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ABSTRACT

How distinct mesodermal lineages — extraembryonic, lateral, intermediate, paraxial and axial —
are specified from pluripotent epiblast during gastrulation is a longstanding open question. By
investigating AXIN, a negative regulator of the WNT/B-catenin pathway, we have uncovered
new roles for WNT signaling in the determination of mesodermal fates. We undertook
complementary approaches to dissect the role of WNT signaling that augmented a detailed
analysis of Axinl;Axin2 mutant mouse embryos, including single-cell and single-embryo
transcriptomics, with in vitro pluripotent Epiblast-Like Cell differentiation assays. This strategy
allowed us to reveal two layers of regulation. First, WNT initiates differentiation of primitive
streak cells into mesoderm progenitors, and thereafter, WNT amplifies and cooperates with
BMP/pSMAD1/5/9 or NODAL/pSMAD2/3 to propel differentiating mesoderm progenitors into
either posterior streak derivatives or anterior streak derivatives, respectively. We propose that
Axinl and Axin2 prevent aberrant differentiation of pluripotent epiblast cells into mesoderm by

spatially and temporally regulating WNT signaling levels.
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INTRODUCTION

Gastrulation converts pluripotent epiblast cells in a developing embryo into the three definitive
germ layers: ectoderm, mesoderm, and endoderm. In the mouse, the emergence of the
primitive streak in the proximal posterior epiblast marks the onset of gastrulation at embryonic
day (E)6.25-6.5 (Bardot and Hadjantonakis, 2020). Epiblast cells residing in the vicinity of the
primitive streak exit pluripotency and undergo an epithelial-to-mesenchymal transition (EMT)
facilitating their exit from the streak and movement into the mesenchymal layer, where they
migrate across the embryo and differentiate into progenitors of mesoderm and definitive

endoderm (Ferrer-Vaquer et al., 2010a).

The signaling environment of epiblast cells at the time and site of their ingression through the
primitive streak determines their fate, and thus the identity of the different mesodermal types
produced (Morgani and Hadjantonakis, 2020). Fate mapping experiments in the mouse have
shown that the first wave of mesoderm emanating from the streak includes progenitors of
extraembryonic mesoderm (ExM) (Lawson et al., 1991); these cells migrate proximally to
contribute to the amnion, allantois, chorion, and visceral yolk sac (Kinder et al., 1999; Lawson et
al., 1991). Concurrently, from a slightly more distal location in the streak, the newly specified
precursors of cardiac and cranial mesoderm migrate anteriorly. As the anterior primitive streak
extends toward the distal tip of the embryo, it gives rise to paraxial and axial mesoderm
(prechordal plate, notochord and node), as well as precursors of the definitive endoderm (Kinder
et al., 1999; Kinder et al., 2001). Additional mesoderm subtypes, such as lateral plate, and
intermediate mesoderm are generated from the middle primitive streak (Kinder et al., 1999;
Lawson et al., 1991; Tam and Beddington, 1987).

Over the past three decades, genetic studies in the mouse have established that Bone
Morphogenetic Proteins (BMPs) and NODAL, both TGF-3 family members and two of many
diffusible ligand signaling molecules present in the embryo at these stages, play pivotal roles in
regulating axis formation at the onset of gastrulation (Arnold and Robertson, 2009). In addition,
analyses of mouse embryos with altered alleles of individual BMP and NODAL pathway
components, suggest that regulatory feedback loops between NODAL and BMP operate in the
streak to confer cell fate (Ben-Haim et al., 2006). For example, embryos lacking Bmprla (Di-
Gregorio et al., 2007; Mishina et al., 1995) or Nodal (Brennan et al., 2001) fail to establish a

streak and to make mesoderm. Embryos mutant for Bmp4 (Winnier et al., 1995) or for the
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SMAD1/5/9 downstream components, display defective formation of the allantois and yolk sac,
suggesting that specification of ExM requires a functional BMP/pSMAD1/5/9 signaling pathway
(Chang et al., 1999; Tremblay et al., 2001). In contrast, mouse embryos with a combined loss of
NODAL intracellular effectors, Smad2 and Smad3, in the epiblast, generate an enlarged
allantois, but lack the axial, paraxial and lateral populations of embryonic mesoderm (Dunn et
al., 2004). However, it remains unclear how BMP and NODAL signals coordinate with one
another and are combinatorially interpreted by cells in vivo to generate spatially and functionally

distinct populations of mesodermal cell types.

Acting through its effector B-CATENIN, canonical WNT signaling also plays a critical role in
multiple developmental events in the early mouse embryo, including axis formation and cell fate
specification. Embryos mutant in Wnt3 fail to gastrulate and thus lack mesoderm (Liu et al.,
1999). In contrast, in mouse mutants unable to down-regulate B-CATENIN effectors, such as
APC™" (Chazaud and Rossant, 2006) and B-catenin®®°™® (Kemler et al., 2004), an excess of
WNT signaling drives the epiblast to prematurely exit pluripotency and express mesenchymal
markers. These findings suggest that modulation of WNT signaling levels in epiblast cells during
their exit from pluripotency achieves activation of stage and region-specific targets that
contribute to the acquisition of distinct cell fates. AXIN1 and AXIN2 are components of the
destruction complex, which inhibits canonical WNT signaling through the phosphorylation,
ubiquitination, and degradation of B-CATENIN (lkeda et al., 1998). Loss of function alleles of
Axinl cause embryonic lethality: mutant mouse embryos display multiple morphological
abnormalities, including cardia bifida and partial duplications of the body axis, and they die at
around E9.0 (Perry et al., 1995; Zeng et al., 1997a). In contrast, Axin2 null mutants are viable
and fertile (Lustig et al., 2001a). AXIN2 protein is structurally very similar to AXIN1, and lack of

Axinl can be functionally replaced by Axin2 in vivo (Chia and Costantini, 2005).

The dose and time-dependent mechanisms by which WNT interacts with other signals at the
primitive streak to confer mesodermal identity in vivo remain unclear. To ask if the WNT
pathway interfaces with the NODAL and BMP pathways in vivo to direct the specification of
mesodermal lineages, we examined mouse embryos carrying combinations of mutations in key
components of the WNT, BMP and NODAL signaling pathways. First, focusing on Axinl;Axin2
double mutants, we show that constitutively active WNT signaling drives the early post-
implantation epiblast to prematurely transition from the formative to the primed state of

pluripotency and initiate an EMT. Second, using Axinl;Axin2 double mutants lacking Axinl
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exclusively in the epiblast (Axin1“¥";Axin2"), we demonstrate that constitutively active WNT
signaling propels the epiblast towards differentiation into posterior and middle streak
mesodermal lineages at the expense of anterior streak mesodermal derivatives. To determine
how constitutively active WNT signaling disrupts the coordinated production of mesoderm at the
streak, we performed both single-cell RNAseq (scRNAseq) and single-embryo bulk RNAseq
analyses in E6.5 (at the onset of gastrulation) and E7.5 Axin1“®";Axin2” mutants. Our analysis
of these transcriptomic data reveal that high levels of BMP/pSMAD1/5/9 accompany aberrant
posterior mesoderm differentiation in both the Axin1“*":Axin2” and Smad2” mutants,
suggesting that posterior mesodermal identity depends on coordinated activity of WNT and
BMP, but is independent of NODAL signaling. To further dissect how the network of signaling
interactions regulate the production of different mesodermal types, we performed in vitro
pluripotent Epiblast-Like Cell (EpiLC) differentiation experiments. Taken together, we propose a
working model positing that WNT signals prime epiblast cells to differentiate into mesodermal
progenitors; concurrent BMP/pSMAD1/5/9 signals then direct these progenitors to form
extraembryonic, posterior lateral plate and intermediate mesoderm, while anterior mesoderm
derivatives require a tighter WNT-BMP spatial-temporal regulation to maintain NODAL signaling

and give rise to axial and paraxial mesoderm.
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RESULTS

Constitutively active WNT signaling precociously drives epiblast cells through formative
pluripotency into a primed state before the onset of gastrulation

Axinl is ubiquitously expressed in the early embryo (Qian et al., 2011) and its loss causes mid-
gestation embryonic lethality. In contrast, induction of Axin2 expression occurs only upon
activation by WNT (Jho et al., 2002), and targeted Axin2 null alleles produce viable and fertile
mice (Lustig et al., 2001a). Uniform Manifold Approximation and Projection (UMAP) plots from a
publicly available scRNAseq reference atlas of mouse gastrulation (Imaz-Rosshandler et al.,
2024; Pijuan-Sala et al., 2019) show that both Axinl and Axin2 are widely expressed. Axin2
shows expression enrichment in epiblast, anterior primitive streak and mesoderm cells (Figure
1A; see Figure S2A for cell type reference). To assess the effects of different levels of elevated
WNT signaling on epiblast maturation, and the initiation of gastrulation defined by pluripotency
exit, we examined embryos carrying different combinations of Axinl and Axin2 null alleles
(Figure 1B). Although recoverable at early gastrulation (E6.25), embryos deficient for both
Axinl and Axin2 (Axin1”;Axin2"; Axin1"s™s; Axin2") were morphologically distinct from stage-
matched wild-type embryos. In addition, immunofluorescence (IF) analyses on E5.75
Axin1;Axin2 null mutants revealed that the entire epiblast had prematurely differentiated into
mesoderm with up-regulated T (a marker of the primitive streak and nascent mesoderm) and
down-regulated CDH1 expression (a marker downregulated during the gastrulation EMT,
Figure 1C and Figure S1A). Embryos lacking Axinl specifically in epiblast cells and their

+/+

derivatives but containing two wild-type Axin2 alleles in all cells (Axin1“=:Axin2*"*), developed
to E9.5 displaying defects in the formation of forebrain, heart, somites, and tail among other
developing tissues (Figure S1B). At E5.75, both Axin1“¥";Axin2*""* and Axin1“¥";Axin2” mutant
embryos appeared morphologically indistinguishable from wild-type embryos. However, IF of T
and CDHL1 revealed that loss of both alleles of Axin2 in Axin1“® embryos (Axin1“":Axin2™")
resulted in a more severe phenotype than observed in Axin1“=":Axin2"* embryos. While
Axin1“¥":Axin2*"* embryos did not exhibit detectable T expression or premature activation of
EMT, Axin1*";Axin2” mutants displayed ectopic T-expressing mesoderm cells at E5.75, before
E6.25-E6.5, the age at which initiation of gastrulation normally occurs (Figure 1C). A
comparison of the CDH1 and T staining patterns at E5.75 in Axin1”;Axin2” and Axin1“5":Axin2"
-

embryos suggested a correlative relationship between the level and/or distribution of

constitutively active WNT signaling and the ectopic mesoderm. For example, Axin1“=";Axin2"
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embryos retained the WNT inhibitory activities of AXIN1 that were lost in the visceral endoderm
and extraembryonic ectoderm of Axinl’”;Axin2” embryos. At E5.75, the epiblast in
Axin1“¥":Axin2” embryos contained fewer T-expressing cells and maintained a more organized
epithelial structure than the epiblast in Axin1”;Axin2” embryos (Figure 1C,D).

