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Stem cells hold promise in regenerative medicine as they have the potential to
differentiate into a variety of specialized cell types. However, mechanisms
underlying stem cell potency and lineage acquisition remain elusive. Epige-
netic modifications and genome accessibility prime cellular feedback to sig-
nalling cues, influencing lineage differentiation outcomes. Deciphering how
this epigenetic code influences the context-dependent response of plur-
ipotent cells to differentiation cues will elucidate how mammalian tissue
diversity is established. Using in vitro and in vivo models, we show that lineage-
specific epigenetic signatures precede transcriptional activation of germ layer
differentiation programs. We provide evidence that while distinct chromatin
accessibility and methylome states prime extraembryonic mesodermal fate
decisions, it is DNA methylation, and not chromatin accessibility that pre-
determines the fates of neuroectoderm, definitive endoderm and neurome-
sodermal lineages. This study establishes that epigenetic machinery fine-tunes
epiblast potency, allowing context-specific spatiotemporal responses to pro-
miscuously used signalling cues controlling organogenesis.

How cells with distinct identities arise in precise locations despite
complex signalling landscape remains ambiguous. One explanation is
context-dependent mechanism where lineage identities are pre-
determined by genetic and epigenetic heterogeneity within stem cells.
This differential primed nature of stem cells enable them to respond to
convergent signalling cues with divergent lineage outcomes. Tran-
scription factors (TFs) with pioneer ability play a key role by guiding
chromatin remodelling machinery, triggering genome accessibility to

specific sites in response to developmental cues'. Similarly, epigenetic
modifications like DNA methylation are also critical for cell fate acqui-
sition, acting as epigenetic barriers that safeguard differentiation and
regulate cell potency. DNA methylation fine-tunes differentiation by
balancing plasticity (flexibility to environmental stimuli) and canaliza-
tion (preferential lineage differentiation despite environmental
perturbations)?. Understanding the molecular mechanisms that estab-
lish lineage priming is crucial for decoding how cell type diversity arises.
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In mammals, de novo DNA methylation is a hallmark of the post-
implantation epiblast state®*. Site-specific DNA-methylation patterns
are established across promoters of lineage genes during the transi-
tion from blastocyst to post-implantation®*. The innate primed nature
of post-implantation epiblast cells, their regional identity and asso-
ciation with distinct cell fates, makes them an ideal model to investi-
gate the influence of epigenetic machinery on predetermining lineage
identity’°. While the exact epigenetic differences underlying lineage
potential remain unclear, spatial expression of signalling cues and
adhesion proteins appears to determine spatial identity, canalizing
cells toward distinct developmental paths®*™. During mouse gas-
trulation, post-implantation epiblast cells give rise to the three germ
layers: ectoderm, mesoderm, and definitive endoderm (DE). Dynamic
morphogenetic changes continuously shape the signalling environ-
ment driving germ layer differentiation. As gastrulation begins, prox-
imal posterior epiblast cells are the first to ingress into the primitive
streak (PS), giving rise to the extraembryonic mesoderm (ExM) linea-
ges in response to high BMP signals'®. Fate mapping revealed that
those cells are primed for ExM lineages even before PS ingression®®,
ExM contributes to the formation of the allantois, yolk sac mesench-
yme, and hemato-endothelial progenitors’®. In contrast, the anterior
epiblast cells, characterized by higher levels of adherens and tight
junction proteins'®, generate the neuroectoderm forming anterior
neural tissues”. Meanwhile, distal posterior epiblast cells contribute to
the WNT-dependent neuromesodermal progenitors (NMPs), which
give rise to the presomitic mesoderm (PSM) and posterior neural
tissues™'.

Mouse epiblast stem cells (EpiSCs), derived from post-
implantation epiblast™'¢, provide a suitable in vitro model to
study priming towards differentiated cell fates’. Like human
embryonic stem cells (hESCs), EpiSCs are primed, pluripotent
cells that depend on SMAD2/3 and FGF/ERK signalling for self-
renewal”. While SMAD2/3 controls the core pluripotent network,
FGF/ERK signalling maintains the primed state by inhibiting
lineage commitment”'$, although the downstream mechanism
remains elusive. Genetic and chemical modulation of the ERK
feedback loop has provided insight into downstream mechanisms
by which ERK regulates the epigenetic machinery in fixed cell
state’”?°. However, tracing these effects through the transitory
stages of early embryonic development has proven difficult. Since
DNA methylation is established in the post-implantation epiblast
and reliant on FGF/ERK signalling®*, EpiSCs offer an ideal model
to study ERK-dependent epigenetic effects on germ-layer
commitment.

Here, we investigated the primed nature of epiblast cells by
evaluating their self-renewal, epigenetic profiles, and responsiveness
to WNT (anterior) and BMP (posterior) signalling cues®. We employed
a combination of in vitro and in vivo experimental models coupled
with single-cell RNAseq (scRNAseq), spatial transcriptomics, chroma-
tin accessibility, and DNA methylation analyses to identify molecular
mechanisms influencing epiblast signalling response. By sorting
EpiSCs based on the expression of the tight junction protein CLDN6,
we compared their transcriptomic profiles with the regional epiblast
populations that give rise to neuroectoderm and anterior PS deriva-
tives (APSD): NMPs and DE. We identified ERK activity and differentially
expressed ETS proteins as key regulators of distinct epiblast methy-
lomes. These distinct methylomes shape spatiotemporal signalling
response and lineage commitment. Using a genetic model with defi-
ciencies in ERK feedback regulation, we demonstrated that distinct
epiblast methylomes and chromatin states, modulated by ERK activity,
influence BMP-driven ExM lineage specification. Ultimately, our find-
ings highlight the distinct role of DNA methylation and chromatin
accessibility as a pretranscriptional guardian of developmental plasti-
city and lineage fate acquisition, crucial for generating mammalian
tissue diversity.

Results

FGF/ERK profiles distinguish anterior and distal posterior
epiblast

Post-implantation epiblast cells have a predetermined regionalized bias’
towards specific germ layers that is associated with gradients of FGF5*
and epithelial markers'™®, both linked to ERK activity**”. We hypothesized
that epigenetic machinery primes the post-implantation epiblast, influ-
encing cell fate decisions’. Thus, we assessed the relationship of FGF-
ERK, regional epiblast identity, epigenetic modifications, and germ layer
bias. In order to isolate epiblast cells based on their anterior and distal
posterior characteristics, we sought for a surface marker that would
enable Fluorescence-activated cell sorting (FACS). Immunofluorescence
(IF), scRNAseq™ and high-resolution transcriptional molecular carto-
graphy of embryonic day (E) 7.5 embryos showed that the tight junction
proteins Cldn6 has an anterior-posterior gradient within epiblast
(Fig. 1a, b, Supplementary Fig. 1a). Higher Cldné levels colocalized with
Atplbl in anterior epiblast, while lower amounts with Trh in distal pos-
terior epiblast (Fig. 1a, Supplementary Fig. 1b). Lineages markers also
demonstrated the existence of Cldné differential expression within early
germ layer progenitors (Fig. 1a, b, Supplementary Fig. 1b).

Thus, CLDN6 FACS sorting represents a unique strategy to study
priming of the regionalized post-implantation epiblast and subsequent
differentiation propensity”'°. We used EpiSCs as an in vitro cellular
model because they show a gradient of CLDN6 expression, allowing us
to separate them into CLDN6"* and CLDN6"" subpopulations (Fig. 1c).
Following sorting and reseeding in EpiSC conditions, both populations
retain expression of EpiSC pluripotency genes. While the CLDN6'"
EpiSCs reestablished the original mixed distribution after one passage,
CLDN6"" EpiSCs retained their CLDN6"*-state over multiple passages
(Supplementary Fig. 1c, d), suggesting this population is more com-
mitted to lineage-specific differentiation. This ability of CLDN6"*" EpiSCs
to self-renew and maintain their restricted potency may be linked to the
expression of stemness genes, master regulators of stem cell identity,
like Sox9 and Snail2*® (Supplementary Fig. 1c). Transcriptional profiling
of CLDN6'"" and CLDN6'* EpiSCs indicated that these in vitro popu-
lations reflected anterior and distal posterior epiblast regionalization
(Supplementary Data 1). Both populations maintained the expression of
core pluripotency-associated genes (Supplementary Fig. 1c, e).
CLDNe6'"&" EpiSCs exhibited higher expression of epithelial markers,
while CLDN6'" EpiSCs showed enrichment in mesenchymal genes
(Fig. 1d). Gene ontology (GO) of differentially expressed genes revealed
associations with adhesion properties, migratory behaviour, and ERK
signalling cascade (Fig. le). These data indicated that CLDN6™* and
CLDN6"&" EpiSCs recapitulate the embryonic posterior-anterior and
mesenchymal-epithelial identities (Fig. 1d, Supplementary Fig. 1b, c).
Consistently, CLDN6"&" EpiSCs showed higher expression of FGF ligands
(Fgf4, Fgf5) and Fgfi2 (Fig. 1d). Dose-sensitive ERK effector TFs from the
ETS family showed differential expression between CLDN6' and
CLDN@6'"e" EpiSCs. Specifically, Ets1, Etv,1 and Elf4” were upregulated in
CLDN6"" EpiSCs, while Ets2 was enriched in CLDN6"&" EpiSCs (Fig. 1d).
Furthermore, GEO sequencing data®™” revealed enrichment of
epithelial-mesenchymal and ETS TFs in CLDN6"" EpiSCs and anterior
epiblast. In contrast, CLDN6"* EpiSCs resembled distal posterior epi-
blast cells (Supplementary Fig. 1f). Together, these data suggest the
existence of regionalized primed states associated with ERK signalling.

Flow cytometry analyses revealed higher pERK levels in CLDN6'e"
EpiSCs, indicating a positive correlation between pERK dosage and
CLDN6 (Fig. 1f), suggesting that epiblast populations with different epi-
thelial and FGF/ERK/ETS signatures mediate differential signalling
responses influencing lineage specification (Fig. 1g). Investigating the
FGF/ERK molecular mechanism in the primed post-implantation epiblast
state has been challenging, as ERK inhibition either induces reversion to
the naive ES-state or promotes differentiation towards neuroectodermal
lineages”*. Indeed, upon ERK inhibition through the sustained admin-
istration of 1 pM PDO3, EpiSCs spontaneously differentiate, exhibiting

Nature Communications | (2025)16:5000


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60348-6

Atp1b1

Proximal

Anterior 4+> Posterior

Distal

APS
E
@ Ectoderm o TBra @ B
) Epiblast Cldn6 tow @ Node @ NwmPs
© Epiblast Cldné Hish [7 oE > Nascent Mes.

