fig. 9B, C).

Insights in signaling functions associated with fDEGs and
cellular lineages were obtained upon correlation with PROGENy
activity scores. Epcam and fDEGs expressed at early stage D3 were
generally associated with stronger pathway activity scores than
fDEGs expressed at later time points. Epcam, Nanog, and Eomes
particularly strongly correlated with EGFR, MAPK, and VEGF
signaling (Fig. 4A, left panel). These associations were corrobo-
rated by high positive correlations of Epcam/Nanog/Eomes™'9" cells
of the epiblast and primitive streak with EGFR, MAPK, VEGF
activities (Fig. 4A, right panel). Further differentiated cells of
mesodermal and endodermal lineage were characterized by a
sharp downregulation of these signaling pathways, and the
induction of alternative pathways including NFkB, TNFa, TGFp,
p53, hypoxia, and Trail signaling. Increasing Wnt signaling was
observed starting in late primitive streak cells and increased
towards cardiomyocytes (Fig. 4A, right panel). Hence, Epcam,
Nanog, and Eomes associated with elevated EGFR, MAPK, and
VEGF activities in early mESC differentiation, and with the onset of
Whnt signaling in late primitive streak.

Pseudotime trajectories of differentiating mESCs were inferred
using scTour and Diffusion Pseudotime (DPT) with epiblast as root
cells. While scTour infers time as a latent variable, DPT models
diffusion-based cellular transitions from root cells [32, 33]. ScTour
demonstrated the derivation of Epcam™9" formative epiblast from
epiblast cells, which further progressed into early and late
primitive streak. Primitive streak cells separated to form
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Fig. 3 scRNAseq analysis of mESC in spontaneous differentiation. A WT E14TG2a mESCs were subjected to spontaneous differentiation in
EBs for three, five, and seven days and were analyzed by scRNAseq. Shown are uniform manifold approximation and projections (UMAP) of
the differentiation days (upper left) and cell types (right) with proportions of cell types over time (lowe left). B UMAPs of Epcam and the
indicated functional DEGs expressed over time in WT E14TG2a mESCs. C, D Co-expression of Epcam with Nanog, Eomes, Gata6, and Foxa2 is
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fDEGs (n = 18) is shown in violin plots over time (D3, 5, and 7).
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streak stage (Fig. 4C). Gene expression profiles along the DPT-

and Epcam™®" endoderm. Mesodermal lineages progressed into
mesenchyme and, ultimately, cardiomyocytes (Fig. 4B). DPT
analysis confirmed the sequence of lineage formation and
segregation of meso- and endodermal progeny at the primitive

Cell Death and Disease (2026)17:389

based pseudotime stream revealed strong expression of Epcam,
Nanog, and Eomes in epiblast and primitive streak, with elevated
Eomes in late primitive streak that was accompanied by
consistently increasing Wnt signaling. The latter signal was further
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Fig. 5 Temporal re-expression of Eomes complements knockout defects in 3D spontaneous differentiation. A E14TG2x EpCAM ™/~ mESCs
(clones #56 and #114) were stably transfected with conditional, doxycyclin-responsive vectors for Fomes, Foxa2, and Gata6 in fusion with
enhanced green fluorescence protein (EGFP). Transgene expression was induced via doxycyclin in 2D-culture and EBs were generated. Upon
doxycycline removal, transgene expression was assessed upon flow cytometry quantification of EGFP. Shown are mean with SD from n=3
independent experiments. *p-value < 0.05, ** < 0.01, *** < 0.001, **** <0.0001. B, D, E Contraction rates of EBs from WT, EpCAM '~ ESCs
(clones #56 and #114), and Eomes (B), and Foxa2 (D) and Gataé6 (E) re-expression clones at D14 of spontaneous differentiation are shown as
mean with SD from n = 3 independent experiments including at least six EBs per experiment and treatment. Where indicated, EpCAM ™~ ESCs
(#56 and #114) re-expression clones were pre-treated with doxycycline (dox). C Expression of a-CAA was quantified by gRT-PCR at day 14 of
spontaneous differentiation in EpCAM ™'~ ESCs upon conditional re-expression of Eomes. Shown are mean with SD from n = 3 independent
experiments performed in triplicates. *p-value < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. F, G Eomes expression was quantified by qRT-PCR at
day seven of spontaneous differentiation in EpCAM ™'~ ESCs (clones #56 and #114) treated with Mek inhibitor (Meki) (F) and in sub-clones re-
expressing Epcam (G). Shown are mean with SD from n =3 independent experiments performed in triplicates. *p-value < 0.05, ** < 0.01,

*** £0.001, n.s. not significant.

enhanced in early mesodermal progenitors and decreased in
more differentiated mesenchymal cells and cardiomyocytes, in
which the expression of Gata6 was prominent (Fig. 4D).

Hence, scRNAseq analysis confirmed Epcam expression in early
cells of spontaneously differentiating mESC and an overlapping
pattern with Eomes and Nanog in epiblast and primitive streak. The
data further suggest a critical function of Epcam during segregation
of meso- and endodermal cells in the primitive streak, which is
accompanied by increased Wnt signaling and sharp Eomes induction.