Examination of Axin1“=";Axin2” embryos at E6.5 provided further evidence that epiblast cells
had undergone a premature, delocalized EMT program. During gastrulation EMT, nascent
mesoderm cells emanating from the primitive streak downregulate CDH1, upregulate CDH2,
and activate expression of T (Hernandez-Martinez et al., 2019), generating a posteriorly
localized stripe of CDH2 and T-expressing cells by E6.5 (Figure 1E). In contrast, we detected
CDH2 and T-expressing cells widely dispersed throughout the proximal and distal regions of the
E6.5 Axin1“®"; Axin2” embryos (Figure 1E).

To confirm that the formation of ectopic mesoderm reflected premature differentiation of the
epiblast, we performed whole-mount IF of markers diagnostic for the naive and primed
pluripotent states of epiblast cells in pre-implantation and gastrulation stage embryos,
respectively (Morgani et al., 2017; Nichols and Smith, 2009). Following implantation, but before
gastrulation, epiblast cells reside in a transitional state, referred to as formative pluripotency
(Smith, 2017), during which they down-regulate the naive transcriptional program (POU5F1,
NANOG, SOX2) before actively expressing lineage-associated genes (T, FOXA2, CDX2)
(Morgani et al., 2017; Smith, 2017). Relative to levels observed in wild-type embryos, we
detected reduced SOX2 and OCT4, and increased NANOG expression in the epiblast of E5.5
Axin1”;Axin2” and Axin1“®";Axin2” mutants (Figure 1F-G). Using IF we found reduced
expression of all three markers in E6.5 Axin1“®":Axin2” embryos (Figure S1C). Together these
data show that in Axin1/2 double mutant embryos, the epiblast undergoes premature down-
regulation of pluripotency markers concomitantly with the formation of ectopic T-expressing
mesoderm. Thus, constitutively active WNT signaling, resulting from loss of the AXIN1 and
AXIN2 inhibitors, precociously drives epiblast cells through formative pluripotency into a primed

state at E5.5, almost 24hr before the onset of gastrulation in wild-type embryos.

Similar to our findings in Axin1“®":Axin2” mutants, published studies have reported an
expanded region of primitive streak marker (T, Fgf8) expression in early post-implantation
embryos lacking Smad2 (Waldrip et al., 1998). To directly compare the gastrulation defects
observed in Smad2 null embryos (see Methods) to the abnormalities in mesoderm formation in

Axin1“" Axin2”" embryos, we performed IF staining of Smad2” mutants for markers of EMT and
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the primitive streak. In agreement with previous reports, we detected ectopic T expression
throughout the epiblast, in about 53% of the cells comprising the E6.5 Smad2” embryo (Figure
1E and Figure S1D). Suggestive of a premature EMT analogous to that displayed in
Axin1“" Axin2” embryos, we observed the downregulation of CDH1 and upregulation of CDH2
in the epiblast of Smad2 mutants (Figure 1E). We also found reduced expression of
pluripotency-associated markers SOX2, NANOG and OCT4, in E6.5 Smad2” embryos (Figure
S1C). However, in contrast to the E5.75 Axin1“*";Axin2” embryo, the E5.75 Smad2” mutant
lacked detectable ectopic T-expression (Figure S1A). This finding suggests that at pre-
gastrulation stages, abnormally elevated levels of WNT, but not reduced levels of NODAL

signaling, can trigger the epiblast to undergo premature EMT and mesoderm production.

Constitutively active WNT promotes ectopic extraembryonic mesoderm (ExM)/posterior
lateral plate mesoderm (LPM) differentiation in the gastrulating mouse embryo

To explore shifts in cellular heterogeneity and changes in transcriptional profiles, driven by
constitutively active WNT signaling, we collected separate pools of control and Axin15";Axin2™"
double mutant mouse embryos at E6.5 and performed scRNAseq (Figure 2). In total, 10,250
single-cell transcriptional profiles passed quality control; these profiles were placed into a
developmental context by integrating our datasets with a time-resolved scRNAseq reference
atlas of mouse gastrulation that spans E6.5 to E8.5 (Imaz-Rosshandler et al., 2024; Pijuan-Sala
et al., 2019)(Figure S2A-B). After integration, we investigated marker gene expression patterns,
performed joint clustering, and transferred cell type and embryonic stage labels from the
reference atlas to our query datasets (Figure 2A-G). Altogether, utilizing this information, we
assigned cell type annotations to 16 joint clusters that were present in the control and

Axin1“¥"Axin2”" embryos, as well as the reference atlas (Figure 2A-G and Figure S2A-C).

Approximately 50% of cells in control embryos aligned transcriptionally with epiblast (Pou5f1) or
epiblast-derived cell types that predominate in E7.0-E7.25 embryos, including primitive streak
(Nanog, Fgf8), anterior primitive streak (Gsc), posterior primitive streak (Ifitm3, Igfbp3), nascent
mesoderm #1/#2 (Mespl, Lefty2) and hematoendothelial progenitors #1 (Kdr,Tall) (Figure 2E-
G). The remaining control cells (~50%) were given trophectoderm and primitive endoderm
derived lineage annotations, including extraembryonic ectoderm (ExXE), (EIf5), extraembryonic
endoderm (ExEn)/visceral endoderm (Ttr, Spinkl), and parietal endoderm (PE) (Cryab, Nidl)
(Figure 2E-G).
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Like control embryos, approximately 50% of cells in Axin1“5":Axin2”" mutant embryos aligned
with EXE, ExEn/visceral endoderm, and PE (Figure 2E-G). Strikingly, instead of comprising the
epiblast, primitive streak and nascent mesodermal cells, the remaining cells in Axin1“=";Axin2"
mutant embryos represented more mature mesoderm lineages that normally only arise at later
embryonic stages (E7.5-E8.5) (Figure 2E-G). Approximately 20% of cells in mutant embryos
were posterior LPM, allantois mesoderm and mesenchymal cells that expressed Foxfl, Cdx2,
Cdx4 and Twist2 (Figure 2E-G and Figure S2C). Furthermore, mutant embryos contained
hematoendothelial progenitors #1 and further differentiated hematoendothelial progenitors #2
(~5%) that expressed primitive erythrocyte markers Gatal, Runx1, Hbb-bhl and Hbb-y (Figure
2E-G). Overall, the integration of control and Axin1“¥";Axin2" data sets with the time-resolved
scRNAseq reference atlas of mouse gastrulation reveals that constitutively active WNT
signaling rapidly drives epiblast cells to precociously differentiate into mesodermal components
of extraembryonic tissues, such as visceral yolk sac and allantois. A comparative analysis of
single-embryo bulk RNAseq data from four control and four Axin1“¥":Axin2” mutant embryos at
E6.5 yielded findings in agreement with those from our scRNAseq studies (Figure S2D-F).
Evaluation of the bulk RNAseq data identified 2373 upregulated genes and 1741 downregulated
genes (fold change p<0.05) (Table S1-S2). Predominant among the upregulated genes were
those with known developmental roles associated with the differentiation of ExM, such as
primitive blood precursors (i.e.Tall, Cd44, Runxl) (Ferkowicz et al., 2003; Shivdasanl et al.,
1995; Yokomizo et al., 2008) (Figure S2E and Table S1) and of the allantois (i.e. Tbx4, Kdr,
Fgfl8, Cdx2) (Boylan et al., 2020; Drake and Fleming, 2000; Naiche and Papaioannou, 2003)
(Figure S2F and Table S1).

WNT signals modulate BMP/pSMAD1/5/9 in the proximal epiblast to trigger ExM and
posterior LMP differentiation

The proportion of cells expressing ExM/posterior LPM markers Kdr, Cdx2 and Foxfl increased
in Axin1“®":Axin2”" versus control embryos (Figure 3A). To validate this finding from our
scRNAseq data, we assessed KDR, CDX2 and FOXFL1 protein expression patterns in E6.5 wild-
type and Axin1“¥":Axin2” embryos (Figure 3B). In wild-type embryos about 6% of total cells
expressed KDR in the proximal posterior portion of the embryonic region. Furthermore, CDX2
expressing cells (12% of total) resided predominantly in the ExE, whereas FOXF1 expressing
cells (< 1% of the total) inhabited the proximal posterior portion of the embryonic region (Figure
3B and Figure S3A). In contrast, in E6.5 Axin1“*";Axin2” embryos, we detected an expanded

region of KDR expression, comprising about 22% of total cells alongside ectopically expressed
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CDX2 (55%) and FOXF1 (39%) (Figure 3B and Figure S3A). IF to KDR, CDX2 and FOXF1
showed that the ectopic mesoderm present in E6.5 Smad2 mutants also had an ExM identity
(Figure 3B). Compared to Axin1“*";Axin2” embryos, the Smad2 mutants differed in the spatial
distribution and relative numbers of KDR, CDX2 and FOXF1 (38%, 59% and 13%) respectively
(Figure S3A). Yet the findings of a preponderance of ExM in E6.5 Smad2” mutants indicated
that decreased levels of SMAD2-mediated NODAL signaling resulted in phenotypic features
similar to those observed in Axin1“¥";Axin2”" embryos with constitutively active WNT signaling:

premature ectopic differentiation of the epiblast layer into ExM.

We examined the scRNAseq and single-embryo (se) bulk RNAseq data sets to ask if
constitutively active WNT signals perturbed the expression of ligands in other key regulatory
pathways active during early post-implantation development. This analysis revealed a strong
upregulation of genes encoding the BMP ligands - Bmp5, Bmp7, Bmp4 and Bmp2 - in E6.5
Axin1“¥":Axin2” mutants (Figure 3C, Figure S3B and Table S1). Using mRNA in situ
hybridization, we confirmed the increased expression of Bmp4 in E6.5 Axinl1“®:Axin2”
embryos. Whereas wild-type embryos contained Bmp4 transcripts exclusively in the EXE, the
Axin1“¥":Axin2” and Smad2” mutants displayed an expanded domain of Bmp4 expression that

encompassed all but the distal portion of the epiblast (Figure 3D).