EpiSCs EpiSCs
CLDNG6Low CLDN6Low  CLDNG6High
- Mesenchymal: Cdh2, Cdhd,
O Fn1, Ncam1, Vim, Zeb1, Zeb2.
Epithelial: Cdh1, Cdh3, Cldn3,
163 Posterior epiblast: Trh. Cldn4, Cldn6, Cldn7, Epcam.
LR Anterior epiblast: Atp1b1.
F‘?F'ER;‘ 5'9"3"'"’93: Ephad, FGF-ERK signalling: Fgf4,
E’ ;‘f‘s » Etv1, Fgfr3, Junb, Fgf5, Fgf13, Fgf15, Fgf17, Fgfr2,
i3 giré. Ets2, Ephat, Mapk13.
e2-
1 ion: DNA Methylation: Dnmt3b.
DNA Methylation: Tet2, Tet3.
) W 5
Expression Z-score
1e1] e GO enrichment for differentially expressed genes CLDN6'% vs CLDN6"19" EpiSCs
Extracellular matrix organization-JE
Regulation of ERK cascade-JlEN
- Placenta development -
1 - Regulation of actin cytoskeleton organization-J.
h ) Regulation of neurogenesis-J
o4 Cell-cell junction assembly-|
i Epithelial cell
=3 T LR Positive ion of cell mig
1 o 1 CLDN6-488 ez 183 Transmembrane receptor protein tyrosine kinase signaling pathway
° v ™ ©
p-value (-log10)
f " g Low ERK activity
CLDN6Low
~%l ELF4
b . e ETS1
© U i3 W ETV1
X pERK-647
&
A ol j_ A{j"\M‘ PERK
=] 1
@ | ot Eed 'J"
] z ! ) CLDN6 J‘U’| o od
! =] 4 A *. L)
aq Pis L ‘
I MRRETTT A .. i 74
i W . s
CLDN6-488 CLDNG-488 PERK
i FGFs
§ P4 (pERK-high) 43.5% 808 844 CLDNe6High P FGFR
P5 (pERK-low) 19.2% 423 448 High ERK activity

decreased expression of CLDN6 and E-CADHERIN (Supplementary
Fig. 1g), and increased neuroectodermal and ExM markers (Supple-
mentary Fig. 1h). However, the possibility of sorting epiblast populations
based on CLDNG levels offers the advantage of elucidating the EpiSC
intrinsic lineage bias upon differentiation towards ectoderm, mesoderm,
and DE. To test the germ layer preprogramming of CLDN6"*" and
CLDNé6"8" EpiSCs, we established a protocol that leverages high WNT
and TGF-f signalling to differentiate EpiSCs towards APSD, which gives
rise to DE, NMPs, and cardiac mesoderm. Single cell sequencing
(scRNAseq) of these differentiated cultures identified 5 clusters of APSD

subpopulations: NMPs, cardiac mesoderm, DE, nascent mesoderm, and
PS (Supplementary Fig. 2a, b; Supplementary Data 2)*. Individual APSD
subpopulations also have distinct epithelial and mesenchymal tran-
scriptional signatures, with mesoderm lineages showing mesenchymal
markers and DE displaying signature of partial EMT phenotype (Sup-
plementary Fig. 2c, Supplementary Data 2)'°. We validated the generation
of cells having an APSD identity by comparing in vitro differentiated cells
at different time points with Eomes-GFP" isolated from E6.5, E7.0, and
E7.75 embryos (Supplementary Fig. 2d, e, Supplementary Data 3). Inte-
gration of in vivo (turquoise) and in vitro (light pink) cluster contribution
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Fig. 1| Differential FGF/ERK activity within regionalized EpiSCs with anterior
and distal posterior epiblast identity. a Spatial transcriptomic analysis showing
an anterior (dark yellow arrowhead) and posterior (light yellow arrowhead) gra-
dient of Cldné6 in epiblast of E7.5 mouse embryos. Cldné colocalizes with epiblast
marker Sox2. Anterior epiblast marker A¢tp1bI and distal posterior epiblast marker
Trh highlight higher Cldn6 gradient in anterior versus posterior epiblast. High levels
of Cldné6 correlate with definitive endoderm (DE) progenitors labelled by SoxI7 and
Foxa2 markers (pink arrowhead). Cldné6 is absent in primitive streak (PS) identified
by T-Bra expression (grey arrowhead) and in NMPs by Thx6 (blue arrowhead). Cldné
is not expressed in HandI"” posterior primitive streak (PPS, grey arrowhead) and
extraembryonic mesoderm (red arrowhead) fates. Ep: epiblast, DE: definitive
endoderm, NMPs: neuromesodermal progenitors, PPS: posterior primitive streak,
ExM: extraembryonic mesoderm. Scale bar: 100 pum. b Cartoon describing the
spatial relationship of Cldné6"®" and Cldné'*” epiblast cells with the emergent PS
progenitors. ¢ Representative flow cytometry analysis of CLDN6 in epiblast stem
cells (EpiSCs). Pseudocolor plots are gated on live nucleated cells based on CLDN6

levels, showing a CLDN6 gradient. CLDN6"* (light yellow) EpiSCs are sorted from
the 20-25% low-level CLDN6-expressing cells. The 10-15% of the highest CLDN6-
expressing cells amongst the total EpiSC population are the CLDN6"" (dark yellow)
EpiSCs. d Heatmap showing differential expression of epithelial-mesenchymal
markers, epigenetic machinery and FGF/ERK signalling components in CLDN6"" vs
CLDN&6"e" EpiSCs. e GO-term enrichment analysis displays a significant over-
representation of terms associated with ERK signalling and epithelial signature
amongst the differentially expressed genes in CLDN6* vs CLDN6"&" EpiSCs
(Binomial test with Bonferroni correction). f Flow cytometry analysis of CLDN6 and
pERK levels in EpiSCs. CLDNG6 levels were assessed across pERK"e" (P4, red) and
pERK™ (P5, pink) EpiSCs, with higher CLDN6 levels in pERK"&" (1.9 FC across
geometric mean and median of CLDNG levels). g lllustration describing the FGF/
pERK signalling network in CLDN6"™ and CLDN6"&" EpiSCs. For d and e RNAseq
data (P<0.05, fold-change >1.5, n = 2 biological replicates). Significance was
assessed by DESeq?2 using two-sided Wald test with Benjamini-Hochberg adjusted
P-values.

confirmed that our in vitro APSD protocol generates early anterior
mesoderm and DE, resembling the in vivo progenitors (Supplementary
Fig. 2f). Thus, we developed an efficient APSD differentiation protocol to
address the differentiation potency of CLDN6'* and CLDN6"#" EpiSCs.

Epiblast ERK levels predetermine germ layer lineage decisions
To assess if CLDN6™" and CLDNé"€" EpiSCs have an innate pre-
disposition towards a specific APSD fate, we sorted and reseeded
them directly into APS medium. CLDN6"" EpiSCs differentiated
more efficiently into NMPs, generating PSM marked by the
expression of TBX6 and Msgnl (Fig. 2a-c). Conversely, higher
FOXA2 and SoxI7 suggested that CLDN6"€" EpiSCs preferentially
differentiate into DE (Fig. 2a, b, d). Since both CLDN6"" and
CLDNé6'"" EpiSCs can self-renew (Supplementary Fig. 1d, e), we
assessed whether they retain the same APSD differentiation
potential after reseeding and maintaining them in EpiSC medium.
Gross morphology and transcriptional analysis confirmed that
CLDN6"* EpiSCs have restricted potency, retaining NMP/PSM-
specific potential (Supplementary Fig. 3a, b). Conversely,
CLDNe6Me" cells regained the differentiation potential of the
unsorted EpiSCs, differentiating into both NMP/PSM and DE
(Supplementary Fig. 3a, b), indicating a full reversion to the
unsorted EpiSC state.

CLDNé'"e" EpiSCs resemble epiblast cells fated to become neu-
roectoderm based on their anterior epiblast characteristics®’
(Fig. 1a, d). Indeed, when exposed to neuroectoderm induction
medium", CLDN6"&" EpiSCs generated neuronal structures (Fig. 2e).
However, CLDN6"" EpiSCs failed to differentiate into neuroecto-
derm (Fig. 2e).

To investigate the role of ERK signalling, we recapitulated low ERK
levels by focusing on its upstream kinase MEK, and administered dif-
ferent doses (0.1 pM and 0.5 pM) of the inhibitor PDO3. EpiSCs with
lower ERK levels exhibited reduced efficiency in differentiating into
neuroectoderm, as evidenced by qPCR analysis of Pax6 and Otx2 gene
expression (Supplementary Fig. 3c). OTX2 is a marker of anterior
neural (forebrain and midbrain) identity. Thus, administering PD0O3 to
EpiSCs before neural differentiation, even at low dosages, biases them
towards an Otx2"* hindbrain neural state, indicating that ERK may
contribute to priming Otx2”* midbrain and forebrain progenitors in
the EpiSCs.

We showed that CLDN6"" EpiSCs (Lower ERK) are biased towards
posterior neural (spinal cord) and PSM fates. Similarly, ERK inhibition
in PDO3-treated EpiSCs shifted APSD differentiation toward Tbx6"*
NMPs/PSM rather than Foxa2?** DE progenitor cells (Supplementary
Fig. 3d), recapitulating the CLDN6"" and CLDN6'"®" EpiSC biases
(Fig. 2a,b; Supplementary Fig. 3a,b), respectively. Thus, CLDN6""
EpiSCs (Higher ERK), while pluripotent, are predisposed towards DE
and anterior neural (neuroectoderm) fates (Fig. 2f). In contrast,

CLDN6"" EpiSCs (Lower ERK) are fate-restricted towards PSM and
posterior neural (spinal cord) fates (Fig. 2f). These findings indicate
that EpiSCs intrinsically harbour distinct lineage biases linked to ERK
signalling.

Epiblast DNA methylation primes WNT-driven germ layer fate
Epigenetic machinery may intrinsically influence the divergent fates of
CLDN6"" and CLDN6'"&" EpiSCs under the same differentiation cues. A
previous report indicated that WNT signalling presdisposes posterior
neural lineage fate segregation®, by establishing a chromatin land-
scape in posterior epiblast cells that favours NMP differentiation’.
Thus, we assessed if different chromatin landscapes underlie the
lineage biases of CLDN6"" and CLDN6'"&" EpiSCs. Assay for Transpo-
sase Accessible Chromatin using sequencing (ATACseq’) analyses
revealed 110 differentially accessible peaks (DAPs) associated with
open chromatin in CLDN6"€" EpiSCs, when compared to CLDN6"*%
EpiSCs (Fig. 3a, Supplementary Data 4). Surprisingly, none of these
DAPs were linked to genes tied to specific germ-layer lineages. Unlike
prior work linking WNT signalling to epigenetic heterogeneity and
lineage bias’, we did not observe significant difference in chromatin
accessiblity between these two populations that could be linked to
signalling response. These discrepancies might be linked to the cell
system used. Our EpiSCs are cultured under WNT-inhibited conditions,
as WNT induces chromatin remodelling and differentiation®. Indeed,
only upon WNT stimulation, ATACseq revealed that cis-regulatory
elements (CREs)** associated with NMPs become accessible in
CLDN6"" APSD (Fig. 3b), coinciding with increased binding of the
WNT-effector TF LEF1** (Supplementary Fig. 4a). Thus, DNA accessi-
bility does not explain the alternative cell fate acquisition of CLDN6"**
and CLDN6"&" EpiSCs.