Reconstitution of Eomes expression complements EpCAM
deficiency

Defective cardiomyocyte formation in Epcam knockout mESCs
may originate from a malformation of early primitive streak cells or
a reduction of endodermal cells required for instructing cardio-
myocytic mesodermal precursors [34]. Early co-expression of
Epcam with Eomes and Gata6 in late primitive streak and with
Foxa2 in endoderm prompted us to interrogate the capacity of
these selected genes to rescue the phenotype of EpCAM ™/~
clones. Eomes, Gata6, and Foxa2 were individually re-expressed as
EGFP fusions in EpCAM ™/~ clones #56 and #114 using
doxycycline-responsive expression vectors. Gene expression was
induced before EB formation and relieved during spontaneous
differentiation to mimic expression patterns observed in WT ESCs.
Expression of all transgenes was inducible and resulted in correct
sub-cellular localizations (Supplementary Fig. 10A, B). Quantifica-
tion of EGFP-fusions by flow cytometry confirmed the inducibility
of transgenes and revealed leakage of Fomes, and Gata6 to
varying degree, with clone #56 showing stronger Eomes leakage
than clone #114 (Supplementary Fig. 11).

In both EpCAM '~ clones, Eomes-EGFP, Foxa2-EGFP, and Gata6-
EGFP expression was gradually lost with differentiation (Fig. 5A). In
knockout clone #56, Eomes-EGFP leakage in the absence of
doxycycline at the time point of EB formation complemented
cardiomyocyte formation to 47% of WT. Enhanced expression of
Eomes-EGFP upon doxycycline addition greatly restored WT
concentration rates in clone #56 at D14 (77% of WT). Weak
Eomes-EGFP leakage in clone #114 did not influence contraction
rates in the absence of doxycycline but was restorable to 62% of
WT after doxycycline-mediated induction (Fig. 5B). a-CAA expres-
sion levels were used as a molecular surrogate for the observed
functional complementation and confirmed contraction rates
observed after Eomes-EGFP re-expression in EpCAM ™'~ clones
(Fig. 5C). Single Foxa2-EGFP re-expression complemented cardi-
omyocyte formation only in EpCAM™~ clone #56 but not #114,
and single Gatab6 re-expression had no measurable effects on the
contraction of any EpCAM ™~ clone (Fig. 5D, E). Consequently,
selective re-expression of Eomes was observed after MEK
inhibition and EpCAM re-expression (Fig. 5F, G). Thus, Epcam
and Fomes re-expression in EpCAM ™/~ clones complemented the
deficiency in exit of pluripotency and spontaneous differentiation
to cardiomyocytes.
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Epcam induces Eomes transcription during differentiation
Eomes is a T-box TF orchestrating exit from pluripotency and lineage
specification towards mesoderm and definitive endoderm. Thereby,
Eomes represents a central regulator of early embryonic development
that links early developmental signaling to germ layer specification
[35]. We aimed at understanding underlying regulatory mechanisms
of Eomes as a key mediator of Epcam-dependent effects on
differentiation. We focused on Wnt signaling that was affected by
Epcam knockout and sharply increased at the transition from early to
late primitive streak cells in scRNAseq data. To interrogate regulatory
effects of Wnt signaling and EpCAM on Fomes transcription, EpCAM ™~
~ clone #114 bearing a conditional Epcam-EGFP expression plasmid
was stably transfected with a reporter plasmid consisting of the Fomes
promoter driving the expression of mCherry as detectable marker.
The resulting cell line was subjected to 2D spontaneous differentia-
tion via LIF withdrawal and was monitored by flow cytometry using
forward scatters of area and height (FSC-A vs. FSC-H). Differentiation
resulted in characteristic morphological changes including elongated,
spindle-shaped cells and in the reduction of pluripotency markers
Nanog and Oct3/4 (Fig. 6A, B). Over time, proportions of differentiated
cells increased along with mCherry-positive cells reflecting Eomes
promoter activity (Fig. 6C, D). mCherry-positive cells represented
16.99% of all cells at day 4 and 85% were allocated to differentiated
cells (Fig. 6D). The influence of Wnt signaling on differentiation and
Eomes transcription was tested using Wnt activator CHIR99021. Wnt
activation promoted mESC differentiation, affecting 40.61% of cells
versus 3.96% in the absence of CHIR99021 (Fig. 6E). Eomes promoter
activity was induced in parallel to cell differentiation with 10.24% of
total positive cells and 78.9% of expression in differentiated cells (Fig.
6F, Supplementary Fig. 12).

Next, EpCAM-EGFP expression was induced via doxycycline in
EpCAM ™~ clone #114 equipped with an Eomes-mCherry reporter
without LIF for 24 h in the absence and presence of Wnt inhibitor
XAV939 (Fig. 7A). Following a measurable induction of EpCAM-EGFP
expression at day 1, EpCAM-EGFP was lost over time and was not
influenced by XAV939 (Fig. 7B). No significant differences in
pluripotent versus differentiated cell percentages were observed at
day 1 based on treatment (average range of 6.30-6.62% of
differentiated cells) (Fig. 7C) and the Eomes promoter was inactive
(Supplementary Fig. 13A, B). Spontaneous differentiation of
EpCAM ™ clone #114 in any cell lineage was increased at D4 to
an average 154% and was further supported by EpCAM-EGFP re-
expression (20.33%). XAV939 had no additional effect, yielding
proportions of differentiated cells comparable to doxycycline-treated
samples (20.86%) (Fig. 7C). Specifically monitoring Eomes promoter
activity revealed a significant up-regulation upon re-expression of
EpCAM-EGFP in pluripotent and, more pronouncedly, in differen-
tiated cells (33.4% positive cells). EpCAM-induced upregulation of
the Eomes promoter was partially counteracted upon Wnt inhibition
and was reduced to 25% (Fig. 7D, Supplementary Fig. 13C, D). We
conclude that re-expression of EpCAM in ESC re-activated Eomes
transcription, partially via Wnt-dependent pathways.
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DISCUSSION