Elevated levels of Bmp gene expression upon constitutive WNT activity in Axin1“=":Axin2”"
embryos suggested that increased levels of BMP signaling may underlie the excess production
of ExM/posterior LPM. To investigate a functional interaction between WNT and BMP signaling
during gastrulation, we examined the spatial distribution and levels of WNT and BMP pathway
activity by IF. We used a TCF/Lef:H2B-GFP reporter (Ferrer-Vaquer et al., 2010b) to identify
cells transducing WNT and an antibody to pPSMAD1/5/9 to detect BMP activated cells in E6.5
wild-type and Axin1“®":Axin2” embryos during early gastrulation (Figure 3E-F). In E6.5 wild-
type embryos, pSMAD1/5/9 staining was restricted to cells in the proximal extraembryonic
visceral endoderm (ExVE) and proximal epiblast ~18% of the total cells in the embryo. WNT
reporter activity was detected along the length of the streak in about 15% of the total cells in the
embryo. By contrast, about 63% and 47% of total cells in the E6.5 Axin1“®";Axin2” embryo
stained for pPSMAD1/5/9 and the WNT signaling reporter, respectively (Figure 3E-F). We also
observed that the fraction of cells that co-expressed both markers increased to 38% in mutant

embryos relative to wild-type, where only 9% of cells co-expressed both markers (Figure 3E-F).
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In addition, we observed that the domain of pPSMAD1/5/9 in the EXVE was extended distally in
the Axin1“¥":Axin2” embryos (Figure 3E-F).

Noting that expanded WNT and BMP signaling accompanied ectopic ExM/posterior LPM
differentiation in Axin1**";Axin2”- mutant embryos, we asked whether Smad2 mutants, which
also abnormally differentiate ExM, similarly displayed increased numbers of WNT and BMP
activated cells. We found that about 54% and 49% of cells in the E6.5 Smad2” embryo
ectopically activated, TCF/Lef:H2B-GFP and pSMAD1/5/9, respectively. Concordantly, co-
expression of pSMAD1/5/9 and the WNT-reporter was upregulated in about 25% cells in
Smad2” embryos (Figure 3E-F). Taken together these observations suggest that the BMP-
WNT signaling circuit that promotes ectopic ExM/posterior LPM differentiation in Axin1“=":Axin2"

" embryos also operates in the Smad2 mutant (Figure 3E-F).

Excess of WNT signaling depletes anterior primitive streak cell progenitors

To further examine the affected lineages in Axin1“";Axin2” mutant embryos we performed se-
bulk RNAseq on five wild-type and five Axin1¥":Axin2” E7.5 (mid-streak) embryos (Figure
S4A). We found 2472 genes downregulated and 2493 genes upregulated in the mutants relative
to wild-type (p<0.05) (Table S3 and Table S4). Among the downregulated GO-terms were
somitogenesis, rostro-caudal specification and NODAL signaling. Consistent with the findings in
Figure 2 and 3, upregulated GO-terms included endothelial and blood vessel differentiation,
EMT and BMP signaling (Figure S4B). We performed expression assays for two highly
downregulated genes in the se-bulk transcriptome of E7.5 Axin1“*";Axin2” embryos: Tbx6 and
Mespl, markers of paraxial mesoderm and cardiac progenitors, respectively (Chapman et al.,
1996; Saga et al., 1999) (Table S4). As shown in Figure 4A, neither Axin1***;Axin2"" or Smad2’
" E7.5 embryos expressed detectable levels of TBX6 and Mespl. We also did not detect
expression of the axial mesoderm marker FOXA2 at E6.5 in either mutant (Figure 4A). By E7.5
both Axin1“¥":Axin2” and Smad2” embryos are mainly composed of KDR, CDX2 and FOXF1-
positive cells detected by IF (Figure S4C).

Notably, both E6.5 and E7.5 se-bulk RNAseq analysis revealed that targets of the NODAL-
signaling pathway such as Nodall, Cerberusl and Lhx1l- were downregulated in the
transcriptomes of Axin1“¥";Axin2” embryos (Figure S4D-E and Table S2,S4). Furthermore,
Leftyl was downregulated at E6.5, whereas Lefty2 and Foxhl,(Meno et al., 1999; Saijoh et al.,
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2000) were downregulated in the E7.5 Axin1“*";Axin2”" se-bulk transcriptome (Figure S4D-E
and Table S2,S4). As was observed in Figure 2B and 2F, the anterior primitive streak cell
cluster was almost absent in E6.5 Axin1“**:Axin2”" mutant compared to control embryos;
suggesting that the down regulation of NODAL-signaling target genes found in the se-bulk RNA
analysis of Axin1“¥":Axin2” embryos was driven by a shift in cell populations (Figure 4B).
Taken together these data suggest that changes in gene expression occurring in the mutant cell
populations shift cells away from an anterior primitive streak cell identity in both Axin1“=": Axin2™"

and Smad2 mutant embryos.

Control and mutant embryos contained three overlapping clusters: nascent mesoderm #1,
nascent mesoderm #2 and posterior primitive streak cells (Figure 2E-F and Figure S2A). To
explore the impact of constitutive WNT signaling on gene expression in these populations we
identified genes that were differentially expressed in control versus Axinl“®":Axin2” cells
(Figure 4C, control = blue, Axin1“¥":Axin2"" = red). These analyses revealed that ectopic WNT
signaling drove increased expression of the transcription factors Lmo2 and Hoxb1l (Figure 4C,
pink arrowheads) in nascent mesoderm populations #1 and #2. Lmo2 is an essential regulator
of yolk sac hematopoiesis (Warren et al., 1994); its expression is regulated by HOX proteins in
embryonic mesoderm at later stages of embryogenesis (Calero-Nieto et al., 2013). Strikingly,
the transcription factor Mixl1 was also overexpressed in Axin1“*";Axin2” nascent mesoderm
(Figure 4C, pink arrowheads). A previous study demonstrated that overexpression of MIXL1 in
ES cell-derived embryoid bodies, accelerates mesoderm formation and increases output of
hematoendothelial progenitors (Willey et al., 2006). Axin1“5";Axin2” posterior primitive streak
cells showed increased expression of caudal type homeobox transcription factors Cdx1/2/4 and
downregulation of the pluripotency-associated transcription factor Pou5fl (Figure 4C, pink
arrowheads). CDX4, when overexpressed, alters Hox gene expression in zebrafish and induces
blood formation in mouse ES cultures (Davidson et al., 2003). se-bulk RNAseq analysis also
revealed that Lmo2, Mixl1 and Cdx1/2/4 were upregulated in E7.5 Axin1“*";Axin2” embryos
(Table S3). These findings align with the increase in hematoendothelial progenitors in the
Axin1“¥": Axin2" mutants. Furthermore, consistent with loss of the Axin1 and Axin2 inhibitors in
nascent mesodermal cells, both E6.5 scRNAseq and se-bulk transcriptome analysis showed
increased expression of Dkk1, a negative regulator of WNT signaling (Niida et al., 2004) in the
mutants (Figure 4C, pink arrowhead and Table S2). Taken together these data suggest that in

vivo, constitutively active WNT signaling blocks the generation of anterior primitive streak and
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dysregulates gene expression programs in nascent mesoderm cells towards ExM/posterior LPM

markers.

In the absence of the BMP component of the WNT-BMP regulatory circuit, excess WNT
signals drive epiblast differentiation into anterior primitive streak

We next investigated the role of increased BMP signaling in driving the ExM/posterior LPM gene
expression program in the Axin1“":Axin2” mutant. We hypothesized that perturbation of the
BMP-WNT regulatory circuit in Axin1“5":Axin2” mutants generates changes in gene expression
that result in the repression of signals, such as NODAL/pSMAD?2/3, required to produce anterior
primitive streak progenitors. To test this hypothesis, we used a conditional Bmprla allele to
reduce levels of BMP signaling in the epiblast of Axin1“®:Axin2” embryos (Figure 5A). The

resulting triple mutant-Axin1“=";Axin2";Bmpria“="-

embryos reached E7.75 and displayed a
distinct morphology from that of Axin1“5":Axin2” embryos at E7.75 (Figure 5B). Moreover, in
contrast to Axin1“®":Axin2” embryos; the Axin1“*":Axin2”;Bmpria®® triple mutants
differentiated TBX6-expressing cells (Figure 5C,D). An analysis of the TCF/Lef:H2B-GFP WNT

AEpi

reporter and IF for pSMAD1/5/9 expression in Axin1“¥";Axin2”:Bmpria triple mutants

demonstrated active WNT signaling throughout the embryonic region and a near complete

AEpi

absence of BMP pathway activity (Figure 5D-E). The Axin1“®*;Axin2”;Bmpr1a“=" triple mutant
also contained reduced numbers of KDR-positive cells (Figure 5D-E). Thus, decreasing the
levels of BMP signaling in the epiblast of Axin1“¥"; Axin2”~ embryos enabled the differentiation
of paraxial mesoderm. Taken together our findings show that removal of the BMP component of
the regulatory circuitry, leads to excess WNT signaling that drives epiblast differentiation

towards anterior primitive streak cell derivatives.

Differentiation of anterior and posterior primitive streak derivatives occurs in vitro upon
activation of WNT-signaling

To further investigate the kinetics of WNT activation in specifying mesoderm, we derived
Axin1™™s: Axin2”" double mutant Embryonic Stem Cells (ESCs) from blastocyst stage embryos
and transitioned these, along with Smad2™ ESCs, towards an Epiblast-Like Cell (EpiLC) state.
Whereas ESCs reside in a naive pluripotent state, EpiLC recapitulate a later formative
pluripotent transcriptional state, approximating the post-implantation epiblast prior to the onset
of gastrulation (Hayashi et al., 2011). When cultured in either 2i or serum plus LIF,

Axin1™™s:Axin2” ESCs expressed the markers characteristic of naive state pluripotency
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(Figure S5A). Following 24 hours in FGF2 + Activin A, neither wild-type nor Axin1™¥™s: Axin2"
EpiLCs expressed detectable levels of T protein; based on IF staining (Figure S5B). However,
by 48 hours, Axin1™™S;Axin2”", but not wild-type, EpiLCs initiated their transition toward
mesoderm differentiation (Figure S5B). Following 48 hours of differentiation, the
Axin1™s™s: Axin2”" mutant EpiLCs initiated a premature EMT program, characterized by the
expression of T and CDH2, and the downregulation of CDH1. By contrast, wild-type and Smad2
null EpiLCs never expressed T or CDH2 under the same conditions (Figure S5C). Notably after
72 hours Axin1™$™s:Axin2” EpiLC expressed even higher levels of aberrant T and CDH2
expression, whereas wild-type EpiLCs never underwent a gastrulation EMT when cultured
under EpiLC conditions (Figure 6A-B).