Given that EpiSC maintenance relies on FGF/ERK signalling, which
is known to regulate the de novo DNA methylation machinery”?**, we
performed Whole Genome Bisulfite Sequencing (WGBS). CLDN6"*¥
and CLDN6'"" EpiSCs and correspondingly differentiated APSD
showed comparable overall CpG methylation levels (Fig. 3c), although
differences were evident in intragenic DNA methylation, which is
implicated in lineage-specific transcriptional regulation®%, CLDN6""
EpiSCs showed higher gene body methylation compared to CLDN6''e"
EpiSCs (Fig. 3d), supporting their observed restricted potency (Fig. 2,
Supplementary Fig. 3). Reduced intragenic CpG methylation levels
between CLDN6"* EpiSCs and WNT-induced CLDN6"" APSD (Fig. 3d)
indicate that the addition of WNT triggers epigenetic remodelling and
promotes differentiation (Fig. 3b, Supplementary Fig. 4a).

In this study, EpiSCs were maintained in an FGF-dependent
WNT-inhibited state, simulating the hypermethylated post-
implantation epiblast>*. Differentiation of epiblast cells into
NMP/PSM requires the combined addition of FGF and WNT",
which rewires lineage-specific DNA methylation loci, rather than
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altering global DNA methylation levels as previously noted***.
Thus, our study validates previous findings that DNA methylation
influences WNT response, which modulates neuromesodermal
differentiation®. We found that CLDN6"" EpiSCs have higher
intragenic DNA methylation, suggesting an epigenetic safe-
guarding mechanism that restricts their differentiation potential.
However, subsequent WNT-driven APSD differentiation reduced
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intragenic DNA methylation in CLDN6'" EpiSCs, potentially
creating a more permissive epigenetic landscape to generate
NMPs/PSM (Fig. 3d). In the CLDN6"&" EpiSCs, intragenic DNA
methylation remains unchanged upon WNT-induced differentia-
tion towards CLDN6"&" APSD (DE progenitors) (Fig. 3d). These
findings indicate that CLDN6"* and CLDN6"€" EpiSCs have dis-
tinct DNA methylation signatures that differently prime their
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Fig. 2 | CLDN6"" and CLDN6"" EpiSCs possess distinct germ layer
differentiation bias. a Schematics describing the differentiation propensity of
CLDN6"" and CLDN6"&" EpiSCs towards anterior primitive streak derivatives
(APSD). Right panel, representative IF staining for FOXA2 (green), TBX6 (red), and
DAPI (blue) of CLDN6"* and CLDN6'&" EpiSCs subjected to APSD-differentiation
reveals the higher potential of CLDN6"*" to differentiate towards TBX6"* NMP cells,
while CLDN6"&" EpiSCs generate FOXA2P* DE-fated cells with greater efficiency.
Scale bar: 50 um. Each differentiation experiment was performed independently
more than three times, and multiple immunofluorescence images were acquired
for each experiment. b Illustration of the APSD protocol to differentiate EpiSCs
towards NMPs and DE. EpiSCs culture in APS medium for 24 h generated APSD
containing NMP and DE progenitors, which are further differentiated toward PSM
and DE by administration of PSM medium and DE medium, respectively, for 48 h.
c Relative Thx6 and Msgnl expression measured by RT-qPCR, revealing high levels
of NMP and PSM markers in CLDN6'** EpiSCs differentiated towards APSD.

d Relative expression of DE markers, Foxa2 and SoxI7, measured by RT-qPCR,
showing enriched expression in CLDN6"" EpiSCs differentiated towards APSD.
Data are mean + s.e.m. (n = 2, biological replicates) for (c) and (d). e Cartoon
describing differentiation of CLDN6"* and CLDNé6"%" EpiSCs towards neuroecto-
derm. Right panels, representative phase-contrast photomicrographs of the
CLDNé6"" and CLDN6"" anterior neural differentiated cells, showing the formation
of neurons (white arrowheads and high magnification of area framed in green
boxes, panels I and II) at day (D) 4 and D7 in CLDN6"€", while CLDN6"** EpiSCs failed
to differentiate towards neuroectoderm. The images are representative of at least
three independent differentiations. Scale bars: 100 pm. f lllustration depicting the
prospective embryonic contribution of CLDN6* and CLDN6'"" epiblast cells to
different germ layers. CLDN6"" cells generate anterior neural tissues (neuroecto-
derm) (green) and DE (pink), while distal-posteriorly located CLDN6"" cells spe-
cifically contribute to NMPs (blue), giving rise to PSM and posterior neural tissues
(spinal cord).

WNT response, suggesting that epiblast methylomes rather than
DNA accessibility are the primary drivers of lineage priming at
these stages of development.

To get a deeper insight into distinct epiblast methylomes, we
focused on differentially methylated regions associated genes (DMGs)
(Fig. 3e, Supplementary Data 5). We identified lineage-specific DMGs
associated with anterior neural markers (Paxé6, Onecutl, Onecut2,
Lmxla, DbxI), suggesting a primed epigenetic effect on tran-
scriptionally inactive anterior neural lineage genes in EpiSCs (Fig. 3e).
In CLN6"* and CLN6"" conditions, the DMGs included both hyper-
methylated and hypomethylated genes. Notably, these genes were
predominantly hypermethylated in the CLN6"" EpiSCs, except for
Paxé, which did not follow this pattern. Notably, genes associated with
NMPs were not among the DMGs identified in EpiSCs (Fig. 3e). These
findings indicate that differences in epiblast methylomes are specifi-
cally associated with anterior neural lineage genes. To get a deeper
insight into how these DMGs restrict CLDN6"* EpiSCs from differ-
entiating towards neuroectoderm, we focused on the anterior neural
master lineage gene Pax6. Pax6 was amongst the DMGs in EpiSCs
(Fig. 3e). It was not expressed in either EpiSCs or APSD. Additionally,
previous reports indicate that anterior neural competence is lost upon
WNT agonism in the epiblast'*. We observed increased Pax6 DNA
methylation levels across putative cis-regulatory elements (CREs),
correlating with increased Paxé expression and linked to neuronal
differentiation*! in CLDN6"&" EpiSCs (Fig. 3f). This observation corro-
borates the paradoxical role of DNA methylation in upregulating PAX6
expression*’,

To understand if DNA methylation states precede chromatin
accessibility changes, we looked at ATACseq signals across the Pax6
locus. Paxé6 putative CREs were similarly accessible in both EpiSC
populations but not in APSD (Supplementary Fig. 4b), suggesting an
association between loss of WNT-induced APSD (NMPs) competence
and the inability to form anterior neural tissues’. Similarly to Pax6, the
anterior neural differentiation regulators Oncecut2 and Dbx1 showed a
similar chromatin accessibility pattern (Supplementary Fig. 4c, d).
Conversely, CdxI and Cdx2, crucial for posterior neural (NMP) fate
acquisition** were not among the DMGs (Fig. 4€). Their expression in
CLDN6"" APSD correlated with increased promoter accessibility
(Supplementary Fig. 4e,f). These findings suggest that WNT stimula-
tion remodels the chromatin landscape making it permissive to NMP
(posterior neural) fate while inhibiting neuroectoderm (anterior
neural) competence™. Our results challenge the view that WNT sig-
nalling supports the epiblast primed state’, suggesting instead that
lineage-specific bias is driven by DNA methylation-mediated priming
independent of WNT. Thus, cellular response to WNT signalling
divergently influences neural lineage induction by suppressing neu-
roectoderm and promoting NMP formation.

WNT stimulation induces the differentiation of both NMPs and DE
progenitors, which arise after epiblast cells ingress through the PS*.

Upon exposure to WNT agonists, CLDN6'" EpiSCs differentiate
towards NMPs while CLDN6'"®" EpiSCs form DE (Fig. 2), supporting the
existence of different epigenetically primed epiblast populations
generating the APSD progenitors (NMPs or DE)™. In EpiSCs, WGBS
analyses revealed DMGs associated with DE lineages (Foxa2, Foxal,
Sox17, Gataé, Gsc) but not NMPs (Fig. 3e). Furthermore, in EpiSCs,
there were no changes in chromatin accessibility over DE lineage genes
(Fig. 3a). Thus, the acquisition of DE fate may also be attributed to the
lineage-specific primed methylome of the regionalized epiblast cells.
Our data provide further evidence on how these two EpiSC sub-
populations are differently primed to respond to WNT signals.

Altogether, we present evidence that DNA methylation pat-
terns may precede WNT-driven chromatin accessibility changes
influencing innate priming and lineage acquisition, by safe-
guarding distal-posterior epiblast cells (CLDN6"" EpiSCs: Lower
ERK) from DE and anterior neural differentiation'*** (Fig. 3g).
Spinal cord and somite fate decisions occur during WNT-induced
differentiation and rely on the WNT-effector LEF1 and cooperative
action of pioneer TFs*, leading to rewiring of the epigenetic
landscape. Our findings indicate that epiblast cells with higher
ERK, residing near WNT-inhibited regions, may respond differ-
ently to the WNT signal by differentiating into ectoderm and
endoderm. These results support the hypothesis that DE and
Neuroectoderm could originate from common progenitors'®*%,

In contrast, epiblast cells with lower ERK, when exposed to WNT
stimulation, undergo chromatin changes that promote differentiation
towards NMPs.

PBX regulates ERK and epigenetic machinery in epiblast cells
FGF/ERK is known to regulate site-specific DNA methylation in differ-
ent contexts’**®, but whether it has a similar role in post-implantation
epiblast stages remains uncertain. The suppression of the ERK pathway
using PD0O3 has been demonstrated to erode genomic imprints, lead-
ing to chromosomal abnormalities and compromising the develop-
mental potential of pluripotent stem cells***, This aspect represents a
challenge to study FGF/ERK function during the transition from plur-
ipotency towards lineage commitment differentiation, without indu-
cing spontaneous differentiation’”. The three-amino acid loop
extension (TALE) homeodomain proteins (PBX, MEIS, and PREP)*° are
alternative candidates as they regulate FGF/ERK signalling in diverse
developmental contexts*”*® and cancers**°. Thus, they are a suitable
candidate to study the epigenetic machinery that guides the transition
from primed pluripotency to lineage commitment in vitro, while also
enabling the observation of developmental phenotypic outputs
in vivo.