During embryonic development, mesodermal lineages efficiently
suppress Epcam expression at the onset of gastrulation in the
primitive streak, while endodermal lineages express EpCAM [14,
15, 36]. Mechanisms involved in this selective expression were
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partly uncovered in hESCs, where EpCAM~/CD56" early mesoder-
mal progenitors are the foundation of all subsequent mesodermal
lineages [36]. Oppositely, B-cell receptor-associated protein 31
BAP31 colocalized with and up-held EpCAM expression along with
a state of proliferation and repression of differentiation of hESCs
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Fig. 6

Influence of Wnt signaling on differentiation and Eomes promoter activity. A E14TG2a EpCAM—/— ESC clone #114 was stably

transfected with a conditional Epcam expression vector and an Eomes promoter-reporter plasmid expressing mCherry fluorescence protein.
ESCs were subjected to 2D spontaneous differentiation via LIF withdrawal. Micrographs of E14TG2a EpCAM—/— ESC morphology) in the
presence (pluripotent) and absence (differentiated) of LIF in 2D culture are shown. B Pluripotent (Pluri) and differentiated (Diff) mESC were
enriched by FACS and the expression of Nanog, Oct3/4, and Sox2 was analyzed by gqRT-PCR. Shown are mean and SD of n = 3 independent
experiments performed in triplicates (** <0.01). C Proportions of pluripotent and differentiated cells are shown as pie charts with mean
percentages of cells in pluripotency, differentiation, and in an undefined state from n =3 independent experiments at DO, 1, and 4 of
differentiation in 2D. D Quantification of Eomes promoter activity as mCherry-positive cells and mean fluorescence intensity in pluripotent and
differentiated E14TG20c EpCAM—/— cells at D4 from n =3 independent experiments. Shown are mean with SD. *p-value < 0.05, ** < 0.01,
**¥ £0.001, **** <0.0001. E E14TG2a EpCAM—/— ESCs harboring a conditional Epcam expression vector and an Eomes promoter-reporter
expressing mCherry were subjected to 2D spontaneous differentiation via LIF withdrawal in the presence or absence of Wnt activator
CHIR99021 (CHIR). Differentiation was assessed by flow cytometry using forward scatters of area and height (FSC-A vs. FSC-H). and proportions
of cells are given as pie charts (n = 3 independent experiments. F Quantification of Eomes promoter activity as percentage of mCherry-positive
cells and mean fluorescence intensity in control- and CHIR99021-treated cells (CHIR- and CHIR +) from n =3 independent experiments.
Shown are mean with SD. One-way ANOVA with post-hoc multiple comparisons: p-value ** < 0.01, *** < 0.001, **** < 0.0001.

[371. In concordance with our present findings, human iPSC down-
regulate EpCAM expression after primitive streak induction at the
bifurcation between endo- and mesodermal lineages, resulting in
EpCAM-positive endoderm and EpCAM-negative mesoderm [14].
Mechanistically, Epcam gene repression was attributed to histone
modifications, primarily trimethylation of lysine 27 in the promoter
region by chromatin remodelers SUZ12 and JMJD3 [19]. The
reduction of EpCAM protein during murine guided mesodermal
ESC differentiation and in human carcinoma cells undergoing EMT
is mediated by enhanced endocytosis and reduced membrane
recycling via binding to differential Rab proteins [25]. Hence,
regulatory mechanisms are implemented at various levels
governing EpCAM expression and in multiple species including
human, murine, porcine, xenopus, and zebrafish cells
[9, 10, 15, 21, 26, 38-43].

Downstream effects of EpCAM in differentiation are less well
understood. Early studies in mESCs suggested a linkage of EpCAM
to the expression of c-Myc, Sox2, Oct-4, and Stat3, a reduction of
proliferation and the induction of endo- and mesodermal markers
upon silencing of EpCAM [9, 10]. The binding of the intracellular
signaling domain of EpCAM (EpICD) to regulatory DNA elements
of c-Myc, Oct-4, Nanog, Sox2, and KIf4 is enhanced under
pluripotency and is gradually lost during differentiation of human
ESCs [19]. In the present study, effects of a genetic knockout of
EpCAM under pluripotency conditions were minor and did not
support a major function in maintenance of pluripotency, except
for a down-regulation of c-Myc. Activation of LIF receptor under
pluripotency conditions induces Stat3, which plays a central role in
maintenance of pluripotency by activating Nanog expression and
by transcriptional cooperation with Nanog, Sox2, and Oct4
[44-46]. It is conceivable that such regulatory circuit overpowers
EpCAM-mediated effects under pluripotency conditions and
therefore masks effects of the genetic loss of Epcam (Fig. 8).

Augmented temporal resolution of transcriptomic changes in
mESC differentiation revealed three major phases. Early and late
pluripotency occur within the initial 24-48 h of differentiation in
EBs, respectively, and are followed by molecular features of
primitive streak formation (72 h) and subsequent cell specializa-
tion (96 h and beyond) [5]. Our time-resolved bulk and scRNA
sequencing analyses demonstrated a role of Epcam in exit from
pluripotency and progression of cell differentiation via linkage to
several key transcription factors, receptors, and ligands. Exit from
pluripotency was accompanied by an initial increase in Epcam
expression, followed by a sharp loss, reminiscent of human iPSCs
[14]. Primitive streak formation at 72 h is characterized by an
upregulation of Eomes, Brachyury (T), Mixl1, and Evx1, coinciding
with peaking co-expression of Epcam. Upon LIF withdrawal,
effects of increased EpCAM on Wnt signaling may become
relevant in the repression of key stemness genes such as Nanog
and the induction of differentiation-regulating transcription
factors (Fig. 8). In Zebrafish EpCAM serves as a scavenger for
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Kremen1-DKK2 to de-repress Wnt signaling in liver progenitors
[47]. thus supporting its role in the hepatic endodermal lineage
[14] via Wnt regulation. EpCAM interaction with Kremen1 and
DKKs may further impact on ESC survival via Wnt-independent
mechanisms, since Kremenl reportedly acts as apoptosis-
inducing receptor [48].