Reflective of the necessary role that NODAL/pSMAD2/3 plays in the generation of all
mesodermal lineages in vivo in the mouse embryo, the protocol for EpiLC differentiation in vitro
requires the addition of exogenous Activin A, a commercial NODAL agonist. We hypothesized
that Axin1™™S;Axin2”~ mutant EpiLCs would be capable of differentiating towards mesoderm
derived from the anterior streak. To test this hypothesis we assayed FOXA2 expression and
observed that while Axin1™¥™:Axin2” mutant EpiLCs differentiate axial mesoderm, wild-type
EpiLCs did not express FOXA2 (Figure 6C).

Considering that Smad2 mutant embryos fail to differentiate mesodermal cells of the anterior
streak, and that canonical WNT signaling induces Nodal via an identified proximal epiblast
enhancer (PEE) (Ben-Haim et al., 2006) we asked whether the specification of FOXA2 in
Axin1™s™s:Axin2” EpiLCs requires the NODAL/SMAD2/3 signaling pathway, possibly acting
downstream of WNT. We cultured Axinl1;Axin2 mutant EpiLCs for 36 hours to allow them to
differentiate to mesoderm; after that time interval we withdrew Activin and added an ALK-
inhibitor (SB431542) for 24 hours (a total of 60 hours) and then we analyzed FOXAZ2 expression
by IF. We found an ~30 fold reduction of T and an ~3 fold reduction of FOXA2 (Figure 6D,E),
indicating that Axinl;Axin2 mutant EpiLCs require a functional NODAL/SMAD2/3 pathway to
differentiate ectopic axial mesoderm. Since Axin1“":Axin2” embryos aberrantly differentiate
towards ExM/posterior LPM, we investigated the ability of Axin1"¥™;Axin2” EpiLCs to form
mesoderm in these lineages by monitoring KDR expression. After 60 hours we detected KDR-
positive cells in Axinl;Axin2 mutant EpiLCs that express FOXA2 at the same time (Figure 6C).
These findings suggest that overactivation of WNT promotes EpiLC differentiation towards both

anterior and posterior mesodermal lineages.
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Observing KDR+ cells, prompted us to assess the status of the BMP signaling pathway in the
mutant EpiLCs. We observed pSMAD1/5/9-positive cells only at the edge of the Axinl;Axin2
mutant EpiLC colonies after 60 hours, whereas most of the remaining mutant EpiLCs did not
activate the BMP/pSMAD1/5/9 pathway (Figure 6F). As predicted, the pSMAD1/5/9-positive
cells also expressed KDR, a marker of ExM identity (Figure 6F). By contrast, wild-type cells did
not activate the BMP/pSMAD1/5/9 pathway, nor did they differentiate towards ExM (Figure 6F).

We note that ExM differentiation, detected by KDR expression, occurred at the edges of the
EpiLC colonies or in cells having undergone EMT, whereas axial EM differentiation denoted by
FOXA2+ expression occurred in the center of the EpiLC colony (Figure 6C). The majority of the
Axinl;Axin2 mutant EpiLCs expressed a mesoderm marker labeled for either KDR or FOXA2

but not both; we observed only a few cells expressing both markers.

Axinl“Epi;AxinZ"' mutant embryos fail to differentiate derivatives of the anterior primitive streak,
while Axinl;Axin2 mutant EpiLCs expressed FOXA2. Human ESCs grown in high-density
colonies have been shown to localize their BMP receptors on their lateral cell adjacent surfaces
within the center of the colony, while apically localizing of the receptors on the outer edges. This
differential localization insulates cells at the center from apically applied ligands (Etoc et al.,
2016). To reconcile our apparently contradictory observations in vivo in embryos versus in vitro
in EpiLCs, we hypothesized that similar to human ESCs, mouse EpiLC are more sensitive to
BMP signals at the edge of the colony. At limiting concentrations of BMP ligand cells on the
edges of EpiLC colonies would differentiate towards ExM, while cells at the center would
differentiate towards FOXA2, unable to access levels of ligand needed to activate the BMP
signaling pathway. To test this idea, we maintained Axinl;Axin2 mutant EpiLCs in the presence
of BMP4 for 60 hours and then evaluated their differentiation towards both posterior and anterior
mesoderm lineages. We observed increased posterior mesoderm differentiation in Axinl;Axin2
mutant EpiLCs exposed to higher concentrations of BMP4, demonstrated by the ~4 fold
increase in KDR expression (Figure 6H 3.7 average fold). Under these conditions, we detected
KDR-positive cells not only at the edges of the Axin1;Axin2 mutant EpiLCs colonies, but also in
the center (Figure 6G). As predicted, differentiation towards FOXA+ cells in mutant EpiLC was
dramatically reduced in the presence of high levels of BMP (~36.5 average fold decrease)
(Figure 6G-H). EpiLC were cultured in the presence of Dorsomorphin, a BMP-receptor inhibitor,
to test whether we could modulate Axin1™™S:Axin2” EpiLC differentiation towards axial

mesoderm by inhibiting the BMP/pSMAD1/5/9 pathway. We observed that Dorsomorphin

15


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 N O O A W DN P

=
o

available under aCC-BY-NC-ND 4.0 International license.

reduced Kdr expression in mutant EpiLC by about 2 fold (Figure 6l). However, Foxa2
expression did not change by IF (Figure 6G), but we detected a decrease in Foxa2 expression
by gRT-PCR, likely due to a general decrease in mesoderm specification, corroborated by a

decrease in T-expression (Figure 6l).

The findings from our EpiLC experiments suggest that overactivation of WNT signaling is
sufficient to induce mesoderm differentiation. The ectopic differentiation of either posterior or
anterior mesodermal lineages depends on mesodermal progenitors attaining a threshold level of
either WNT+BMP/pSMAD1/5/9 or WNT+NODAL/pSMAD2/3 signaling respectively.
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DISCUSSION

A long-term goal of our research is to uncover the molecular and cellular mechanisms that
coordinate the emergence of mesodermal lineages from epiblast cells that reside in and move
through the proximal, posterior primitive streak early during gastrulation. In the present study we
asked whether specification of distinct mesodermal lineages involves an interplay between
NODAL/BMP pathway activities and dose/stage-dependent WNT signaling. We achieved
deregulation of WNT in mouse embryos and EpiLCs using loss of function mutations in Axinl
and Axin2, two negative regulators of WNT signaling. Applying bulk and scRNAseq on control
and Axinl/2 mutant embryos, this study has identified a previously undescribed role for
canonical WNT signaling in the specification of ExM, posterior LPM and intermediate mesoderm
from pluripotent epiblast during gastrulation. This role includes two layers of regulation: first,
WNT initiates the differentiation of primitive streak cells into mesoderm progenitors; second,
WNT amplifies and cooperates with BMP/pSMAD1/5/9 and NODAL/pSMAD2/3 to propel
differentiating mesoderm progenitors into, respectively, posterior plus middle streak derivatives

and anterior streak derivatives.

Importantly our findings will contribute to ongoing discussions on the hierarchical versus
combinatorial nature of the regulatory networks driving lineage specification during gastrulation.
Recent studies using transcriptomic approaches have challenged the notion of a binary cell fate
decision giving rise in the epiblast to presumptive progenitors of either ExM or embryonic
mesoderm (Parameswaran and Tam, 1995). Instead they suggest that the extraembryonic,
lateral, intermediate, paraxial and axial subtypes of mesoderm arise from independent
progenitors (Mittnenzweig et al., 2021; Scialdone et al., 2016). Our observations align with the
more recent view of regulatory networks since our analyses did not detect two sharp transitions
between ExM or embryonic, hinting at a more complex combinatorial interplay of signaling

pathways operating in the epiblast to generate diverse mesodermal cell types.

Here we found that when constitutively active, the WNT pathway interacts with BMP signaling to
promote aberrant differentiation of the epiblast and nascent mesoderm into ExM, posterior LPM
and intermediate mesoderm. Specification of the LPM and intermediate mesoderm lineages
occur shortly after their epiblast progenitors leave the primitive streak during gastrulation
(Wilson and Beddington, 1996). However, the limited molecular signatures associated with LPM

and intermediate cells have precluded defining their precise segregation (Prummel et al., 2020).
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Importantly the sc-datasets contributing to the discovery of a combined role for WNT/BMP in the
specification of posterior LPM and intermediate mesoderm, provide a cohort of genes
modulated by both signals. These provide promising candidates to pursue in studies seeking to
elucidate the precise temporal specification of these mesoderm lineages during early mouse

gastrulation.

An extensive body of research on vertebrate gastrulation has explored the role of feedback
loops operating between cells to amplify small differences and generate stable patterns. In
mouse, studies characterizing the phenotypes displayed by embryos carrying mutations in
individual components of the BMP, WNT and NODAL signaling pathways produced a working
model positing that BMP-WNT and WNT-Nodal regulatory feedback loops achieve the posterior
position of the primitive streak (Ben-Haim et al., 2006). Here we report that a BMP-WNT positive
regulatory feedback loop operates to promote ExM, posterior LPM and intermediate mesoderm
differentiation. We show that this WNT-BMP regulatory circuit is amplified in Axin1“¥”;Axin2"
and Smad2” mutant embryos, and that when active in either epiblast or primitive streak cells, it
consistently results in ectopic ExM differentiation. Confirming the central role of BMP in this
regulatory circuit, we find that even in the presence of constitutively active WNT signaling,

embryos lacking Bmprla -as in the Axin1“®";Axin2”:Bmprila®"

triple mutant- are not able to
ectopically differentiate ExXM. In our in vivo studies, we localized cells actively transducing BMP
signals to the most proximal region of the primitive streak in wild-type embryos. Derivatives of
the anterior streak express the BMP antagonists Noggin and Chordin (McMahon et al., 1998),
suggesting that they act during normal development to prevent anterior cells from responding to
BMP, thereby limiting BMP signaling activity to the proximal epiblast. Here we show that
constitutively active WNT signaling increases the expression of different BMP ligands in the
epiblast of both Axin1“";Axin2” and Smad2” embryos; the increased availability of ligand likely

contributed to the expanded region of pSMAD1/5/9-BMP activity.