PBX1 is initially expressed in the late blastocyst stage (Supple-
mentary Fig. 5a, b) and in the post-implantation epiblast (Fig. 4a).
Furthermore, epiblast inactivation of PbxI with the Sox2“* allele in a
Pbx2-deficient background (Pbx1/2-KO) resulted in stronger
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developmental defects compared to Pbxl deletion in PS with the
T-Bra“" allele (Supplementary Fig. 5c-e), indicating the critical role of
PbxI in the epiblast. RNAseq analyses of PbxI-KO ES and EpiSC lines
revealed 1,018 differentially expressed genes in PbxI-KO EpiSCs com-
pared with wild-type (WT) EpiSCs (Fig. 4b and Supplementary Data 6),
but no differences in ES cells (Supplementary Fig. 5f). GO analysis of
the differentially expressed genes in EpiSCs showed PbxI association

+WNT

225 22 ()25

Cdx1, Cdx2, Msgn1

with the FGF/ERK signalling cascade (Supplementary Fig. 5g). FGF
ligands, ETS TFs, and pERK antagonists were amongst differentially
expressed genes in PbxI-KO EpiSCs (Fig. 4b), indicating perturbation of
FGF/ERK activity. Immunoblotting analyses confirmed reduced ERK
activity in the Pbx1-KO EpiSCs, with no changes in total ERK levels
(Fig. 4c, Supplementary Fig. 5h, i). Through PDO3-mediated inhibition
of ERK, we demonstrated that wild-type EpiSCs treated with 0.5 pM
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Fig. 3 | Epiblast methylome predetermines cellular WNT response during germ
layer differentiation. a Volcano plot of ATACseq data showing 110 uniquely dif-
ferentially accessible peaks (DAPs) (FDR < 0.05, blue) in CLDN6"®" EpiSCs in
comparison to CLDN6“*" EpiSCs. b Average density plots (top) and heatmaps
(bottom) of chromatin accessibility sites of CLDN6"*" and CLDN6"#" EpiSCs and
APSD across neural (anterior and posterior) and PSM putative cis-regulatory ele-
ments (CREs). No difference in accessibility across neural CREs is seen in EpiSCs,
although there are more accessible CREs in EpiSCs than in APSD. CLDN6"*" APSD
(NMPs) has more accessible neural CREs than CLDN6"&" APSD (DE). ¢ Beanplot
showing similar CpG methylation levels +/- 5 kb probed across genes in CLDN6"*
and CLDN6"&" EpiSCs and APSD. d Star Wars plot showing intragenic CpG methy-
lation levels (=10x coverage), highest in CLDN6"*" EpiSCs and lowest in CLDN6"&"
APSD. CLDN6"€" EpiSCs and APSD show similar levels. Means shown as filled circles;
whiskers indicate standard error. e The circles represent all the genes in the indi-
vidual cell types: CLDN6'*" and CLDN6"&" EpiSCs. The overlapping region shows
the differentially methylated genes (DMGs) between these two cell types, including

hypermethylated and hypomethylated genes. CLDN6"*" and CLDN6"&" EpiSCs have
DMGs associated to DE (Foxa2, Sox17, Gsc, Gataé6), neuroectoderm (Pax6, Onecutl,
Onecut2, Lmxla, DbxI) lineages but not NMPs. f WGBS visualization (SeqMonk) of
Pax6 genomic region indicating the specific hypermethylated region in CLDNé6""
EpiSCs (red arrowhead), bearing positional and functional similarities to previously
studied PAX6 CRE*, compared to CLDN6"" EpiSCs (white arrowhead). DNA
methylation (%) is shown in the bottom bar. g Illustration modelling how DNA
methylation primes post-implantation epiblast cells towards WNT-dependent and
WNT-independent lineage fates. CLDN6"" EpiSCs, resembling distal posterior
epiblast require WNT for EMT and NMP/PSM differentiation®'**, Furthermore, the
combined activity of pioneer TFs and the WNT-effector LEF1 drives NMPs towards
PSM fate*. Conversely, CLDN6"&" EpiSCs, resembling anterior epiblast, are biased
towards DE and neuroectoderm, with DE fate promoted by WNT inhibition after
partial EMT™. Both DE and neuroectoderm reside in the WNT-inhibited anterior
side of the embryo.

PDO3 exhibit CLDN6 levels comparable to those of PbxI-KO EpiSCs,
indicating a similar trend among CLDN6, PBX1, and ERK (Supplemen-
tary Fig. 5j).

To assess if PBXI/ERK regulates the epigenetic machinery in
EpiSCs, we performed ATACseq and WGBS comparing WT and Pbx1-
KO EpiSCs. ATACseq analyses revealed 576 DAPs (Fig. 4d, Supple-
mentary Data 7), many of which were associated with BMP-responsive
genes™ 2, HOMER motif enrichment further highlighted ETS TFs as key
regulators influencing the epigenetic landscape of these DAPs
(Fig. 4e, f). Parallel WGBS corroborated these results by revealing
DMGs linked to BMP-responsive ExM lineage genes, including Hand1
and Tbhx3 among others (Fig. 4g, Supplementary Data 8). Collectively,
these results suggest that the loss of PBX1 leads to pERK reduction,
disrupting downstream ETS TF expression, thereby altering the epi-
genetic regulation of BMP-responsive ExM lineage genes.

We probed how PBX1 regulates ERK activity and epigenetic
machinery by doing chromatin immunoprecipitation followed by
sequencing (ChIPseq) using the PBX1 antibody. GO of PBX1-bound
sites in EpiSCs revealed enrichment of genes associated with FGF/ERK
signalling (Supplementary Fig. 5k), with the FGF/ERK negative mod-
ulator Spry2” being a strong candidate for direct regulation since it is
also upregulated in Pbx1-KO EpiSCs (Fig. 4b). ATACseq revealed that
PBX1 binds to two putative CRE in the vicinity of Spry2 (pl and p2 locus)
in EpiSCs (Supplementary Fig. 51). However, p2 was accessible only in
EpiSCs (Supplementary Fig. 5l), indicating an epiblast-specific CRE not
accessible in ES cells. Focusing on p2, we identified a PBX-binding
sequence within the PBX1 occupancy region. Electrophoretic mobility
shift assay (EMSA) with different TALE in vitro-translated proteins
demonstrated the preferential assembly of PBX-PREP1, rather than a
MEIS2 or HOX-containing complex (Supplementary Fig. 5m). These
binding properties suggest a previously unrecognized role for the PBX-
TALE complex in regulating FGF/ERK signalling in the epiblast, dis-
similar from its pioneer factor activity in NMP-to-PSM differentiation®.

Previous studies have shown that unrestrained FGF/ERK activity
due to Spry loss leads to epigenetic deregulation®*. Moreover, ERK
downstream effectors ETS and JUN/FOS, exibit differential binding
sensitivity based on DNA methylation status®™, preferring either
unmethylated or methylated DNA. ETS TFs directly bind and recruit
DNA methylation and demethylation machinery?. Binding of ETS
proteins to DNA regulates the epigenetic landscape in primed plur-
ipotent cells”. Furthermore, ETS expression and activity are linked to
pERK levels?”. Protein-protein interaction analyses using STRING®
revealed a network connecting ERK signalling components, ETS and
JUN/FOS proteins, and proteins responsible for de novo DNA methy-
lation and demethylation*’. Unbiased Markov Cluster Algorithm (MCL)
analysis showed that Cluster 1 (red) primarily includes FGF/ERK com-
ponents and ETS proteins (Fig. 4h). Strikingly, ETS proteins also
directly interacted with de novo DNA methylation and demethylation

enzymes in Cluster 2 (green), suggesting ETS ability to directly interact
with DNMT3a/b and TET1/2/3 (Fig. 4h, Supplementary Data 9). Thus,
our data suggest a systematic network where PBX1 regulation of Spry2
controls differential ERK/ETS activity, which shapes the epigenetic
landscape across lineage-specific genes in primed epiblast cells before
their transcriptional induction (Fig. 4i). Altogether, we found an ERK-
deficient model to explore how FGF/ERK and DNA methylation influ-
ence lineage preprogramming.

PBX/ERK prime BMP response towards ExM fates in posterior
epiblast

Previous studies demonstrated that endothelial and primitive ery-
throid cells derive from distinct regionalized proximal posterior epi-
blast populations®, suggesting differential priming towards BMP-
driven ExM lineages in epiblast stages®. Given that BMP-responsive
genes were amongst the DAPs and DMGs in PbxI-KO EpiSCs (Fig. 4d, g),
we used the Pbx1-KO model to assess how proximal posterior epiblast
populations responds to BMP signals and acquire different ExM fates.
IF for the BMP-responsive™ ExM marker HAND1*** showed that E7.5
Pbx1/2-KO displays severe ExM defects (Fig. 5a, b). We previously
established and characterized a protocol to differentiate EpiSCs
towards ExM fates via BMP stimulation®. In vitro differentiation of
Pbx1-KO EpiSCs towards ExM recapitulated the in vivo ExM phenotype
(Fig. 5c-e), with reduced expression of allantois and endothelial mar-
kers and upregulation of yolk sac and primitive erythroid genes
(Fig. 5d, e). PBX1 regulation of ERK signalling may underpin these
lineage biases by modulating the epigenomic landscapes of ExM genes
in EpiSCs.

Epigenomic analyses revealed that many of the DAPs (Fig. 4d,
Supplementary Data 7) and DMGs (Figs. 4g, and 5f) in Pbx1-KO EpiSCs
overlap with loci transcriptionally regulated during BMP-driven dif-
ferentiation (Fig. 5d). These findings suggest that PBX1/ERK activity in
EpiSCs establishes epigenomic profiles that predetermine ExM lineage
outcomes before BMP stimulation.

The expression of the BMP-responsive allantois marker gene
Hand1 was significantly disrupted in PbxI-KO ExM cells during in
vitro differentiation (Fig. 5d). In WT EpiSCs, Handl exhibits a
permissive epigenetic landscape, with hypomethylation and pro-
moter accessibility in EpiSCs, laying the groundwork for suc-
cessful ExM differentiation towards an allantois fate (Fig. 5g, h). In
PbxI-KO EpiSCs, Handl becomes is hypermethylated, and its
promoter is inaccessible, resulting in transcriptional repression
(Fig. 5 g, h). This restrictive epigenetic state may explain the loss
of Handl expression during in vitro ExM differentiation
(Fig. 5d, e), and the aberrant allantois specification seen in vivo
(Fig. 5b). Conversely, the yolk sac lineage gene Tbhx3***° was
upregulated in PbxI-KO in ExM differentiation (Fig. 5d). In WT
EpiSCs, Thx3 is epigenetically silenced with hypermethylation and
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inaccessible CRE (Fig. 5i, j). In Pbx1-KO EpiSCs, hypomethylation
and CRE accessibility at the Tbx3 locus drive its increased
expression during differentiation, favoring yolk-sac ExM differ-
entiation (Fig. 5i, j). Altogether, these data indicate that PBX/ERK
activity acts upstream of alternative chromatin and methylome
signatures modulating BMP-dependent ExM lineage choices
(Supplementary Fig. 6). By coordinating these epigenetic

 DNMT3b]\
\TET
ELF

Lineage genes (e.g. Hand1) Lineage genes (e.g. Tbx3)

changes, PBX1/ERK activity ensures the proper lineage pre-
programming of ExM progenitors in response to BMP stimulation.