Expression of key primitive streak formation and gastrulation
transcription factors Brachyury, Eomes, Mixl1, and Twist1, as well as
of central regulators of cell fate (Nanog, Dkk1, Foxa2, Gata6, Hand1,
Mesp1, and Sall3) was significantly reduced in EpCAM™~ ESC.
Thus, loss of EpCAM was prominently linked to a concurrent lack
of induction of numerous transcriptional regulators of primitive
streak formation such as Eomes, Brachyury, Mixl1 [49-53]. endo-
and mesoderm (Foxa2, Gata6) [54, 55]. and cardiomyocytic
differentiation (Mesp1) [56, 57]. scRNAseq analysis of wildtype
mESC corroborated such a role of Epcam in the regulation of
Eomes at the transition of early to late primitive streak via Wnt
activation. Pseudotime analysis of differentiating mESCs validated
the postulated Epcam/Wnt/Eomes axis in cardiomyocyte formation
at single cell-level and its implication in gastrulation. The
reduction of markers for cardiomyocyte formation such as a-Caa
in Epcam™™ cells most likely represents a downstream conse-
quence of the impairment of this Epcam/Wnt/Eomes axis. Eomes is
a pivotal regulator of early mesoderm and cardiac progenitor
formation and operates upstream of the cardiogenic cascade
comprising Eomes, Mesp1, Mixl1, Nkx2-5, and sarcomeric genes
including a-Caa [35, 53, 58]. Consistent with this framework, loss of
Epcam lowers Eomes, which attenuates the activation of the
Mesp1/MixIT module and the subsequent Nkx2-5-dependent
program, ultimately resulting in decreased expression of cardiac
structural genes such as a-Caa.

The lack of TF induction in Epcam™" clones was paralleled by
increased expression of cycline-dependent kinase inhibitor
Cdkn2a that encodes cell cycle inhibitors p16(INK4A) and
p14(ARF). p16-dependent senescence was demonstrated to limit
cellular plasticity during the generation of induced pluripotent
stem cells and totipotent cells [59, 60]. Hence, Cdkn2a upregula-
tion may further reduce exit of pluripotency and limit differentia-
tion observed in EpCAM ™/~ mESC.

Conditional expression of EpCAM complemented defects in
cardiomyocyte formation, provided it mimicked its natural
expression dynamic of a strong initial expression followed by
sharp loss. Re-expression of EpCAM restored Eomes expression
and the contraction capacity of EBs close to wildtype levels. Co-
expression of Epcam and Eomes in early stages of murine
embryogenesis and at early stages of spontaneous differentiation
in EBs corroborated an interdependency of both genes at single-
cell level and in an inferred pseudotime stream of differentiation.
Whnt activators and inhibitors provided further evidence for a role
of Wnt signaling in the induction of differentiation, EpCAM-
mediated Eomes transactivation, and cardiomyocyte formation.

/
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These findings are in line with a reported function of Wnt-
mediated Eomes regulation during cardiac induction in hESCs,
which follows a dynamic expression during ESC differentiation
comparable to Epcam. Wnt-driven Eomes expression is initially
required to suppress the mesoderm repressor Sox2 and initiate
mesoderm formation. Thereafter, inhibition of Wnt activity is
primordial to allow further lineage specification to cardiomyocytes
through the restriction of cardiac repressors Msx1 and Cdx2 [61].
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Consequently, Epcam ™'~ ESC showed enhanced Cdx2 expression

at later time points of spontaneous differentiation (D7), supporting
the model of an Epcam/Wnt/Eomes-axis promoting mESC differ-
entiation to cardiomyocytes. Accordingly, the knockout of Epcam
recapitulates an Eomes deletion. ESCs harboring an Eomes deletion
retain their characteristic morphology, express pluripotency
markers Nanog, Oct4/4, and Sox2, but fail to form mesodermal
progeny and are incapable of generating cardiac mesoderm and
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Fig. 7 Epcam influence on Eomes expression. A E14TG2u Epcam '~ ESCs (clone #114) harboring a conditional EpCAM-EGFP expression
vector and an EFomes promoter-reporter expressing mCherry were subjected to 2D spontaneous differentiation via LIF withdrawal in the
presence or absence of doxycycline for 24 h to induce EpCAM-EGFP expression and of Wnt inhibitor XAV939. B EpCAM-EGFP expression was
monitored by flow cytometry at D1 and 4. Shown are representative histograms from n =3 independent experiments with cells without
doxycycline (gray line), with doxycycline for 24 h (light green), and with doxycycline and XAV939 (dark green). C E14TG2a Epcam '~ ESCs
differentiation was assessed by flow cytometry using forward scatters of area and height (FSC-A vs. FSC-H) at D1 and 4 from n=3
independent experiments. Proportions of pluripotent and differentiated cells are given as pie charts. D mCherry expression was assessed by
flow cytometry in pluripotent and differentiated ESCs. Quantification of Eomes promoter activity as mCherry-positive cells (left) and mean
fluorescence intensity (right) in pluripotent and differentiated E14TG20 EpCAM ™'~ ESCs (clone #114) from n = 3 independent experiments.
Dox-: control without doxycycline, Dox + : doxycycline treatment (24 h), Dox+ XAV939: doxycycline and XAV939 treatment (24 h). Shown are

r{nean with SD. One-way ANOVA with post-hoc multiple comparisons: *p-value < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.

definitive endoderm [53, 58]. Hence, lack of Epcam and Eomes,
both, negatively impact on the ability of ESCs to exit pluripotency.