The NODAL/pSMAD2/3 pathway plays a fundamental role in directing the temporal and spatial
pattern of specification and differentiation of the multiple mesoderm and endoderm lineages that
arise from the primitive streak during gastrulation (Dunn et al., 2004; Vincent et al., 2003). The
NODAL-signaling pathway is severely downregulated in global loss of function Smad2” mutant
embryos and the majority of epiblast cells abnormally differentiate into ExM, a phenotype
resembling that observed in Axin1“®";Axin2” mutant embryos. The similarly strong

downregulation of the NODAL pathway detected by se-bulk RNAseq analyses of
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Axin1“" Axin2” mutants results from the lack of anterior streak progenitors, as revealed by the
scSeq analysis. Genetic studies in vivo have allowed us to investigate the consequences of
perturbed WNT and NODAL signaling in the context of normal and reduced BMP pathway

activity. Notably, our analysis of the Axin1“®":Axin2”;Bmpria“="

triple mutant revealed that
inhibition of BMP signaling restores paraxial (TBX6-positive) mesoderm, normally absent in

AXin1“P: Axin2” mutant embryos.

To elucidate the interplay between the WNT, BMP and NODAL pathways in posterior streak
derivatives (KDR+) versus anterior streak differentiation (FOXA+), we employed the in vitro
EpiLC model. Our results suggest that WNT signhals must reach a threshold of activation (24
hours) before Axinl;Axin2 mutant EpiLCs initiate expression of T, a marker of mesodermal
progenitors. Finding that generation of differentiated mesoderm requires an additional ~26
hours of Axin1;Axin2 EpiLC culture, also intimates that ectopic differentiation of either KDR+ or
FOXA2+ cells depends on mesodermal progenitors attaining a threshold level of either
WNT+BMP/pSMAD1/5/9 or WNT+NODAL/pSMAD2/3 signaling. We showed that
pharmacological inhibition of the NODAL-signaling pathway decreases ectopic differentiation of
FOXA2+ population; conversely, inhibition of BMP signaling blocks the differentiation of
Axinl;Axin2 mutant EpiLCs towards KDR+ cells, confirming the interdependence of the
WNT+NODAL/pSMAD2/3 and WNT+BMP/pSMAD1/5/9 pathways in anterior and posterior
mesoderm specification respectively. Our in vitro studies also shed light on the combinatorial
interpretation of multiple signals by epiblast cells to generate the different mesodermal lineages.
The EpiLC system might help to investigate how WNT signaling impacts complex and rich cell
behaviors (ranging from cell adhesion, cell shape changes, ligand concentration) that alter gene
expression patterns and propel a mesodermal progenitor into a posterior versus anterior

lineage.

During gastrulation, cells experience simultaneous signaling through multiple pathways with
dynamically changing activity. This work refines our mechanistic understanding of how the
WNT-NODAL-BMP pathways interact in vivo at the primitive streak to modulate differential cell
fate allocation. The work also has implications for mouse and human stem cell-based embryo
models (e.g. 3D gastruloids) which rely on a pulse of WNT activity to break radial symmetry and

induce axial elongation (Van Den Brink et al., 2014).
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METHODS

Mouse strains

Axin1 null mutants were generated from a knockout-first allele (Axin1™?2KCMIWish qarived from a
mouse embryonic stem cell (ESC) line obtained from The International Mouse Phenotyping
Consortium (IMPC, https://www.mousephenotype.org/). ESCs carrying the Axinl™maKOMPWs
allele were injected into embryos to generate germline transmitting chimeras by the MSKCC
Mouse Genetics Core Facility. To generate the null allele, the conditional allele of Axinl was
crossed to CAG-Cre transgenic animals (Sakai and Miyazaki, 1997) (Jackson Laboratory). The
Axin1™ (Axinl-fused) allele was previously described (Zeng et al., 1997b). Axin2™"*™(jacz
knock-in) (Lustig et al., 2001b) was obtained from Frank Constantini (Columbia University, New
York). Mice carrying the Axin1 floxed allele (Axin1""*) were crossed with Sox2-Cre (Hayashi
et al., 2002); Axin2"" mice to generate males carrying the desired allele combination (Sox2-
Cre™* Axin1“¥""":Axin2""). We obtained a Smad2 conditional allele (Smad2™5"*/3)(Ju et al.,
2006) from Jackson Laboratory and generated a Smad2 null allele (Smad2™) by crossing it to
CAG-Cre transgenic mice. Bmprla floxed allele (Mishina et al., 1995) was mated to Sox2-
Cre™"  Axin1“®""*:Axin2"" to generate triple carriers: Sox2-Cre'™ Axin1®""*:Axin2"";

AEpil+

Bmprla

flox/flox

Bmprla mice were crossed to Axinl™"*:Axin2” to generate
Bmpr1a"™™*: Axin1"/"*: Axin2” mice. Either Sox2-Cre™*;Axin15""*:Axin2*" or Smad2*" mice
were mated to TCF-LEF-H2B-GFP mice to generate Sox2-Cre'" Axin1“5""*:Axin2"; TCF-LEF-
H2B-GFP*" or Smad2"; TCF-LEF-H2B-GFP"". 8-16-week-old female mice were bred to
generate embryos recovered at E5.5-E7.75. All mice were maintained in a mixed genetic
background. Mice were housed and bred under standard conditions in accordance with IACUC

guidelines.

Primers for genotyping the Axinl-null allele are Forward 5-TGGGATTAAAGGCAGACACC-3’
and Reverse 5- TCCTGCCTAACTTACACTCTCCTGC-3' and to genotype the Axinl floxed
allele  are: Forward 5-TGGGATTAAAGGCAGACACC-3¥ and Reverse 5'-
TGTATGCATGCAGGCAATGACAGG-3'. Primers to genotype Axin2 null allele are: Axin2-9391
AAGCTGCGTCGGATACTTGCGA; Axin2-9392 AGTCCATCTTCATTCCGCCTAGC and Axin2-
9393 TGGTAATGCTGCAGTGGCTTG. Primer to genotype the Smad2 null allele are: Forward
TTCCATCATCCTTCATGCAAT and Reverse: GACCAAGGCGAAAGGAAACT. Primers to
genotype BmpR1a floxed allele are: Bmprla-Fx1-GGTTTGGATCTTAACCTTAGG; Bmprla-Fx2
GCAGCTGCTGCTGCAGCCTCC and Bmprla-Fx3 TGGCTACAATTTGTCTCATGC
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Immunostaining on cryosections

Immunofluorescent staining of embryo sections and whole mount embryos was performed
according to standard protocols. Briefly: embryos were fixed for 1 hour in 4% PFA on ice
followed by 4 washes with PBS, 10 minutes each. For sectioning, embryos were incubated in
30% sucrose in PBS on ice until they sank. Embryos were embedded in OCT (Tissue-Tek)
frozen and cryosectioned at 10um-12um. Immunostaining was performed in blocking buffer:
PBS containing 4% heat-inactivated donkey serum (Gemini, Bio-products) and 0.1% Triton X-
100. The following primary antibodies were incubated overnight in blocking buffer: CDH1 (1:300
Sigma-Aldrich), CDH2 (1:300, Cell Signaling Technology), T (1:400, Cell Signaling), KDR
(1:200, BD Pharmigen), CDX2 (1:400, Cell Signaling), FOXF1 (1:300, R&D Systems), TBX6
(1:300, R&D Systems), pSMAD1/5/9 (1:100 Cell Signaling), FOXA2 1:500 (Abcam), GFP
(1:500, R&D Systems), SOX2 (1:400 Cell Signaling), POUF5F1 (1:500, SantaCruz), NANOG
(1:300 BD Biosciences). Fluorescent-secondary antibodies (Invitrogen) were diluted at 1:400 in
blocking buffer and incubated for 1 hour at RT (room temperature). The mouse embryo sections
were mounted in ProLong Gold (ThermoFisher) and imaged either using a Leica-upright SP5
laser point-scanning microscope or a Zeiss LSM 880 laser-scanning confocal microscope.
Confocal images were reconstructed and analyzed by using Volocity software package
(PerkinElmer) and Fiji. Raw image data was analyzed using Fiji (Rasband, W.S, Image J, U.S.
National Institutes of Health, Bethesda, Maryland, USA.)

MRNA in situ hybridization

In situ hybridization was performed according to protocols previously described (Eggenschwiler
and Anderson, 2000). Briefly: the embryos were fixed overnight in 4% PFA. Next day, the
embryos were washed in PBS with 0.1% Tween, dehydrated in graduated methanol series. The
following day the embryos were hydrated in graduated methanol series, incubated in 10ug/ml of
PK/PBS solution for 3-7 minutes and hybridized in hybridization solution plus RNA probe at
70°C overnight. A series of washes in 2XSSC and MAB solutions (100mM Maleic acid, 150mM
NaCl in PBS) was performed next day. The embryos were incubated in 1:1000 anti-DIG
antibody (Roche) in 10% Goat-Serum; 0.1% Tween-20 in PBS overnight and then washed
extensively in PBT (0.1% BSA; 0.1% Tween-20 in PBS). The embryos were incubated in BM

purple solution (Roche) until the development of purple color.

21


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 N O O WO DN P

W W W W W N DN DNDNDNDNMNMDNMNDNDMDNMNDNNEPEPEPEPPRPEREPPEPREPPRPRPRPER
A W NPFP O OO0 NO Ol W NP O O OONO OGO M~ WWDNPEL O

available under aCC-BY-NC-ND 4.0 International license.

Quantitation of T, CDH2, TBX6, CDX2, FOXF1, KDR, pSMAD1/5/9 and TCF/Lef:H2B-GFP-
positive cells

Fiji (Schindelin et al., 2012) was used to manually count the number of nuclei expressing the
different markers in a single Z-plane per embryo from a stack of the wild-type and the mutant
sections. The percentage of positive cells per each marker was determined from the number of
positive cells located in a single z-plane divided by the total number of DAPI+ nuclei in that Z-
plane. We performed the same measurements in 4 alternate cryo-sections from each wild-type
and mutant embryos collected and average the percentage per embryo. The mutant and the
wild-type embryo sections were stained at the same time. At least three different wild-type and

mutant embryos were analyzed.

Quantitation of T, SOX2, NANOG and POUS5F1 positive cells

Fiji (Schindelin et al., 2012) was used to manually count the number of nuclei expressing the
different markers in a single Z-plane per embryo from a Z-stack of the wild-type and the mutant
sections. The percentage of positive cells per each marker was determined from the number of
positive cells located in a single z-plane divided by the total number of DAPI+ nuclei in that Z-
plane. We performed the same measurements in the whole Z-stack from either E5.5 or E5.75
wild-type and mutant embryos collected and average the percentage per embryo. The mutant
and the wild-type embryos were stained at the same time. At least three different wild-type and

mutant embryos were analyzed.