PBX-ERK primes epiblast epigenome independent of HOX

CLDN6"" EpiSCs, which resemble distal posterior epiblast (Figs. 1, 2;
Supplementary Figs. 1, 3) exhibit lower ERK levels, a pattern similar to
PbxI-KO EpiSCs (Supplementary Fig. 5j). Previously, we found that the
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Fig. 4 | PBX1 regulates ERK levels and epigenetic machinery in EpiSCs.

a Confocal IF of ES.5 post-implantation embryo probed with PBX1 antibody (red),
SOX17 (green), and DAPI nuclei counterstaining (grey) revealing PBX1 expression in
the epiblast (Ep) and not in primitive endoderm (PrEnd). Scale bar: 50 pm. Images
are representative of three independent experiments. b Heatmap displaying dif-
ferentially expressed genes in WT and PbxI-KO EpiSCs, showing differences in FGF/
ERK signalling components (RNAseq, P < 0.05, fold-change >1.5). n = 2 biological
replicates. Significance was assessed by DESeq2 on the basis of two-sided Wald test
with Benjamini-Hochberg adjusted P-values. ¢ Western blot analysis confirms the
absence of PBX1 and reduction of pERK1/2 in PBX1-KO EpiSCs. d Volcano plot of
chromatin accessibility data showing 576 DAPs in WT compared with Pbx1-KO
EpiSCs, showing enrichment of BMP-responsive genes (Hand1, E2f4, Col26al, Bmp3,
Egr3, and Itga4). e Pie chart depicting all de novo motif analysis results from input
DAPs in WT versus PbxI-KO EpiSCs revealing enrichment of ETS binding hits. f 576

DAPs in WT opposed to PbxI-KO EpiSCs are enriched for ETS TF motifs (HOMER).
g The circles represent all the genes in the individual cell types: Wild type (WT) and
Pbx1-KO. The overlapping region corresponds to the differentially methylated
genes (DMGs). In WT and PbxI-KO EpiSCs BMP-responsive genes associated with
ExM lineage, like HandI and Tbx3, are DMGs. h STRING protein-protein network
analysis, showing interactions between ERK/ETS proteins and epigenetic machin-
ery. Unbiased MCL clustering reveals two clusters. Cluster 1 (red) encompasses
most ERK/ETS proteins. Cluster 2 (green) shows strong interactions between ETS
proteins (Spil (PU.1) and ETV2) and de novo DNA methylation and demethylation
enzymes. Interactions were experimentally determined from curated databases,
text mining, co-expression, and protein homology. i lllustration depicting the
mechanism by which PBX1 negatively regulates ERK feedback loop, thereby mod-
ulating ERK signalling activity.

loss of PbxI/2 leads to an accumulation of NMPs and reduced PSM
differentiation®. We linked this failure to the role of PBX/HOX complex
in recruiting LEF1 to activate WNT response on PSM loci, thereby
enabling NMP differentiation towards PSM*,

Since Pbx1 is expressed in the epiblast, we investigated whether
the NMP accumulation observed in PbxI1/2KO cells is linked to a dis-
ruption of the PBX1-ERK- priming mechanism observed in EpiSCs.

In EpiSCs, PBX regulates ERK activity via Spry2 (Fig. 4i), a
mechanism independent of Hox genes, as they are not expressed in
EpiSCs. EMSA analysis (Supplementary Fig. 5m) further confirmed that
the Spry2 locus lacks affinity for the HOX/PBX complex, reinforcing
that PBX1 regulates Spry2 in a HOX-independent manner. When PbxI-
KO EpiSCs were differentiated towards APSD, they exhibited increased
NMP differentiation with an expected block in PSM specification, as
demonstrated by the increased expression of NkxI.2 and T (NMP
genes) and reduced expression of Msgnl and Thx6 (PSM genes)®
(Supplementary Fig. 7a-c). Moreover, we observed a NMP bias in
CLDN6"" EpiSCs (Fig. 2a), which similar to PbxI-KO have reduced ERK
levels. These findings provide a possible explanation for the accumu-
lation of NMPs, linking PBX1 and ERK levels to the transition of EpiSCs
to NMPs and underscore PBX1’s dual role: first, as a priming factor in
the epiblast, independent of HOX activity, and second, as a
pioneer factor that acts in a HOX-dependent manner during PSM
differentiation®.

Additionally, Pbx1-KO EpiSCs exhibited impaired differentiation
into DE, with reduced expression of markers such as Foxa2, Cer1, Hhex
and SoxI7 (Supplementary Fig. 7a, d). Since HOX genes are not
expressed in DE®, the role of PBX1 in regulating DE differentiation is
also HOX-independent. These findings suggest that PBX1 regulates
ERK activity independently of HOX in EpiSCs, which is crucial for bal-
ancing subsequent NMP and DE differentiation.

We observed a DE-specific perturbation of FOXA2 expression in
E7.5 Pbx1/2-DKO embryos (Fig. 5b). Investigating the underying epi-
genetic mechanism, WGBS analysis revealed that the Foxa2 locus was
hypomethylation in Pbx1-KO EpiSCs. In contrast, in WT EpiSCs, Foxa2
was intragenically hypermethylated (Supplementary Fig. 7e). This
observation aligns with prior studies showing that hypermethylation
of FOXA2 correlates with high DE differentiation potential®®>. These
findings highlight the role of PBXI-ERK signalling in regulating the
epigenetic state of Foxa2. Interestingly, the loss of PBX in the epiblast
selectively reduces FOXA2 expression in the definitive endoderm (DE)
but does not affect its expression in the node®*** (Fig. 5b; Supple-
mentary Fig. 7a). Node formation depends on WNT signalling and is
disrupted in Foxa2 deficient embryos®®**, whereas DE formation
occurs independently of WNT. These findings suggests that PBX reg-
ulates Foxa2 expression in a lineage-specific manner, potentially by
modulating ERK signalling and the associated DNA methylation
machinery in the epiblast state. The pleiotropic nature of Foxa2, which
is critical for both DE (WNT-independent) and node (WNT-dependent)
fates, underscores the importance of this regulation. In ERK-deficient

epiblast cells, differential hypomethylation of the Foxa2 locus resulted
in disrupted DE formation while sparing node progenitors.

Altogether, loss of Pbx in the epiblast state leads to increased NMP
differentiation and reduced DE differentiation, independent of its
function as a HOX co-factor. Similarly, PDO3 mediated inhibition of
ERK in EpiSCs replicates this bias, favoring NMPs while diminishing DE
formation (Supplementary Fig. 3d). These data align with the obser-
vation that CLDN6"&" EpiSCs preferentially form DE, while CLDN6“*%
EpiSCs are biased restricted towards NMPs.

Taken together, these findings show that ERK-mediated epige-
netic priming in regionalized epiblast cells determines their divergent
responses to the same differentiation signals, ultimately influencing
lineage outcomes based on their epigenetic state.

Discussion

In the post-implantation epiblast, de novo DNA methylation plays a
major role during the transition from pluripotency towards lineage
commitment by targeting lineage-specific genes’. In this work, we
identified primed subpopulations of EpiSCs corresponding to distinct
regional identities within the epiblast. We reported that ERK signalling
and regional identity within the epiblast are associated with divergent
epigenetic landscapes that influence how subpopulations of EpiSCs
adopt specific lineage programmes in response to differentiation cues.
Our results shed light on the interplay between epigenetics and sig-
nalling pathways in determining cell fate.

Redefining pluripotency in an undifferentiated primed state: A
single-cell or bulk population property?
Historically, pluripotency has been investigated as a bulk population-
based concept. However, bulk transcriptome and lineage differentia-
tion analyses offer only an averaged view of cellular properties,
masking inherent differences between subpopulations. Identifying
sorted cell populations with common characteristics enables a more
precise assessment of the innate lineage potency of EpiSCs’. We
challenged the EpiSC differentiation potential using flow cytometry-
based sorting and reseeding experiments, and found that EpiSCs
consist of a mix of pluripotent and multipotent subpopulations with
differing epigenetic landscapes and self-renewal dynamics. These
findings suggest a re-examination of bulk population-based studies,
which previously suggested that EpiSCs are pluripotent®°,
Furthermore, the existence of subpopulations with distinct epi-
genetic signatures may provide an explanation for why different hESC
lines, which have similar “primed pluripotent” characteristics to
EpiSCs, exhibit a canalized tendency to differentiate into specific
lineages®. The differentiation potential of these cell lines could be
heavily influenced by their intrinsic epigenetic signatures and the
conditions in which they are cultured. Thus, understanding how to
manipulate the intrinsic epigenetic landscapes of primed pluripotent
stem cells is crucial for determining the correct cell lines to use for
stem cell-based therapies.
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Another caveat working with “primed pluripotent” cells is that
they may express early differentiation markers when analysed as a
bulk population®®®, raising questions whether the examined popu-
lation is primed or a mix of differentiated cells. Are “primed differ-
entiated” cells pluripotent? Recent reports have identified a primed
mesoderm-fated population expressing primitive streak markers®®,
further complicating this distinction. These findings show that the

WNT-dependent primed state of the “trapped” mesoderm-fated
cells is medium-dependent and reversible, as cells regain plur-
ipotency upon switching medium conditions. In our study, the
characterized EpiSC populations do not express early mesoderm
lineage markers, indicating that they remain in a primed, undiffer-
entiated state without acquiring a primitive streak identity. More-
over, all EpiSC cultures analyzed were maintained and passaged
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Fig. 5 | ERK-Deficient Pbx1-KO EpiSCs exhibit distinct chromatin and DNA
methylation profiles at ExM lineage genes prior to differentiation-associated
ExM defects. a lllustration depicting of E7.5 ExM lineages: allantois, amnion, and
yolk sac influenced by BMP signalling. b Confocal 3D projection of E7.5 control and
PbxI”:Pbx2";S0x2°"* embryos stained with the allantois and amnion marker HAND1
(red), DE and node marker FOXA2 (green), and DAPI (grey). N, Node; DE, definitive
endoderm; ExM, extraembryonic mesoderm. Images are representative of three
independent experiments. WT Scale bar: 100 um, Pbx1/2-Sox2°** or 50 pm.

¢ Schematics of WT and PbxI-KO EpiSCs differentiation protocol’” to PPS and ExM
cells. d Heatmap shows lineage-specific DEDG (P < 0.05, fold-change >1.5, n = 2
biological replicates) across stages (yellow: EpiSC, grey: PPS, red: ExM). Significance
was assessed by DESeq2 on the basis of two-sided Wald test with
Benjamini-Hochberg adjusted P-values. e PbxI-KO EpiSCs show a preferential bias
towards primitive erythroid and yolk sac mesenchyme when subjected to ExXM
differentiation. f Schematic showing DMGs in WT vs PbxI-KO EpiSCs and their

transcriptional changes upon differentiation in PPS and ExM. Yellow, grey, and red
circles represent DMGs in EpiSCs, DEGs in PPS, and DEGs in ExM, respectively,
illustrating that methylation changes in EpiSCs precede lineage-specific gene acti-
vation. g WGBS (SeqMonk) visualization indicating differentially methylated
regions across the Hand1 locus in WT and PbxI-KO EpiSCs, showing hypermethy-
lation in PbxI-KO EpiSCs. The bar shows CpG methylation levels (%). h UCSC
visualization of HandI showing increased chromatin accessibility in WT conditions,
while the locus remains closed in PbxI-KO. Accessible loci are indicated with red
arrowheads, and reduced accessibility with white arrowheads. i WGBS (SeqMonk)
tracks indicating CpG methylation levels across Tbx3 in WT and PbxI-KO EpiSCs,
showing hypermethylation in WT EpiSCs. CpG methylation levels (%) are depicted
in the bottom bar. j ATAC-seq tracks of 7bx3 show increased chromatin accessi-
bility in Pbx1-KO vs WT cells. Red arrowheads mark accessible loci; white indicates
reduced accessibility.

under the same WNT-inhibited medium conditions containing
FGF and ACTIVIN, attributing the observed differences to the
intrinsic properties of the cells rather than external factors. Thus, is
primed pluripotency defined by the innate nature of the cells, or
the medium at the time of exposure “trapping” the cells in a tran-
sitory differentiated state? Without assessing the self-renewal
capacity and differentiation potential of these transitory
“trapped” cells at a single-cell or subpopulation level, there is
insufficient evidence to conclusively determine whether the entire
population is primed and pluripotent. Altogether, these results
emphasize the need to refine definitions of primed pluripotency and
fosters further discussion on key concepts in stem cell and devel-
opmental biology.