Effects of EpCAM on differentiation via additional signaling
pathways is likely, given the broad range of reported activities of
EpCAM. Particularly, a regulation of the MAPK/Erk1/2 pathway by
EpCAM has been demonstrated in tumors and in stem cells
[18, 22, 23, 62, 63]. It is therefore worth mentioning that, despite
clear reports of Wnt activation via MEK inhibitors [27, 28], a
contribution of Erk1/2 to the complementation of EpCAM ™~ ESC
cannot be excluded. Such scenario suggests potential relationships
between the newly identified Epcam/Wnt/Eomes axis and additional
EpCAM-dependent cellular signals (reviewed in [26]). Association of
Epcam and fDEGs with elevated EGFR and MAPK signaling at stages
of primitive streak formation is in line with the proposed role of EpEX
in inducing EGFR signaling in iPSCs [17, 18]. Further EpCAM-
dependent regulatory mechanisms comprise signaling pathways
involving RIP of EpCAM, interaction with embryonic Ras (ERas),
E-cadherin and claudins [15, 17-19, 21, 42, 47]. Both RIP products and
ERas-mediated signaling may therefore be instrumental in the Epcam/
Wnt/Eomes axis and correlated PROGENy pathways.

In summary, we provide to our knowledge the first evidence for
a function of EpCAM in exit of pluripotency via Wnt-mediated
regulation of Eomes.

Limitations of the study

Functional and transcriptomic analyses of the genetic knockout of
Epcam presented in this study are limited to a 3D model of
differentiation. Differences to murine embryogenesis in vivo can
therefore not be excluded. This limitation has been partly
overcome using public and in-house scRNAseq datasets of murine
embryogenesis and differentiation, demonstrating correlations of
Epcam expression with relevant TFs at the single-cell level. Future
work should therefore aim at a validation of the presented Epcam/
Wnt/Eomes axis in vivo.

MATERIALS AND METHODS

Biological and technical replicates, statistical analysis
Throughout the manuscript, biological replicate is referred to as a fully
independent experiment performed with newly generated materials, whereas
a technical replicate is a repeated measurement with identical materials.
Samples sizes are indicated for each experiment in the cognate figure legends
and comprise a minimum of n=3 biological replicates. Bulk and scRNAseq
experiments were generated in quadruplicates. Sample exclusion was
performed for RNA sequencing samples based on obvious divergence in
transcriptomic profiles (n = 1000 most differential genes) and was applied for
one sample of bulk seq data of wild-type cells at D3. Statistical analysis of
comparisons of two samples with similar variances within samples was
performed with an unparied student t-test where a p-value<0.05 was
considered significant. Statistical analysis of comparisons of multiple samples
was performed with a one-way ANOVA and post-hoc multiple testing with
Tuckey or Bonferroni corrections. P-values < 0.05 were considered significant.

Cell lines, cell culture and stable cell transfection
Mouse embryonic stem cells (ESC) E14TG2a were cultured in Mouse ES Cell
Basal Medium (ATCC, Manassas, Virginia, USA), 2-mercaptoethanol (Gibco™;
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10nM; Paisley, Scotland) and leukemia inhibitory factor (ESGRO®LIF;
1000 U/mL; Becton Dickinson, Heidelberg, Germany) supplemented with
10% FBS (Bio&SELL, Feucht, Germany) on 0.1% gelatin (INSCREENeX,
Braunschweig, Germany) coated T25 flasks. E14TG2a EpCAM knockout #56
and #114 are independent single-cell clones generated using guide-RNAs
targeting exon 2 and exon 4, respectively [15]. Clone #56 has a 13 bp
deletion leading to a truncated putative protein of 35 aa. Clone #114
carries a 13 bp deletion putatively generating a 134 aa product. Both
putative protein products miss the transmembrane domain and would
therefore not be anchored in the plasma membrane to deploy their
function. EpCAM-specific antibodies target the very N-terminus and failed
to detect any protein product. EpCAM knockout clones were transfected
with mEpCAM-EGFP, mEomes-EGFP, mFoxa2-EGFP, mGata6-EGFP in a
PiggyBac expression backbone driven by a doxycycline-responsive
promoter with a blasticidin selectable marker. This vector was derived
from pFH2.94_PB-TRE3GS-Gag-MCP-T2A-eGFP-PGK-Tet3G-Blast (Addgene
#205540) by replacing the Gag-MCP-T2A-eGFP cassette with each gene of
interest. The vector ensures stable genomic integration and long-term
maintenance of inducible transgene expression [64]. Consistent results
from Western blot, flow cytometry, and immunofluorescence analyses
performed at multiple time points confirmed stable transgene expression
without variation in protein size, localization, or induction efficiency. Cells
were selected and cultivated with 12.5ng/pl blasticidin (Invivogen, San
Diego, USA). Cond.EpCAM-#114 cells were transfected in a 6-well plate
with mEomes promoter reporter-mCherry in the pEZX-PMO02 backbone
containing a puromycin selectable marker and then continuously selected
with 2.5 ug/ml puromycin (Invivogen, San Diego, USA) and 12.5 ng/ul
blasticidin.

Spontaneous and directed 2D differentiation

ESC (100,000 cells/well) were seeded in 6-well plates in medium w/o LIF,
37 °C, 5% CO,. For Wnt activation and inhibition, 30 uM CHIR 99021 (Sigma,
St.Louis, MO, USA) and 10 uM XAV-939 (Sigma, St.Louis, MO, USA) were
supplemented for 24 h, respectively. Cells were washed with PBS and
continuously differentiated in medium w/o LIF. At time points day 1, 4, and
7, cells were harvested for further analysis.