Bulk RNA-sequencing and data analysis

(4) E6.5 wild-type and (4) E6.5 Axin1“";Axin2” mutant embryos, and (5) E7.5 wild-type and (5)
E7.5 Axin1“5":Axin2” mutant embryos were dissected in cold PBS, and individually collected in
500ul of TRIzol reagent (Invitrogen). RNA-sequencing libraries were prepared and processed by
the 1IGO Core Facility (MSKCC). SMARTer total RNA-seq kit was used to generate RNA-seq
libraries for lllumina sequencing. A sequencing depth of between 30-40 million paired end

reads per sample were analyzed.

Briefly, output data (FASTQ files) was mapped to the mouse genome using STAR aligner
(Dobin et al.,, 2012). A 2 pass mapping method outlined in (Engstrom et al., 2013). After
mapping we post processed the output SAM files using the PICARD tools to: add read groups,
AddOrReplaceReadGroups which in additional sorts the file and coverts it to the compressed

BAM format. We then computed the expression count matrix from the mapped reads using
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HTSeq (www-huber.embl.de/users/anders/HTSeq) and one of several possible gene model
databases. The raw count matrix generated by HTSeq are then be processed using the
R/Bioconductor package DESeq (www-huber.embl.de/users/anders/DESeq) which is used to
both normalize the full dataset and analyze differential expression between sample groups.

The data was clustered in several ways using the normalized counts of all genes that a total of

o 01 B~ W DN PP

10 counts when summed across all samples.

71. Hierarchical cluster with the correlation metric (D_{ij} = 1 - cor(X_i,X_j)) with the Pearson

8 correlation on the normalized log2 expression values.

92. Multidimensional scaling
103. Principal component analysis
11 Heatmaps are generated using the heatmap.2 function from the gplots R package. For the
12 Heatmaps the top 100 differentially expressed genes are used. The data plot was the mean
13 centered normalized log2 expression of the top 100 significant genes. For mouse datasets we
14 run a gene set analysis using GSEA with gene sets from the Broad mSigDb. If a sample group
15 has fewer than three samples, we run GSEAPreranked using log2 fold changes from DESeq.
16
17  Single-cell (sc)RNA-sequencing
18 (15) E6.5 control and (10) E6.5 Axin1¥":Axin2” double mutant embryos were single cell
19 dissociated to generate the sc-RNA libraries. Control and mutant embryos were dissected at the
20 same time. Control embryos were obtained by crossing FVB females (Jackson) to the same
21 males used to obtain the Axin1“cP:Axin2" double mutant embryos (Sox2-Cre’;
22 Axin1“®":Axin2*"). Mutant embryos were identified by distinctive morphology and dissected in
23 DMEM-F12 + 5% Newborn Calf Serum (NCS) (Gibco). Individual embryos were washed three
24 times in 40ul drops of DMEM-F12 media. Thereafter, batches of 4 embryos were digested in
25  40ul of a solution of 2:1 0.25% Trypsin (Gibco): Accutase (StemCell Technologies) at 37C for 15
26  minutes. After partial digestion, 40ul of (DMEM-F12 + 20% NCS + 4mM EDTA) solution was
27 added to each batch of embryos which were mechanically dissociated by hand pipetting,
28 followed by mouth pipetting with pulled glass capillaries of different diameters to obtain a single
29 cell suspension. The cell suspension was collected in DMEM-F12 + 10% NCS and filtered
30 through a FlowMi cell strainer (4mM Millipore, Sigma). Cells were centrifugated at 2,200 rpm for
31 4 minutes and washed twice with DMEM-F12 + 10% NCS. Cells were counted and diluted in
32 DMEM-F12 + 10% NCS. Cells were loaded on a Chromium Controller microfluidic chip for
33  encapsulation with a target number of 10,000 cells for the generation of generate single cell 3’

34 RNA-seq libraries. Libraries were generated following the manufacturer's instructions (10x
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Genomics Chromium Single Cell 3' Reagent Kit User Guide v2 Chemistry), as previously
(Nowotschin et al., 2019).

Gene ontology analyses
Data from bulk-RNA sequencing was analyzed using the Gene Ontology website
(http://geneontology.org). A list of the most representative terms with a 3-fold change or higher

either up-regulated or down-regulated was selected to include in the figures.

Statistics and Graphs
Statistical analysis and graphs were performed using Prism (Graph Pad). Graphs of changes in
fold expression from the mouse embryos were plotted using the data from the se-bulk-RNA

sequencing. T-test statistical analysis was performed to obtain the statistical significance.

Mapping scRNA sequencing data & pre-processing

Raw sequencing files were mapped to the mm10 reference genome (10x Genomics refdata-
cellranger-mm10-1.2.0) using CellRanger count (v7.0.1) with chemistry=SC3Pv3. High quality
cells were retained using the following thresholds: log10(number of reads) > 3.5 & < 5, number
of genes > 1.5e3 & < le4, percentage mitochondrial RNA < 5%, percentage ribosomal RNA <
35%. Doublet calling was performed with the scds ((Bais and Kostka, 2020) v1.14.0) package
using the hybrid approach and doublet score > 1 as threshold. A final step of quality control was
added to remove cells with percentage mitochondrial RNA >0.8% & < 5%. Count normalization
was performed using NormalizeCounts in Seurat v4 with default settings. A total of 10,250 cells

passed quality control.

Integration and UMAP generation for the Control and Axin1“*":Axin2”" datasets

The control and Axin-DKO scRNA-seq datasets were integrated using the Reciprocal Principal
Component Analysis (rPCA) pipeline in Seurat v4, with parameters set to nfeatures = 2000,
k.anchor = 5, and k.weight = 100. The integrated data underwent preprocessing with ScaleData,
followed by dimensionality reduction using RunPCA and RunUMAP (Uniform Manifold
Approximation and Projection) with ndims = 1:50. Cluster identification was performed using
FindNeighbors (ndims = 1:20) and FindClusters (resolution = 1).

Integration of the Axin datasets with the Pijuan-Sala 2019 gastrulation reference atlas
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Using the log normalized counts from a down sampled version (10,000 cells per embryonic
stage from E6.5 to E8.5) of a mouse gastrulation atlas from Imaz-Rosshandler et al., 2024 we
performed two subsequent rounds of rPCA integration using Seurat v4. In round 1, we
performed rPCA integration across different samples (sequencing batches) within each
embryonic stage (e.g. E6.5) wusing 2000 highly variable features identified with
FindVariableFeatures and then ran FindintegrationAnchors (k.anchor = 5, scale = FALSE) and
IntegrateData (features.to.integrate = all features (genes), k.weight = 100). In round 2, batch
corrected counts matrices from round 1 (9 datasets in total from embryonic stages E6.5 — E8.5)
were integrated together again using rPCA integration from Seurat v4. To perform round 2 rPCA
integration, features were set to the unique combined list of all VariableFeatures identified from
each embryonic stage during round 1 and the rPCA parameters (k.weight, k.anchor, scale) in

round 2 remained the same as in round 1, described above.

To create a combined integrated Seurat object that contains all cells from the down sampled
mouse gastrulation atlas and the axin datasets, query datasets (control and Axin DKO datasets)
were integrated with the rPCA batch corrected gastrulation atlas from round 2 (described
above), again using rPCA integration (k.anchor = 20 and k.weight = 200, reference =

gastrulation atlas, scale = FALSE).

UMAP, Joint Clustering and Label Transfer using the Combined Integrated Mouse
Gastrulation Atlas and Axin Datasets

A joint UMAP, containing the query datasets and the down sampled gastrulation atlas, was
generated by scaling the combined integrated data, from the multiple rounds of rPCA described
above, and performing RunPCA and RunUMAP (dims = 1:50). Joint clusters across the
combined datasets were identified using FindNeighbors and FindClusters (dims = 1:30,
reduction = “pca”, resolution = 2). Embryonic stages and cell type annotations were transferred
to query datasets from the gastrulation atlas using FindTransferAnchors and TransferData (dims
= 1:30, reference.reduction = “pca”). Next, we generated cell type annotations for the joint
clusters using both marker gene expression patterns as well as majority cell type labels from the
label transfer. Notably, a joint cluster that contained primordial germ cells (PGC) as well as

primitive streak cells was reassigned the annotation posterior primitive streak.

Identification of Marker Genes and Differentially Expressed Genes
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For the query datasets alone, marker genes were determined for the joint-clusters using
FindAllIMarkers (slot = data) from Seurat v4. Differentially expressed genes in the overlapping
populations (Nascent mesoderm #1, Nascent mesoderm #2 and Posterior Primitive Streak) in
the Control versus Axin1“¥":Axin2”~ were determined using FindMarkers and the top up- and
down-regulated genes (slice_head (n = 15), avg_logFC > 0.5, p < 0.5) from each population
were selected to generate the heatmap shown in figure 4C using pheatmap which was given the
original normalized scaled gene expression data of these cell populations from the Control and

Axin1“%P:Axin2” datasets.

EpiLC conversion

Embryonic stem cells (ESCs) were derived from E3.5 wild-type and Axin1™™s:Axin2”
blastocysts as previously described (Czechanski et al., 2014). ESC lines were maintained in
standard serum/LIF ESC medium (Dulbecco’s Eagle’s medium DMEM) (Gibco) containing
0.1mM non-essential amino acids (NEAA) (Gibco), 2mM Glutamine (Gibco) and 1mM Sodium
pyruvate (Gibco), 100u/ml Penicillin, 0.1mM 2-mercaptoethanol (Sigma) and 10% Fetal Calf
Serum (F2442, Sigma) and 1000U/ml ESGRO (Sigma) until their differentiation. ESC were
transitioned towards EpiLCs according to previously published protocols (Hayashi et al., 2011).
Briefly 150,000 EpiLC were plated in a 12-well plate coated with human plasma fibronectin
(16.7ng/ml) in N2B27 medium containing Activin A (20ng/ml, Peprotech), bFGF (12ng/ml, R&D
Systems) and 1% KSR (Gibco). Cells for IF were plated in 8-well chamber slide permanox
plastic (ThemoFisher) coated with human plasma fibronectin. The medium was changed every
day. EpiLC were analyzed at the time points indicated in the figures. Pharmacological inhibitors
were added to the concentrations indicated. Dorsomorphin and SB431542 were obtained from

Tocris.