Differential ERK activity primes germ layer lineage identity
Using multiple cellular systems, we investigated how differ-
ential ERK levels and epigenetic states predetermine the
primed states of epiblast subpopulations, influencing cellular
response to key germ-layer differentiation signals like WNT and
BMP?2, Specifically, epiblast response to BMP signalling, crucial
for specifying posterior germ-layer lineages including ExM,
which give rise to allantois, yolk sac and early vasculature, is
influenced by chromatin accessibility and methylome patterns
at lineage-determining loci. By examining two BMP-responsive
ExM lineage genes’®°°, we showed that ERK-deficient epiblast
cells are biased towards a Thx3"* primitive erythroid/yolk sac
over a HandI?” endothelial/allantois fate. Our work provides
molecular evidence supporting previous studies reporting that
subpopulations of proximal posterior epiblast cells are dis-
tinctly primed towards endothelial and primitive erythroid
lineages®.

Conversely, WNT signalling response, regulating anterior germ-
layer lineage specification (DE, NMPs, neuroectoderm)>'°, appears to
be influenced by lineage safeguarding DNA methylation signatures
(Fig. 6a). Focusing on anterior versus distal posterior epiblast
properties'®, we sorted EpiSCs on the levels of the tight junction
marker CLDN6. We showed that variations in FGF/ERK levels and
lineage-specific DNA methylation signatures precede chromatin
accessibility and transcriptional regulatory programmes inducing
early neuroectoderm and DE decisions. CLDN6"&" EpiSCs, are tran-
scriptionally similar to anterior epiblast cells, have higher ERK levels,
and can reestablish pluripotency upon self-renewal, giving rise to all
three germ layers. However, directly sorting and reseeding these cells
showed that CLDN6"&" EpiSCs are biased towards neuroectodermal
and DE fates. This observation aligns with previous studies that sup-
port the existence of a common neuroendoderm progenitor within the
epiblast'®*%. During gastrulation, the neuroectoderm and DE retain
epithelial features, unlike their more mesenchymal mesoderm

counterpart, which migrates rapidly, fuelling tissue diversity and body
expansion in verterbrates'*'>¢’,

Conversely, CLDN6"*" EpiSCs, indicative of distal posterior epi-
blast cells, have lower ERK levels, maintain their self-renewal proper-
ties with restricted differentiation potential, and show higher capacity
to generate NMPs that ultimately will contribute to the somites and
spinal cord. By sorting the CLDN6"°" EpiSCs, we established the basis
of an alternative protocol to enrich NMP-fated populations, which has
been challenging to achieve in vitro®®*°. Moreover, these NMP-fated
EpiSCs are maintained in a WNT-inhibited state, providing an alter-
native perspective to previous reports that WNT primes posterior
neural fates (via NMPs) in the epiblast’. In this paper, we describe an
additional system for studying NMP expansion and differentiation.

Furthermore, ERK appears to prime epiblast cells towards anterior
neural fates (forebrain and midbrain), whereas the posterior neural
fates (hindbrain and spinal cord) require lower ERK (Supplementary
Fig. 3c, d). We validated these phenotypic observations in different
cellular models, including via dosed ERK inhibition. We found that
ERK-dependent differential DNA methylation patterns predetermine
neural lineage bias, suggesting a refinement of existing models of
neural induction.

Site-specific epigenetic regulation across lineage genes fine-
tunes stem cell potency

The global activity of epigenetic machinery has been extensively
investigated as pluripotent cells transition towards germ-layer fates”,
but how context-providing extracellular signals influence this
machinery remains elusive. De novo DNA methylation in post-
implantation epiblast cells coincides with FGF/ERK signalling
requirements’. Perturbing the ERK cascade or its downstream effector
TFs (such as the ETS family) in primed pluripotent cells by RNAi or
selective cell-permeable chemical inhibitors induces differentiation’®’®
or reversion to a naive pluripotent state”. To address this limitation,
we utilized PbxI-KO EpiSCs, which have reduced ERK signalling
but maintain an undifferentiated state, to investigate ERK-regulated
epigenetic mechanisms. Notably, PBX proteins have been implicated in
FGF/ERK feedback regulation*’8, and epiblast deletion of PbxI results
in aberrant lineage acquisition and strong ExM defects (Fig. 5b, d).
Probing the molecular mechanisms influencing ExM lineage choice®”,
we observed differential DNA methylation and chromatin accessibility
on BMP-responsive ExM lineage genes in PbxI-KO EpiSCs (Fig. 5g-j).
We observed differential expression of ERK downstream cascade
effectors such as ETS and JUN/FOS TFs in WT vs PbxI-KO EpiSCs. Motif
enrichment analyses across the differentially accessible regions in
WT vs Pbx1-KO EpiSCs highlighted different ETS TFs as putative epi-
genetic regulators. Altogether, we propose that ERK/ETS drives the
recruitment of epigenetic machinery to lineage-specific genes in
primed epiblast populations before their transcriptional activation.
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This hypothesis aligns with the established role of ETS TFs as site-
specific recruiters of epigenetic machinery across lineage genes in
different developmental contexts?®. Thus, the Pbx-KO models
provide insight into the ERK-dependent epigenetic mechanisms, pro-
viding clues to the origin of cellular specificity to BMP differentiation
signals in the selection of ExM lineage choices (Fig. 6a; Supplemen-
tary Fig. 6).

o3
S s uway,

Pleiotropic role of TALE proteins in spatiotemporal regulation
of embryonic development

We demonstrated that PbxI-KO EpiSCs recapitulate the immediate
germ layer lineage biases observed upon dosed ERK inhibition in
EpiSCs, validating the ERK-dependent phenotype. Specifically, we
showed that loss of PbxI results in increased differentiation towards
NMPs over DE (Supplementary Fig. 7a-d). However, unlike CLDN6""
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Fig. 6 | Differential methylome and chromatin states modulate the context-
dependent response of post-implantation primed epiblast cell populations to
gastrulation cues. a Illustration of epigenetically driven priming in post-
implantation epiblast cells toward neuroectoderm, DE, ExM, and NMP lineages.
CLDN6""#" EpiSCs, with high pERK, resemble anterior epiblast in WNT-inhibited
regions and give rise to neuroectoderm without PS ingress. In contrast, CLDN6"*¥
EpiSCs show low pERK, resemble distal posterior epiblast, and exhibit methylation
of neuroectoderm genes (Pax6, Onecut2, DbxI), restricting neuroectodermal
potential. Anterior epiblast cells (CLDN6"&" EpiSCs, high ERK) respond to WNT
signalling signalling by forming DE via anterior PS differentiation. In contrast, distal
posterior epiblast cells (CLDN6* EpiSCs, low ERK) possess differential DNA
methylation signature over DE genes (Foxa2, Gataé6, Sox17), blocking the DE fate but
enabling NMP formation upon WNT-induced APS differentiation. DNA methylation
safeguards distal posterior epiblast cells from alternative fates, and subsequent
chromatin remodelling operated by CDX® and LEF1-PBX1** pioneer TFs leading to
differentiation NMPs generating PSM. Our data indicate that WNT response in
primed epiblast cells is shaped by DNA methylation. Proximal posterior epiblasts,
with permissive chromatin/methylome, respond to BMP to form ExM tissues. Pbx1-

KO EpiSCs have a permissive methylome and chromatin state over yolk sac and
primitive erythroid genes (Tbx4, Gata2, Tall), but repressed states at allantois/
endothelial genes (Hand1, Thx4, Kdr), failing to generate these fates. In contrast, WT
EpiSCs, with hypomethylated and accessible allantois/endothelial loci, readily dif-
ferentiate into these lineages but have reduced yolk sac/erythroid potential.

b Revised Waddington'’s landscape model illustrating how ERK dosage-dependent
DNA methylation regulates cell fate commitment. DNA methylation modulates the
balance between canalization and plasticity across germ-layer development,
shaping trajectory paths in distinct signalling contexts (yellow, grey, orange, blue
landscapes). During epiblast-to-germ-layer transition, cells (coloured balls) roll
down lineage paths. DNA methylation (red gates) restricts certain fates, redirecting
cells based on methylation signatures (red/blue marks). Dotted lines show fate
trajectories shaped by methylation. Shifting signalling landscapes remodel chro-
matin (grey, blue, orange blocks), with dynamic methylation driving both canali-
zation and plasticity in tissue development. (Adapted from an image by Conrad H.
Waddington, licensed under CC BY-SA 4.0 (https://creativecommons.org/licenses/
by-sa/4.0/). Source: https://commons.wikimedia.org/wiki/File:Paisagem_
epigenetica.jpg. Modifications made by the author).

EpiSCs and PDO3-treated EpiSCs, where NMPs robustly differentiate
into PSM, PbxI1-KO NMPs fail to form PSM. This observation is con-
sistent with the accumulation of NMPs and a block in PSM differ-
entiation in Pbx-KO tailbuds in vivo®. Thus, the role of PBX proteins in
the epiblast differs from its previously described MEIS-HOX-
dependent function in NMPs, where they regulate WNT-driven PSM
formation (Supplementary Fig. 7)*. Our results suggest an alternative
PBX-PREP1 complex regulation of ERK activity in the epiblast, inde-
pendent of its well-established role as a HOX co-factor*®. Taken toge-
ther, these findings shed light on the intricate pleitropic roles of TALE
proteins in regulating signalling networks coordinating spatio-
temporal aspects of embryonic development.

Insights for cancer and therapeutic applications

The signalling networks and epigenetic machinery surrounding germ
layer specification are reactivated in tumorogenesis and metastasis*’.
Interaction between ERK, BMP and WNT is widely observed in colon
cancer”. Despite ERK dose-dependent dynamics in colorectal
cancer*®”?, therapies still focus on MEK/ERK chemical inhibition rather
than on the feedback loop”. Interestingly, ectopic expression of PBXin
low metastatic colorectal cancer cells promote migration and invasion
by increasing pERK levels, whereas Pbx inhibition lowered pERK
dosage, reducing cell migration and invasion**. Our in vitro and in vivo
studies provide a biological perspective to PBX1 regulation of ERK
driving colorectal cancer. We showed that ERK dosage influences how
cells respond to the same signals giving differing outputs. CLDN6"
EpiSCs (Lower ERK) express Ets1, have distinct mesenchymal features,
and subsequently differentiate towards mesodermal lineages, which
possess migratory properties.

CLDNe'"e" EpiSCs (Higher ERK) express Ets2, exhibit more epi-
thelial features, and preferentially differentiate towards neuroecto-
derm and DE, which have epithelial features™. Our observations align
with the reported ERK-driven opposing migratory functional roles of
Ets1 and Fts2 in different cancer cell lines”’’*. Based on these findings,
we propose reconsidering MEK inhibition therapies that target lineage
switching in colorectal cancer’””%, A potentially effective approach
could involve targeting uniquely expressed ETS’*"** or PBX proteins*’,
which modulate ERK levels and influence the oncogenic epigenome.

Proposed model of lineage determination

In summary, our study offers detailed understanding of the epigenetic
signatures that precede spatiotemporal lineage fate acquisition during
gastrulation. We propose a model where DNA methylation and chro-
matin accessibility balance canalization and plasticity?, enabling
context-specific responses to differentiation signals such as BMP and
WNT (Fig. 6b). These mechanisms drive the formation of diverse germ-

layer tissues and offer important insights into both developmental
biology and disease.