Embryoid bodies (EBs) formation and contraction

To generate EBs, 500 cells in 20 pl of LIF-free medium were plated on the
lid of a 150 mm tissue culture dish and cultured as hanging drops by
inverting the lid. After three days, EBs were transferred to ultra-low
attachment plates (Nunc, Wiesbaden, Germany) for four days before
transfer to standard 96-well plates for further differentiation up to 14 days.
During this period, 100 ul of fresh culture medium was replaced every two
days. Contraction of EBs was analyzed after 10-14 days by counting under
a microscope in 96-well plates. Contraction rate represents the percentage
of contracting EBs standardized to the number of EBs formed.

Treatment with Wnt11 and Wnt-regulating compounds, cryo-
preservation and sectioning

EpCAM-KO EBs were allowed to differentiate spontaneously for 14 days
and were treated with chemicals and proteins for the initial six days,
including 1 pM MEK inhibitor AZD6244 (Selleckchem, Munich, Germany),
25nM GSK3 inhibitor CHIR99021, 50 nM DKK1 inhibitor WAY (Sigma-
Aldrich, Steinheim, Germany), and 0.75 ug/ml Wnt11 (Bio-techne,
Minnesota, USA) before assessing contraction rates at D14. EBs from
D3, D5, D7, D14 were embedded in tissue-tek (Sakura Finetek, Germany),
snap-frozen in liquid nitrogen, cut into 4 um thick sections, and stored at
—20°C.
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Fig. 8 Schematic representation of molecular interactions of
EpCAM and Wnt signaling Components in mESC under pluripo-
tency and differentiation. Shown is a schematic representation of
the signaling interplay of EpCAM and Wnt signaling in pluripotency
and differentiation of murine embryonic stem cells. Interactions
include ligand-receptor pairs invovlved in downstream cascades

Immunohistochemistry (IHC) and Immunofluorescence (IF)
Immunohistochemistry and immunofluorescence staining of EpCAM
(BD552370, 1:500, Abcam, Waltham, USA), a-CAA (AC1-2042, 1:200, Sigma,
Germany), Foxa2 (#8186, 1:400, Cell Signaling, Leiden, The Netherlands),
Eomes (ab216870, 1:200, Abcam, Waltham, USA), Gata6 (55435-1-AP, 1:500,
Proteintech®, Planneg-Martinsried, Germany) was performed using avidin-
biotin-peroxidase complex method (Vectastain, Vector laboratories,
Burlingma, CA, USA) and Alexa Fluor-488- and Alexa Fluor-647-
conjugated secondary antibodies (Invitrogen, Thermo Fisher, Darmstadt,
Germany) respectively. Confocal microscopy imaging was conducted with
a TCS-SP8 scanning system and a DM-IRB inverted microscope (Leica,
Nussloch, Germany).

Flow cytometry (FACS)

Single cell suspension of EBs was generated by treatment with 1 mL
Accutase (Capricorn-scientific, Hesse, Germany) (1 min, RT), neutralization
with culture medium, washing with PBS, and filtering with a 40 um filter
(Pluriselect, Leipzig, Germany). Cells were stained with EpCAM-specific
antibody (#14-5791-81, Invitrogen, Waltham, USA) for 15 min on ice,
washed three times in PBS-3%FBS, and stained with fluorescein
isothiocyanate-conjugated rabbit anti-mouse secondary antibody. Mea-
surement of cell surface expression of EpCAM was performed in a
CytoFLEX device (Beckman Coulter, Krefeld, Germany).

Immunoblotting
Immunoblotting of EpCAM, Eomes, Foxa2, Gataé and B-actin (Santa cruz
biotechnology, Dallas, USA) was performed with 10-50 pug whole cell lysate
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leading to Stat, p-Catenin, Nanog, Sox2, Oct4 and the regulation of a
pluripotent state or, alternatively, exit from pluripotency and
induction of lineage specificity. Interactions are visualized in the
presence and absence of EpCAM (wildtype: WT; CRISPR-Cas9-
medicated Epcam knockout: EpCAM-KO).

(PBS, 1% triton X-100, Roche complete protease inhibitors) separated in a
10-15% SDS-PAGE, and transferred on PVDF membranes (Millipore,
Germany). Primary antibodies were detected with HRP-conjugated
secondary antibodies and ECL reagent (Merk Millipore, Darmstadt,
Germany). All uncropped immunoblot are available as Supplementary
Figure_immunoblots.

Quantitative reverse transcription polymerase chain reaction
(RT-qPCR)
Total mRNA was prepared using RNeasy Mini Kit (Qiagen, Hilden, Germany)
and reverse transcribed with QuantiTect Reverse Transcription-Kit (Qiagen,
Hilden, Germany). cDNA was amplified using SYBR-Green PCR mastermix
(Qiagen, Hilden, Germany) and specific primers. Normalization across
samples were performed using glucuronidase beta (GUSB) expression.
Gene expression levels were calculated according to the equation 2-AACT,
where ACT was defined as the difference between CT of interest genes and
CT of control genes.