Immunostaining on EpiLCs

Cells were fixed for 10 minutes in 4% PFA at RT followed by 4 washes with PBS, 10 minutes
each. Immunostaining was performed in blocking buffer. The following primary antibodies were
incubated overnight in blocking buffer: CDH1 (1:500 Sigma-Aldrich), CDH2 (1:300, Cell
Signaling Technology), T (1:400, Cell Signaling) or T(1:500 R&D systems), KDR (1:50, BD
Pharmigen), pSMAD1/5/9 (1:100 Cell Signaling), FOXA2 1:500 (Abcam), SOX2 (1:400 Cell
Signaling), POU5F1 (1:500, Santa Cruz Biotech.), NANOG (1:300 BD Biosciences).
Fluorescent-secondary antibodies (Invitrogen) were diluted at 1:400 in blocking buffer and

incubated for 1 hour at RT (room temperature). Cells were mounted in ProLong Gold
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(ThermoFisher) and imaged using a Leica-upright SP5 laser point-scanning microscope or a
Zeiss LSM 880 laser-scanning confocal microscope. Confocal images were reconstructed and

analyzed by using Volocity software package (PerkinElmer).

RT-qPCR analysis

EpiLC were lysed using in RLT Lysis buffer (RNeasy, Qiagen) at the time points indicated. RNA
from cells was extracted using the RNeasy Mini Qiagen kit (Qiagen). 500ng of RNA from EpiLC
was reverse transcribed to cDNA using Superscript llI-RT (Thermo) and random hexamers and
the Qiagen kit. cDNA from EpiLC was diluted at concentrations of 1:10, 1:5 and 1:3. qPCR was
performed using Power Up SYBR Green Master Mix (Applied Biosystems). Each sample was
analyzed in triplicate, samples were normalized using GAPDH and the differential expression
was obtained using the delta-delta CT method. The following oligonucleotide primers were

used:

GAPDH Forward: GGGTCCCAGCTTAGGTTCAT, GAPDH Reverse:
CGTTGATGGCAACAATCTCT; T Forward: CTCGGATTCACATCGTGAGAG, T Reverse:
AAGGCTTTAGCAAATGGGTTGTA,; KDR Forward: CGAGACCATTGAAGTGACTTGCC,
KDR Reverse: TTCCTCACCCTGCGGATAGTCA; FOXA2 Forward:
CGAGCACCATTACGCCTTCAAC, FOXAZ2 Reverse: AGTGCATGACCTGTTCGTAGGC
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FIGURE LEGENDS

Figure 1. Axinl and Axin2 prevent ectopic EMT and preserve epiblast naive pluripotency.
(A) UMAP obtained from the extended gastrulation mouse atlas showing Axinl and Axin2
expression in the single cell lineages. (B) Cartoon showing the breeding strategy. “Created with
BioRender.com”. (C) Single optical sections of whole-mount immunofluorescence (IF) detecting
T and CDH1 in E5.75 wild-type, Axin1”;Axin2" and Axin1c":Axin2 mutant embryos. (D) Graph
showing percentage ratio of T-positive nuclei relative to the total nuclei in E5.75 wild-type,
Axin1”;Axin2” and Axin1“¥":Axin2” embryos. (E) IF on E6.5 longitudinal sections for CDH1, T
and CDH2 in wild-type, Axin1“¥*;Axin2” and Smad2” embryos. (F) Single optical sections of
whole-mount IF detecting SOX2, NANOG and POUS5F1 in E5.5 wild-type, Axin1”;Axin2” and
Axin1“"Axin2” embryos. PE (Primitive Endoderm), EXE (Extraembryonic Ectoderm) and Em
(embryo). Scale bars are 50um. (G) Graph showing the ratio of positive nuclei for the different
markers relative to the total nuclei in the E5.5 wild-type, Axin1”;Axin2” and Axin1“c":Axin2"
embryos. Bars in D and G represent the mean+ SEM. Statistically significant differences were

determined by t-test. *p<0.03, **p<0.009, ***p<0.0003, ns=not significant.

Figure 2. Axinl and Axin2 prevent aberrant extraembryonic mesoderm, posterior lateral
plate, and intermediate mesoderm differentiation. (A) UMAP generated using integrated
scRNA-seq expression data from E6.5 control and Axin1“";Axin2” embryos and a down
sampled version of the gastrulation atlas that spans E6.5 to E8.5. Cells are colored by cell type
annotations. (B-D) UMAP generated using integrated scRNA-seq expression data from E6.5
control and Axin1“¥":Axin2” embryos. Cells are colored by cell type annotations in B, genotype
in C and by embryonic stage. (D) Embryonic stage was transferred from the nearest neighbors
from the mouse gastrulation atlas. (E) Stacked bar plots showing the proportion of different cell
types in the gastrulation atlas (top), Axin1¥":Axin2” (middle) and Control (bottom) embryos.
Bars are filled with the extended gastrulation atlas cell colors that indicate the proportion of cells
within each cell type that are assigned different extended atlas cell type stage labels. In the
Control (bottom) and Axin1“";Axin2” (middle) bar plots, the extended atlas cell type labels
were assigned via label transfer from the nearest neighbors in the gastrulation reference atlas.
(F) Stacked bar plot showing the proportion of different cell types in Control (top) and
Axin1“¥": Axin2”" (bottom) embryos. Bars are filled with embryonic stage colors that indicate the

proportion of cells within each cell type that assigned different embryonic stage labels via label
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transfer from the nearest neighbors in the gastrulation reference atlas. (G) Dot plot showing log
normalized expression levels of top marker genes (avg_log2FC > 0.5) for the cell types show in

B. The size of the dot indicates the percentage of cells expressing the marker gene.

Figure 3. WNT signals trigger ExM differentiation by modulating BMP/pSMAD1/5/9 in the
proximal epiblast. (A) UMAP generated using integrated scRNA-seq expression data, split by
genotype, and colored by normalized gene expression of Kdr (top), Cdx2 (middle) and Foxfl
(bottom) in E6.5 wildtype and Axin1“®":Axin2” embryos. (B) IF staining of longitudinal
cryosections of E6.5 wild-type, Axin1“":Axin2” and Smad2” embryos detecting KDR, CDX2
and FOXF1. (C) UMAP generated using integrated scRNA-seq expression data, split by
genotype, and colored by normalized gene expression of Bmp4 (top), Bmp5 (middle) and Bmp7
(bottom) in E6.5 wildtype and Axin1“¥":Axin2” embryos. (D) Whole-mount in situ hybridization
detecting Bmp4 expression in E6.5 control, Axin1“¥";:Axin2” and Smad2” embryos. Scale bar is
100um. (E) IF in longitudinal sections detecting pSMAD1/5/9 and GFP on E6.5 wild-type,
Axin1“¥":Axin2 and Smad2 mutant. Scale bars on IFs are 50um. (B,E) ExE (Extraembryonic
Ectoderm) and Em (Embryo). (F) Graph showing ratio of GFP (TCF/Lef:H2B); pPSMAD1/5/9 and
nuclei positive for both GFP and pSMAD1/5/9 relative to the total of nuclei in the E6.5 wild-type,
AXin1“¥"Axin2” and Smad2” embryos. Bars represent the mean+ SEM. Statistically significant

differences were determined by t-test *p<0.02, **p<0.004, ***p<0.0002.

Figure 4. Excess of WNT activation blocks anterior primitive streak formation. (A) IF
detecting TBX6 (E7.5) and FOXA2 (E6.5) on longitudinal sections of wild-type, Axin1“c";Axin2"
and Smad2” embryos; whole-mount in situ hybridization to Mesp1 (E7.75). Scale bar is 100um.
Scale bars on IFs are 50um. (B) UMAP plots generated using integrated scRNA-seq expression
data, split by genotype, and colored by normalized gene expression of Nodal, Cerberusl,
Eomesodermin and Foxa2 in E6.5 wildtype and Axin1“®*;Axin2” embryos. (C) Heatmap
showing the scaled gene expression of differentially expressed genes in nascent mesoderm #1,
nascent mesoderm #2 and posterior primitive streak cells. The cell type and genotype

annotation for each cell (row) is indicated by the colored bars to the left of the heatmap.
Figure 5. Excess of WNT signals differentiate the epiblast to paraxial mesoderm in vivo

when BMPR1la is deleted. (A) Cartoon describing the mice mating strategy to generate the

triple mutants. “Created with BioRender.com”. (B) Bright field images of E7.75 wild-type,
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Axin1“®"Axin2”" and Axin1“®":Axin2”;Bmprla®® triple mutants. Scale bar is 100um. (C)

Immunostainings for TBX6 on E7.75 wild-type and Axin1“";Axin2”;Bmprla“="

(D) Quantitation of TBX6, KDR and pSMAD1/5/9-positive cells in wild-type and Axin1“=":Axin2”"

triple mutants.
:Bmprla“="
differences were determined by t-test. **p<0.005. (E) IFs for pPSMAD1/5/9, GFP (TCF/Lef:H2B-
GFP) and KDR in wild-type and Axin1“*";Axin2”;Bmpria“ E7.75 longitudinal sections. Scale

triple mutants embryos. Bars represent the meant SEM. Statistically significant

bars on IFs are 50um.

Figure 6. Differentiation of anterior and posterior mesoderm progenitors occurs in vitro
upon activation of WNT signaling. (A) IF on wild-type and Axin1;Axin2 EpiLC mutant cells for
CDH1, T and CDH2 after differentiating for 72 hours. (B) Graph showing expression of T, Cdhl,
and Cdh2 in Axinl;Axin2 mutant EpiLC compared to wild-type detected by gPCR. (C) IF on
wild-type and Axinl;Axin2 mutant EpiLC for FOXA2 and KDR after differentiating for 60 hours.
(D) IFs for T and FOXA2 on Axinl;Axin2 mutant EpiLC plus DMSO and Axinl;Axin2 mutant
EpiLC treated with Nodal-receptor inhibitor during 24 hours. (E) Graph showing levels of T and
Foxa2 expression detected by gPCR in Axinl;Axin2 mutant EpiLC after Nodal receptor inhibitor-
treatment relative to control. (F) IF on wild-type and Axinl;Axin2 mutant EpiLC for KDR and
pSMAD1/5/9 after 60 hours of differentiation. (G) IF on Axinl;Axin2 mutant cells for KDR and
FOXA2 after grown for 60 hours with either BMP4 or Dorsomorphin. Scale bars are 50um. (H)
Graph showing levels of Kdr, Foxa2 and T in Axin1;Axin2 mutant cells after treatment with either
BMP4 or Dorsomorphin determined by gPCR. Statistically significant differences were
determined by t-test. *p<0.03, **p<0.009, **p<0.001,****p<0.0001. All the cartoons on top of the

panels describe the experimental strategy and were “Created with BioRender.com”.
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1. (A) Single optical sections of whole-mount immunofluorescence detecting T and
CDH1 in E5.75 wild-type, Axin1™*™*:Axin2” and Smad2” embryos. (B) Brightfield images of
E9.5 wild-type and Axin1“®";Axin2*"* mutant embryos. Scale bar is 100um. (C) IF on E6.5
longitudinal sections for SOX2, NANOG and POU5F1 in wild-type, Axin1“**;Axin2 and Smad?2
mutant embryos. (D) Graph showing ratio of T and CDH2-positive cells respect to total nuclei on
E6.5 wild-type and Smad2”’ mutant embryos. Bars represent the meant SEM. Statistically

significant differences were determined by t-test. ***p<0.0008.