Methods

Cell lines

EpiSC lines derived from E6.5 mouse embryos (129S6/SvEvTac back-
ground) were a kind gift from Dr. M.M. Rothova (The Novo Nordisk
Foundation Centre for Stem Cell Biology, University of Copenhagen,
Denmark). The lines were derived in EpiSC medium as previously
described®. EpiSC lines were maintained in 6-well cell-culture plates
(Corning, 3506) pre-coated with 15 ug/ml human Fibronectin (Merck
Millipore, FC01015) in N2B27 medium, prepared as described in Ying
et al.**, supplemented with 20 ng/ml Activin A, 10 ng/ml bFGF and 1 uM
XAV939 (EpiSC medium). Chemical inhibition of ERK signalling via
PDO3 was tested at different dosages (0.1 uM, 0.5 uM and 1 uM), and
treated over 2-3 passages where applicable. Mouse ES lines were cul-
tured in 0.1% gelatin-coated 6-well cell-culture plates. Mouse ES cells
were cultured in standard conditions in either serum/LIF or 2i/LIF
conditions with CHIR-99021, PDO03, and LIF (made in-house). All lines
used in this study were karyotyped and routinely tested for
Mycoplasma.

Generation of Pbx1 ES/EpiSC lines using the CRISPR/Cas9 system
The strategy to inactivate PbxI in ES cells and EpiSCs was the same.
PbxI-KO lines were generated by inserting a floxed CMV-hygromycin-
Poly (A) cassette between Exon 2 and Intron 2 of PbxI to disrupt Pbx1
gene expression, employing the CRISPR Nickase system. Guide RNAs
(gRNAs) were designed using the CRISPR/Cas9 design tool (crispr.-
mit.edu) and cloned into pX335 (a gift from Prof. F. Zhang; Addgene,
42335). Cells were co-transfected with a pair of gRNA-pX335 plasmids
(gRNA 1: GTCCAGGCTCTGGTCCGTGA; gRNA 2: CCAAGTGAGTG
CCCCCACCCG; 100 ng each vector) and 1 pg linearized targeting vector
using Lipofectamine 2000 (Thermo Fisher Scientific, 11668030), see-
ded at low density and selected for hygromycin resistance for
8-10 days. Single colonies were screened by diagnostic PCR, Southern
blot, and Western blot analyses. PbxI gRNA used:
GGCCATCCCGACCCCAGCGT.

Flow cytometry analysis and Fluorescence-Activated Cell
Sorting (FACS)

EpiSCs were seeded at -6 x 10 cells/cm? in 6-well cell-culture plates
pre-coated with 15 ug/ml human Fibronectin. Cells were dissociated
using Accutase for 3 min at 37 °C and counted. 150 x 10° cells per
condition were incubated with the CLDN6 Alexa Fluor 488-conjugated
antibody (R&D Systems, FAB3656G, 1:200) and Ghost Dye™ Red 780
(Tonbo, 13-0865, 1:1000) for 20 min on ice, washed with ice-cold FACS
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buffer (10% (v/v) FBS in PBS) and resuspended into 1 ml. Cells were
sorted into MACSQuant Tyto Running Buffer using the MACSQuant
Tyto sorter (Miltenyi Biotec) or into ice-cold FACS buffer using the
SONY SH800S cell sorter (Sony Biotechnology) at the DanStem Flow
Cytometry Platform (University of Copenhagen, Copenhagen, Den-
mark). All reseeding experiments were performed using the MACS-
Quant Tyto sorter (Miltenyi Biotec), taking advantage of high-speed,
multi-parameter flow sorting in the safety of a fully enclosed cartridge
to prevent contamination. Post-sorting, cells were reseeded into
Fibronectin pre-coated 6-well cell culture plates at around 10.5 x 10°
cells/cm?.

EpiSC differentiation to germ-layer lineages

All differentiation was conducted in serum-free, feeder-free, and
monolayer conditions in chemically-defined N2B27-based media.
EpiSCs were seeded at ~10.5 x 10° cells/cm? in 6-well cell-culture
plates pre-coated with 15 pg/ml human Fibronectin and cultured
in EpiSC medium for 24 h. EpiSCs were differentiated towards
either APSD using 30 ng/ml Activin A, 4 uM CHIR-99021, 20 ng/ml
bFGF, and 100 nM PIK-90 (APS medium) for 24 h. For NMPs/PSM
differentiation, EpiSCs were first differentiated towards APSD,
and then to NMPs/PSM using 1 uM A-83-01, 3 uM CHIR-99021, 250
nM LDN193189 and 20 ng/ml bFGF for 48-72 h (PSM medium). For
DE differentiation, EpiSCs were first differentiated towards APSD
in N2B27-basal medium over 24 h, and then to DE using 30 ng/ml
Activin A, 4 uM CHIR-99021, and 100 nM PIK-90 in RPMI(Gluta-
max) + B27 (without insulin) basal medium (DE medium) for 48 h.
EpiSCs were differentiated towards neuroectoderm based on
known media requirements”. Differentiation of EpiSCs towards
PPS and ExM was done as previously described®. A complete list
of cytokines and signalling pathway inhibitors used for cell
maintenance and differentiation is provided in Supplementary
Table 1.

Mice

The Tg(Eomes::GFP) BAC transgenic strain is described by Kwon®. The
Pbx mutant alleles used in this study were previously described®. The
Tg(T-Cre)lLwd allele® used for inactivating Pbx1 in the primitive streak
and its lineage derivatives, was purchased from MRC Harwell Institute
under MTA agreement (#NCI, MTA 47362-20). All animals used in this
study were maintained in laboratory animal housing facilities at mac-
roenvironmental temperature and humidity ranges of 20-24 °C and
45-65%, respectively, with a 12/12 h light/dark cycle. All animal work
was carried out under European legislation. All work was authorized
and carried out under the Project License 2017-15-0201-01255 issued
by the Danish Regulatory Authority.

Immunofluorescence staining of adherent cells

EpiSCs were seeded at -4 x 10* cells/cm? in EpiSC medium in
8-well microscopy slides (Ibidi, 80826) pre-coated with 15 pg/ml
human Fibronectin, and differentiated to PS and derivatives as
described above. At desired time points, cells were briefly washed
twice in PBS (Sigma, D8537) and fixed in 4% (w/v) paraformalde-
hyde diluted in PBS from 16% methanol-free formaldehyde stock
(Pierce Biotechnologies, 28906) for 15 min at RT. Fixed cells were
then permeabilized in PBS containing 0.3% (v/v) Triton X-100
(PBST) for 10 min at RT and blocked in 3% (v/v) Donkey serum in
PBST containing 1% (w/v) BSA (blocking solution) for 15 min at RT.
Primary and secondary antibody incubations were performed in
the blocking solution overnight at 4 °C and for 2h at RT,
respectively. Antibody incubations were followed by three quick
washes in PBST, followed by two washes in PBST for 15 min at RT.
After the final incubation, cells were stored in PBST containing 1
pg/ml DAPI at 4 °C in the dark and packed in Parafilm to prevent
evaporation. Confocal imaging was performed using a Leica TCS

SP8 or Zeiss LSM 770 microscope, and images were processed
using the Imaris™ software with default settings. The antibodies
used are listed in Supplementary Table 2.

Immunofluorescence staining of embryos

Embryos were dissected in cold PBS and fixed in 4% (w/v) paraf-
ormaldehyde for 30 min at RT and processed as described in
Mariani et al.*® Images were acquired using a Leica TCS SPS8
confocal microscope. Image processing and 3D reconstruction
were performed using the Imaris™ software. Antibodies are listed
in Supplementary Table 3.

Imaging of embryo morphology

Embryos were dissected in cold PBS, fixed in 4% (w/v) paraformalde-
hyde for 30 min at RT, and washed twice in cold PBS. Images were
acquired using a Zeiss AxioZoom.V16 microscope at the Core Facility
for Integrated Microscopy (University of Copenhagen, Copenhagen,
Denmark).

Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were performed as described®, using in vitro-translated
proteins or nuclear extracts purified from cells. Sequences of the
oligonucleotides spanning the PBX binding site on the Spry2
regulatory region used in EMSA are described in Supplementary
Fig. 7a. The uncropped image can be found in the source
data file.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from 0.5-1 x 10° cells using the RNeasy
Mini Kit according to the manufacturer’s instructions (Qiagen: ID:
74104). First-strand synthesis was performed on 1 g of total RNA
using random hexamers (Thermo Fisher Scientific, N8080127)
and SuperScript Il reverse transcriptase (Thermo Fisher Scien-
tific, 18080-044) according to the manufacturer’s instructions. A
mix of concentrated cDNA from all samples was used to generate
standard curves. Amplification was detected using the SYBR
Green master mix (Roche, 04707516001) or the Universal Probe
Library system on a LightCycler480 Real-Time PCR System
(Roche). The measures were normalized to Thp, Sdha, and Pgkl
reference genes unless mentioned otherwise. All reactions were
performed in duplicates. See Supplementary Table 4 for a list of
primers and probes used.

Western Blot

Immunoblottings were performed as described®. The following
primary antibodies were used: polyclonal Rabbit anti-PBX1 (CST,
4342, 1:1000), Rabbit anti-phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (D13.14.4E) XP® (CST, 4370, 1:1000), Rabbit anti-
phospho-MEK1/2 (Ser217/221) (41G9) (CST, 9154, 1:1000), Rabbit
anti-p44/42 MAPK (total Erk1/2) (137F5) (CST, 4695, 1:1000) and
monoclonal Mouse anti-H3 (Abcam, abl10799, 1:30,000). The
secondary antibodies used include Donkey anti-Rabbit HRP
(Thermo Fisher Scientific, A16023, 1:10,000) and Donkey anti-
Mouse HRP (Thermo Fisher Scientific, A16011, 1:10,000). For
chemiluminescence detection, the membrane was incubated with
Amersham ECL Prime Western Blotting Detection reagent (GE
Healthcare, RPN2236) and imaged on a ChemiDoc MP (Bio-Rad).
For reprobing with different primary antibodies, the membrane
was soaked in Restore PLUS Western Blot Stripping Buffer
(Thermo Fisher Scientific, 46430) 2 times for 10 min at RT to
inactivate horseradish peroxidase (HRP).To ensure comparable
densitometry results, gel electrophoresis, protein transfer, and
antibody staining were performed in parallel for all samples used
to generate each Western blot figure panel. All the uncropped
images are found in the source data file.
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scRNAseq procedure and analysis