The following primers were used for qRT-PCR (forward/backward):

GUSB: FW CAACCTCTGGTGGCCTTACC, GGGTGTAGTAGTCAGTCACAGAC

Eomes: GGCCTACCAAAACACGGATATC; TTTCTGAAGCCGTGTACATGGA

Foxa2: CCCTACGCCAACATGAACTCG; GTTCTGCCGGTAGAAAGGGA

Gata6: GGTCTCTACAGCAAGATGAATGG; TGGCACAGGACAGTCCAAG

Twist1: CCCACCCCACTTTTTGACGA; CAGTGGCTGATTGGCAAGAC

T: GCTTCAAGGAGCTAACTAACGAG; CGTCACGAAGTCCAGCAAGA

Fgf10: TTTGGTGTCTTCGTTCCCTGT; TAGCTCCGCACATGCCTTC

MixI1: CTACCCGAGTCCAGGATCCA; ACTCCCCGCCTTGAGGATAA

DKK1: TGAGGGCGGGAACAAGTA; TTCGGCAAGCCAGACAGA

Mesp1: GCTCGGTCCCCGTTTAAGC; ACGATGGGTCCCACGATTCT

SPRINGER NATURE

15



N. Gong et al.

16

a-CAA:CTGGATTCTGGCGATGGTGTA; CGGACAATTTCACGTTCAGCA
Wnt11: GGATATCCGGCCTGTGAAGG; TCCACCACTCTGTCCGTGTA

Fgf8: TGTTGCACTTGCTGGTTCTC; CGGCTGTAGAGCTGGTAGG

Hand1: GTGAGTGCATCCCCAATGTG; GCCAGCACGTCCATCAAGTA

Cdx2: CTGCTGTAGGCGGAATGTATGTCT; AAGGCTTGTTTGGCTCGTTACAC
Esrrb: CGATTCATGAAATGCCTCAA; CCTCCTCGAACTCGGTCA

Fgf4: ACTACCTGCTGGGCCTCAA; ACTCCGAAGATGCTCACCAC

Uty: AGATGAAGACGCTGTTGAAC; CTAATTGCCCACTGAAATGC

Sall3: CCTGATTCTTCCTGGTGGAGT; CTCTGGAAAACGCCACAGAC
Nanog: TCTTCCTGGTCCCCACAGTTT; GCAAGAATAGTTCTCGGGATGAA

Cloning procedures
PCR amplification of the inserted gene was conducted using Q5® High-
Fidelity DNA Polymerase (New England Biolabs, Frankfurt, Germany) in
thermal cycler (BioER, Bremgarten, Switzerland). DNA template was
purchased from Addgene as bacterial stabs including Tet3G-on-vector
(#205540), mEpCAM, mEomes (#200888), mFoxa2(#33014) and mGata6
(#72694) inserts. NEBuilder® HiFi DNA Assembly (New England Biolabs,
Frankfurt, Germany) was used to ligate inserted coding sequences and
vectors.

The following primers were used for cloning (forward/backward):

mMEPCAM: TCGTAAAGCTAGCGGATCCGCCACCATGGCGGGTCCCCAGGCCCT
GCCGCCGCCGCCGCCGCCGGCATTAAGCTCTCTGT

mEomes: TCGTAAAGCTAGCGGATCCGCCACCATGCAGTTGGGAGAGCAGCT

GCCGCCGCCGCCGCCGCCGGGACTTGTGTAAAAAGCA

mFoxa2: TCGTAAAGCTAGCGGATCCGCCACCATGCTGGGAGCCGTGAAGAT
GCCGCCGCCGCCGCCGCCGGATGAGTTCATAATAGGCC

mGatab6: TCGTAAAGCTAGCGGATCCGCCACCATGGCCTTGACTGAG
GCCGCCGCCGCCGCCGCCCTGTTCTCGGGGTTGGCG

RNAseq and differential expression (DE) analysis

RNA was extracted using the RNeasy Mini Kit (Qiagen, Germany) and
quantified using Qubit™ RNA BR Assay Kit (#Q10210) with a Qubit
Fluorometer (Thermo Fisher Scientificc, MA, USA). RNA sequencing
libraries were prepared with 100 ng total RNA input using the QuantSeq
3’ mRNA-Seq Library Prep Kit FWD for lllumina (#SKU:015.96; Lexogen,
Austria). For library amplification, PCR cycles were determined with the
PCR Add-on Kit for Illumina (#SKU:020.96, Lexogen) and individual
libraries were amplified with 18 PCR cycles. Quality and quantity of the
libraries were evaluated using Quanti-iT PicoGreen dsDNA Assay Kit
(P7589, Thermo Fisher) and Bioanalyzer High Sensitivity DNA Analysis Kit
(#5067-4626, Agilent Technologies). Libraries were sequenced with
150 bp paired-end mode on a HiSeq400 sequencer (lllumina, Germany).
3"-Bulk RNAseq data are available as GSE 293231 at GEO (https://
www.ncbi.nlm.nih.gov/geo/).

Differential expression (DE) analysis of bulk RNA-seq data was
performed using DESeq2 [65]. Wild-type (WT) cells served as controls
and were compared to Epcam knockout lines (#114 and #56) at DO, D3,
D7, and D10. DE genes (DEGs) were identified based on thresholds of |
log2 fold change|> 1.0 and FDR < 0.05. Volcano plots represents the up
and down-regulated DEGs of differentiation stages between Epcam
knockouts vs. WT. Gene set enrichment analysis (GSEA) was conducted
on genes ranked by fold change and visualized with clusterProfiler
package (Bioconductor) in R. Enriched gene sets were cross-referenced
with canonical pathways (CP) from the Molecular Signatures Database
(MSigDB; https://www.gsea-msigdb.org/gsea/msigdb), focusing on plur-
ipotency, mesoendoderm differentiation, mesoderm and ectoderm
differentiation, heart development, cardiac contraction, and Wnt signal-
ing pathways. Signature genes were identified by intersecting the gene
list from DEGs, GSEA, and MSigDB hallmark pathways of differentiation
stages. Venn diagrams were used to visualize common genes across
comparisons.

Public single cell RNA-sequencing dataset analysis

Single-cell RNA-sequencing datasets are available at GSE100597 (GEO) and
https://github.com/MarioniLab/EmbryoTimecourse2018, respectively.
GSE100597 contains scRNA-seq data from mouse embryos at gestation
days E3.5 (n=10 embryos, n=99 cells), E4.5 (n=5 embryos, n=105
cells), E5.5 (n=9 embryos, n=267 cells), and E6.5 (n=11 embryos,
n =250 cells) [29]. The dataset from Pijuan-Sala et al. contains scRNA-seq
data 116,312 cells from gestation day E6.5-E8.5 [30]. Data was visualized
with uniform manifold approximation and projection (UMAP) in R (https://
www.r-project.org/, version R 4.3.0).
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Publicly available preprocessed single-cell RNA sequencing data were
integrated to explore lineage and regulatory processes across species and
developmental stages. Single-cell data from C57BI/6Babr mouse embryos
(GSE100597) at stages E3.5, E4.5, E5.5, and E6.5 were processed with Seurat
package in R for data normalization, log2 transformation, and scaling.
Embryonic developmental cell lineages score was calculated using the
AddModuleScore function in Seurat [66]. Additionally, single cell transcrip-
tional profiles of 116,312 cells from C57BL/6 mice embryos (E6.5 to E9.5)
[30].were analyzed using the Scanpy package in Python [67]. Preprocessed
human embryogenesis (GSE157329) single-cell data from embryos at
Carnegie stages (CS) 12-16 (4-6 weeks) and across 18 developmental
systems based on over 180,000 transcriptomes [68]. were analyzed using
Scanpy. Single cell datasets are visualized for embryonic stages and
identified cell lineages. Expression patterns of signature genes were
mapped across developmental stages and cell lineages, followed by
analysis of co-expressed signature genes.

Single cell RNA capture, library prep, and sequencing

Single cell RNA sequencing was performed with the BD Rhapsody HT
single cell analysis system (BD Biosciences, Heidelberg, Germany) using
adapted protocols. Wildtype murine embryonic stem cells E14TG2a were
harvested in four individual consecutive passages to form embryoid bodies
for spontaneous differentiation in the absence of LIF for three, five, and
seven days (D3, D5, D7) generating a total of n = 12 samples. EBs of each
biological replicate were collected in separate reservoir tanks, transferred
to 50mL Falcon tubes, and sedimented via gravity before carefully
removing supernatant. EBs were resuspended in 2 mL of TrypLE solution
and incubated with constant mixing at 37 °C for 1-2 min to generate single
cell suspensions. Cells from each replicate and time point were separately
centrifuged 5 min at 400 g, washed once with PBS with 1% FBS (FACS
buffer). From here on, all steps were conducted on ice. Custom gD™ Single
Cell Multiplexing Kit (#626545; anti-mouse MHC-calls | antibody, direct
labelling) was used for sample tagging and pooled processing according
to the manufacturer’s protocol. Labelled cells from four replicates (each
2,5 x 10° cells) were pooled for each individual time point to three samples
(D3, D5, D7) and washed twice in 2 mL of FACS buffer, centrifuged at 400 g
for 5 min, and finally resuspended in 620 pL cold sample buffer. Staining
cells with viability markers was achieved by adding 3.1 pL of 2 mM Calcein
AM and 3.1 L of 0.3 mM DRAQ7™ to the cell suspension in cold sample
buffer (37°C in the dark, 5min). 10uL cells were counted using BD
Rhapsody scanner 10 pL in an INCYTO™ disposable hemocytometer with
the remaining cells kept on ice and protected from light. Then, BD
Rhapsody 8 lane cartridge were primed, loaded with labelled cells and,
thereafter, with BD Rhapsody™ Enhanced Cell Capture Beads. After cell lysis
and release of polyadenylated mRNAs, BD Rhapsody™ Enhanced Cell
Capture Beads were retrieved, washed, and processed for library
preparation. Reverse transcription was performed with the BD Rhapsody™
cDNA kit (#633773) and library preparation with the BD Rhapsody™ Whole
Transcriptome Analysis Amplification kit (#633801), generating lllumina-
compatible libraries. cDNA library preparation and sequencing as paired-
end reads were performed by the group of Dr. Inti Alberto De La Rosa
Velasquez of the Core Facility Genomics (Helmholtz Center Munich,
Germany) on an lllumina NovaSeq X Plus sequencer in a 10B200 flow cell.
The scRNAseq dataset is available under GSE318465 at the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/).

In-house scRNAseq data analysis

In-house scRNAseq data were processed using the Seurat package in R.
Low-quality cells and doublets were removed through standard quality
control process. Subsequently, 2000 highly variable genes were identified
for downstream analysis. Harmony analysis was employed to remove
batch effects. Cell clustering analysis was performed using FindClusters
and FindNeighbors functions. Pearson correlation analysis was conducted
to estimate the association between selected genes. PROGENy [69]. was
used to assess pathway activities based on perturbation-derived gene
signatures at the single-cell level and subsequently compared across cell
populations or between different genes. Differential pathway activities
were analyzed to depict signaling dynamics during cellular state
transitions and the associations of individual genes with signaling
pathways.

Diffusion pseudotime (DPT) analysis was performed to infer cellular
trajectories based on diffusion maps constructed from the normalized
single-cell expression data [32]. Epiblast cell population were specified as
the root for pseudotime calculation, and cells were ordered along the
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inferred developmental trajectory. scTour was performed to construct
cellular trajectories by learning latent temporal representations from the
normalized single-cell expression data [33].
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