ScRNAseq was performed using the Massively Parallel Single-Cell RNA-
sequencing technology (MARS-seq). For in vitro experiments, EpiSCs
were seeded at -6 x 10 cells/cm? in 6-well cell-culture plates pre-coated
with 15 pg/ml human Fibronectin and differentiated to APSD as
described above. At desired time points, cells were dissociated using
Accutase (Thermo Fisher Scientific, 00-4555-56) for 3 min at 37 °C and
counted. 500,000 cells per condition were washed with ice-cold FACS
buffer (10% (v/v) FBS in PBS) and resuspended in 1 ml ice-cold FACS
buffer containing 1 ug/ml DAPIL. For in vivo experiments, E6.5/E7.0/
E7.75 Tg(Eomes::GFP) BAC transgenic embryos were individually dis-
sociated into 300 pl warmed Trypsin 0.05% (w/v) EDTA for 10 min at 37
°C. Digestion was stopped by adding 600 pl ice-cold FACS buffer and
centrifugation at 350 x g for 3 min. Cells were washed with 500 pl ice-
cold FACS buffer, centrifuged again at 350 x g for 3 min, and resus-
pended into 250 pl ice-cold FACS buffer containing 1 pg/ml DAPL
Single cells from either in vitro-differentiated cells or transgenic
embryos were sorted into Eppendorf Polypropylene U-shaped 384-
well Twin Tec PCR Microplates (Thermo Fisher Scientific, 10573035),
containing 2 pl of lysis solution (0.2% (v/v) Triton X-100) supple-
mented with 0.4 U/pl RNasin Ribonuclease Inhibitor (Promega, N2515)
and 400 nM indexed RT primer from group 1 (1-96 barcodes) or group
2 (97-192 barcodes) as described®. Additionally, 71 WT EpiSCs were
sorted into each plate as a spike-in control for batch-effect correction.
Capture plates were prepared on the Bravo automated liquid handling
robot station (Agilent) using 384-filtered tips (Axygen, 302-82-101).
Index sorting was performed using either a FACS Aria Il cell sorter (BD
Biosciences) or a SONY SH800S cell sorter (Sony Biotechnology) at the
DanStem/reNEW Flow Cytometry Platform (University of Copenhagen,
Denmark), gating in SSC-A versus FSC-A to collect live cells, and then in
FSC-W versus FSC-A to sort only singlets. For in vivo experiments, only
GFPP* cells were sorted to capture Fomes-expressing cell types.
Immediately after sorting, plates were spun down, snap-frozen on dry
ice, and stored at —80 °C until further processing. Semi-automated
library preparation was performed as described in Jaitin et al., 2014,
using 10-12 cycles of PCR amplification and AMPure XP beads (Beck-
man Coulter™Agencourt: A63881) for purification. DNA concentration
was measured with a Qubit Fluorometer (Thermo Fisher Scientific,
Q32854), and fragment size was determined with a Fragment analyzer
(Advanced Analytical). Libraries were paired-end sequenced on a
NextSeq 500 Sequencer (lllumina) at the DanStem/reNEW Genomics
Platform (University of Copenhagen, Denmark). Between 1146 and
1528 cells were sequenced per lane.

R1 and R2 fastq files were generated using bcl2fastq (v2.19.1), and
the pooling and well information was extracted from the sequence
using umis (v1.0.3) [https://github.com/vals/umis] into a unique fastq
file. The reads were then filtered based on the pooling barcodes with 1
mismatch allowed. The poly-Ts at the end of the reads were trimmed
using Cutadapt (v1.18)*". The reads were mapped to the mouse genome
(GRCmM38/mm10 together with ERCC92) using HISAT2 (v2.1.0), the
alignments were processed with Samtools (v1.7)*%, and the reads were
counted with featureCounts (Subread (v1.5.3))* using Ensembl v93,
and the UMIs using UMI_tools (v1.0.0)°°. Expression data were ana-
lyzed using Seurat (v3.1)”’. Data filtering, normalization, and scaling
were performed using the standard pre-processing workflow’’. Inte-
gration of different datasets was performed as described®. Spiked-in
EpiSCs were used as a reference to correct the batch effect between
integrated datasets. Marker genes of each cell cluster were outputted
for GO-term analysis to define the cell type.

RNAseq procedure and analysis

Cells were lysed, and total RNA was extracted using the RNeasy Mini Kit
according to the manufacturer’s instructions (Qiagen). RNA con-
centration was quantified by NanoDrop, and quality was verified with a
Fragment analyzer. For all conditions, two biological replicate samples

were collected from independent experiments. Library preparation
was carried out using 0.5 pg of RNA with NEBNext Ultra Il RNA Library
Prep Kit (New England BioLabs, E7770S) as per the manufacturer’s
instructions. Libraries were amplified for 5 PCR cycles and purified with
AMPure XP beads. DNA concentration was measured with a Qubit
Fluorometer, and fragment size was determined with a Fragment
Analyzer. All samples were sequenced on a NextSeq 500 Sequencer
(Illumina) at the DanStem/reNEW Genomics Platform (University of
Copenhagen, Denmark). RNAseq was performed, mapped, and ana-
lyzed as previously described™®.

ATACseq procedure and analysis

ATACseq was performed, mapped, and analyzed as previously
described®. For all conditions, two biological replicate samples were
collected from independent experiments. Library quality was assessed
using the Fragment Analyzer and quantified by Qubit assay. The
libraries were sequenced with 50 bp paired-end reads on a NextSeq
500 Sequencer (Illumina) at the DanStem/reNEW Genomics Platform
(University of Copenhagen, Denmark). Prediction of cis-regulatory
elements (CREs) and gene annotation was made using rGREAT
(v4.0.4)>°* or HOMER (v4.7.2)%.

ChiIPseq procedure and analysis

ChIPseq was performed, mapped, and analyzed using a previously
detailed protocol®. All samples were sequenced on a NextSeq 500
Sequencer (Illumina) at the DanStem/reNEW Genomics Platform
(University of Copenhagen, Copenhagen, Denmark). Prediction of cis-
regulatory elements (CREs) and gene annotation was made using
rGREAT (v4.0.4)%*%*,

Spatial transcriptomics

Embryos were collected at E7.5 and fixed accordingly to the protocol
of Resolve BioSciences’ MC technology’®?’, with PAXgene fixative
sample preparation (Qiagen: ID: 765312) for 1 h, followed by PAXgene
stabilizer (Qiagen, ID: 765512) for 2 h, transferred to 30% sucrose in PBS
for 30 min and finally included in OCT (Sakura) and snap-frozen in
liquid nitrogen for cryo-sectioning. The samples were cryo-sectioned
into 10 pm sections using an HM560 cryostat onto Resolve coverslips.
Resolve BioSciences’ MC technology performed the slide hybridiza-
tion according to the manufacturer’s instructions (protocol 3.0). The
probes for 29 genes were designed using Resolve’s proprietary design
algorithm. Imaging and signal decoding were performed by BioS-
ciences’ MC technology according to the company’s standard proce-
dures. Final visualization was performed using the ImageJ plugins from
Resolve BioSciences (Polylux). The spatial information and colour
attribution to RNA were attributed by the count matrix format pro-
vided by Resolve BioSciences and ImageJ. Representative images are
from E7.5 embryos (n = 4 biological replicates).

GEO-sequencing

Published RNAseq data from iTranscriptome (https://www.picb.ac.cn/
hanlab/itranscriptome/Home/) based on genes expressed in the epi-
blast of the gastrulating mouse embryo (E7.0-7.5)*%,

Whole Genome Bisulfite Sequencing (WGBS) and analysis

DNA was extracted from sample pellets using the Qiagen DNeasy
Blood & Tissue Kit (Qiagen ID: 69506) following the manufacturer’s
instructions. 1 g of sample gDNA was used to prepare the libraries. We
utilized the EZ DNA Methylation-Lightning Kit (Zymo Research,
#D5031) for bisulfite conversion. CLDN6"" versus CLDN6'"" WGBS
library preparation was done using NEBNext Ultra Il DNA Library Prep
Kit (E7645S), enzymatic fragmentation using NEBNext dsDNA Frag-
mentase (M0348S), and sensitive adaptors NEBNext Multiplex Oligos
(Methylated Adaptor, E7535S), as per manufacturer’s instructions.
Samples were sequenced on NextSeq2000 (200 cycles kit), averaging
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256M reads per sample. WT versus PbxI-KO WGBS libraries were pre-
pared via the post-bisulfite library construction method using Illumi-
na’s TruSeq DNA Methylation Kit (EGMK81312) with sensitive adaptors
(EGIDX81312) following the manufacturer’s instructions. Samples were
sequenced three times on the NextSeq500 (150 cycles kit), and the
three runs were concatenated to get an average of 256M reads per
sample.

Adapter trimming, sequence alignment, and methylation calls
were performed using Bismark (v0.18.1)°%. Differential methylation
analyses were performed using methyIKit (v1.25.0)°, applying Fisher’s
exact test for comparing the fraction of methylated Cs in differentially
probed samples, with a cutoff for the absolute value of methylation
percentage change (25%) and qvalue of differential methylation sta-
tistic (0.01). Differentially methylated Cs were annotated with rGREAT
(v4.0.4) using a single nearest gene approach® and defined as differ-
entially methylated regions near genes (DMGs). The coverage cutoff
was set at 10 in the CLDN6 sorted dataset and 4 in WT versus PbxI
dataset, respectively. The output from Bismark was also reported into
SeqMonk (v1.46.0; Babraham Bioinformatics) for parallel DSS-based'*
methylation validation analyses and WGBS data visualization over key
genes of interest. On the visualization track, FirstEF'”' shows predicted
CREs. Hypo- and Hyper-methylated regions were not separately pro-
bed since multiple studies determined that it does not correlate
directly with gene expression as these regions could be bound by
repressors, especially in the early lineage transcription factors of
interest in this study**®*

STRING

Protein-protein interaction networks were analyzed using STRING
(v11.5)* based on known and predicted associations. Unbiased MCL
clustering of networks was done based on the simulation of stochastic
flow. The inflation parameter was set as default (3), and edges between
clusters are denoted by dotted lines.

Gene ontology and Motif enrichment analysis

Biological pathway enrichments were determined using Panther
(v15.0)'%%, Statistical significance was assessed using the Binomial test
with Bonferroni correction for multiple testing (P<0.05). We per-
formed known motif enrichment analysis using HOMER (v4.7.2)%>.

Statistics and reproducibility

The sample size was estimated based on previous preliminary
experiments. No statistical method was used to pre-determine the
sample size. Experiments and quantifications were not done in a
blinded fashion. Each differentiation (and subsequent RT-qPCR ana-
lysis) was performed at least three or more times independently with
similar results. Samples used for RT-qPCR and RNA-seq come from
different differentiation batches, ensuring multiple biological repli-
cates and reproducibility. Each immunoblot and EMSA experiment was
repeated at least three times independently. Unless otherwise noted,
each immunofluorescence staining and phase-contrast photo-
micrographs were repeated at least three times independently with
similar results. Statistics were derived using GraphPad Prism (v8.4.3)
(GraphPad Software, San Diego, CA, USA). The raw data underlying all
reported averages in graphs and charts are provided in the Source
data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are included in this article and its
Supplementary Information files. NGS data supporting the findings
have been deposited in the ArrayExpress database at EMBL-EBI under

the following accession numbers: E-MTAB-13407, E-MTAB-13574, E-
MTAB-13618, E-MTAB-13660. Further data from published papers:
(scRNA-seq of embryonic tailbuds, E-MTAB-9785; scRNA-seq of in vitro
cells, ATAC-seq, E-MTAB-9776, ChIP-seq of LEF1 in NMPs, E-MTAB-
9775)* [https://doi.org/10.1038/s41467-021-25370-4]; (ATAC-seq - E-
MTAB-6337)° [https://doi.org/10.1016/j.cell.2018.09.040]; (Stereo-
sequencing: 3D Transcriptome of the mouse embryo at gastrulation,
GSE65924) [https://doi.org/10.1016/j.devcel.2016.02.020. Source data
are provided with this paper.
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