Figure S2. (A) UMAP from a down sampled version of the gastrulation atlas that spans E6.5 to
E8.5. Cells are colored by the extended gastrulation atlas cell type label in A and embryonic
stage in B. (C) Dot plot showing log normalized expression levels of top marker genes
(avg_log2FC > 0.5) for the cell types show in Figure 1A from the control and Axin1“=":Axin2"
datasets. The size of the dot indicates the percentage of cells expressing the marker gene. (D)
Heat map showing top differentially genes upregulated (red) and downregulated (green) in the
E6.5 single embryo (se) bulk transcriptome of wild-type and Axin1“¥";Axin2” mutant embryos.
(E) Graph showing upregulated genes in the E6.5 se-transcriptomes of Axin1“¥";Axin2 mutant
embryos associated with differentiation of blood precursors. (F) Graph showing ExM genes

upregulated in E6.5 se-transcriptomes of Axin1“¥";Axin2 mutant embryos.

Figure S3. (A) Graph showing the ratio of KDR, CDX2 and FOXF1-positive cells relative to the
total nuclei on E6.5 wild-type, Axin1¥”:Axin2 and Smad2 mutant embryos. Bars represent the
meanz SEM. Statistically significant differences were determined by t-test. *p<0.01, **p<0.004,
***p<0.0001. (B) Graph showing se-bulk RNA expression levels for BMP ligands in the

transcriptome of E6.5 Axin1“¥":Axin2 double mutant embryos.

Figure S4. (A) Heat map showing top differentially genes upregulated (red) and downregulated
(green) in the se-transcriptome of E7.5 wild-type and Axin1“¥":Axin2” mutant embryos. (B)
Gene Ontology terms downregulated (blue) and upregulated (salmon) in the E7.5 se-
transcriptome of Axin1“%":Axin2 mutant embryos respect to wild-type. (C) IF for KDR, CDX2 and
FOXF1 on longitudinal sections of E7.5 wild-type, Axin1“¥";Axin2” and Smad2” embryos. (D)
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Graph showing bulk RNA expression levels of NODAL target genes downregulated in

Axin1“" Axin2 mutant embryos with respect to wild-type at E6.5 and (E) E7.5.

Figure S5. (A) IF detecting SOX2, NANOG and POUS5F1 in wild-type and Axin1™™s:Axin2”
ESCs grown in 2i conditions. (B) IF detecting T on wild-type and Axinl;Axin2 EpiLC mutant cells
after differentiating for 24 and 48 hours. (C) IFs for EMT markers CDH1, T and CDH2 in wild-
type, Axinl/Axin2and Smad2 mutant EpiLC after differentiating for 48 hours. Cartoon on top is

describing the experimental strategy. “Created with BioRender.com”.

Table S1. Genes upregulated in the se-bulk RNA transcriptome of E6.5 control and

Axin1“P: Axin2” mutant embryos p<0.05.

Table S2. Genes downregulated in the se-bulk RNA transcriptome of E6.5 control and

Axin1“P: Axin2”" mutant embryos p<0.05.

Table S3. Genes upregulated in the se-bulk RNA transcriptome of E7.5 control and

Axin1“": Axin2”" mutant embryos p<0.05.

Table S4. Genes downregulated in the se-bulk RNA transcriptome of E7.5 control and

Axin1“®": Axin2” mutant embryos p<0.05.

33


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 N O O A WO DN P

W W W W W N DN DNDNDNDNMNMNDNMNDNMNDNNMNDNNEPEPRPPRPEREPRPRPEPRPEPPRPRPRPER
A W DNPFP O OOWONO O A WDNP O OOWONOOOG B~ WDNLPEP O

available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

Arnold, S. J. and Robertson, E. J. (2009). Making a commitment: Cell lineage allocation and
axis patterning in the early mouse embryo. Nat. Rev. Mol. Cell Biol. 10,.

Bardot, E. S. and Hadjantonakis, A. K. (2020). Mouse gastrulation: Coordination of tissue
patterning, specification and diversification of cell fate. Mech. Dev. 163,.

Ben-Haim, N., Lu, C., Guzman-Ayala, M., Pescatore, L., Mesnard, D., Bischofberger, M.,
Naef, F., Robertson, E. J. J. and Constam, D. B. (2006). The Nodal Precursor Acting via
Activin Receptors Induces Mesoderm by Maintaining a Source of Its Convertases and
BMP4. Dev. Cell.

Boylan, M., Anderson, M. J., Ornitz, D. M. and Lewandoski, M. (2020). The Fgf8 subfamily
(Fof8, Fgfl7 and Fgfl18) is required for closure of the embryonic ventral body wall. Dev.
147,.

Brennan, J., Lu, C. C., Norris, D. P., Rodriguez, T. A., Beddington, R. S. P. and Robertson,
E. J. (2001). Nodal signalling in the epiblast patterns the early mouse embryo. Nature.

Calero-Nieto, F. J., Joshi, A., Bonadies, N., Kinston, S., Chan, W. |, Gudgin, E., Pridans,
C., Landry, J. R., Kikuchi, J., Huntly, B. J., et al. (2013). HOX-mediated LMO2
expression in embryonic mesoderm is recapitulated in acute leukaemias. Oncogene 32,.

Chang, H., Huylebroeck, D., Verschueren, K., Guo, Q., Matzuk, M. M. and Zwijsen, A.
(1999). Smad>5 knockout mice die at mid-gestation due to multiple embryonic and
extraembryonic defects. Development.

Chapman, D. L., Agulnik, I., Hancock, S., Silver, L. M. and Papaioannou, V. E. (1996). Thx6,
a mouse T-box gene implicated in paraxial mesoderm formation at gastrulation. Dev. Biol.
180,.

Chazaud, C. and Rossant, J. (2006). Disruption of early proximodistal patterning and AVE
formation in Apc mutants. Development.

Chia, I. V. and Costantini, F. (2005). Mouse Axin and Axin2/Conductin Proteins Are
Functionally Equivalent In Vivo. Mol. Cell. Biol.

Czechanski, A., Byers, C., Greenstein, |., Schrode, N., Donahue, L. R., Hadjantonakis, A.
K. and Reinholdt, L. G. (2014). Derivation and characterization of mouse embryonic stem
cells from permissive and nonpermissive strains. Nat. Protoc.

Davidson, A. J., Ernst, P., Wang, Y., Dekens, M. P. S., Kingsley, P. D., Palis, J.,
Korsmeyer, S. J., Daley, G. Q. and Zon, L. I. (2003). cdx4 mutants fail to specify blood

progenitors and can be rescued by multiple hox genes. Nature 425, 300—306.

34


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 N o 0o WO DN P

W W W W W N DNDNMNDNDNDNMNDNMNDNMNDMNMNNEPEPRPPRPEREPRPPEPREPPRPRPRPPER
A W NPFP O OOWONO O A WNPFP O O ONOO OGO WwDNPEP O

available under aCC-BY-NC-ND 4.0 International license.

Di-Gregorio, A., Sancho, M., Stuckey, D. W., Crompton, L. A., Godwin, J., Mishina, Y. and
Rodriguez, T. A. (2007). BMP signalling inhibits premature neural differentiation in the
mouse embryo. Development.

Dobin, A., Davis, C. a, Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P.,
Chaisson, M. and Gingeras, T. R. (2012). RNA-STARI: ultrafast universal spliced
sequences aligner I: Supplementary materials. Bioinformatics.

Drake, C. J. and Fleming, P. A. (2000). Vasculogenesis in the day 6.5 to 9.5 mouse embryo.
Blood 95,.

Dunn, N. R., Vincent, S. D., Oxburgh, L., Robertson, E. J. and Bikoff, E. K. (2004).
Combinatorial activities of Smad2 and Smad3 regulate mesoderm formation and patterning
in the mouse embryo. Development 131,.

Eggenschwiler, J. T. and Anderson, K. V. (2000). Dorsal and lateral fates in the mouse neural
tube require the cell-autonomous activity of the open brain gene. Dev. Biol.

Engstrom, P. G., Steijger, T., Sipos, B., Grant, G. R., Kahles, A., Ratsch, G., Goldman, N.,
Hubbard, T. J., Harrow, J., Guigo, R., et al. (2013). Systematic evaluation of spliced
alignment programs for RNA-seq data. Nat. Methods 10,.

Etoc, F., Metzger, J., Ruzo, A, Kirst, C., Yoney, A., Ozair, M. Z., Brivanlou, A. H. and
Siggia, E. D. (2016). A Balance between Secreted Inhibitors and Edge Sensing Controls
Gastruloid Self-Organization. Dev. Cell 39,.

Ferkowicz, M. J., Starr, M., Xie, X., Li, W., Johnson, S. A., Shelley, W. C., Morrison, P. R.
and Yoder, M. C. (2003). CD41 expression defines the onset of primitive and definitive
hematopoiesis in the murine embryo. Development 130,.

Ferrer-Vaquer, A., Viotti, M. and Hadjantonakis, A.-K. (2010a). Transitions between epithelial
and mesenchymal states and the morphogenesis of the early mouse embryo. Cell Adh.
Migr. 4,.

Ferrer-Vaquer, A., Piliszek, A., Tian, G., Aho, R. J., Dufort, D. and Hadjantonakis, A. K.
(2010b). A sensitive and bright single-cell resolution live imaging reporter of Wnt/-catenin
signaling in the mouse. BMC Dev. Biol.

Hayashi, S., Lewis, P., Pevny, L. and McMahon, A. P. (2002). Efficient gene modulation in
mouse epiblast using a Sox2Cre transgenic mouse strain. Gene Expr. Patterns.

Hayashi, K., Ohta, H., Kurimoto, K., Aramaki, S. and Saitou, M. (2011). Reconstitution of the
mouse germ cell specification pathway in culture by pluripotent stem cells. Cell.

Hernandez-Martinez, R., Ramkumar, N. and Anderson, K. V. (2019). P120-catenin regulates
WNT signaling and EMT in the mouse embryo. Proc. Natl. Acad. Sci. U. S. A. 116,.

35


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 N O O A WO DN P

W W W W W N DNDNDNDNDNMNDNDNMNDNNMNDNEPEPEPRPPRPEREERPRPRPEPREPPRPRPRPER
A WO DNPFP O OOWONO O A WDNPFP O OOOLONOOOG M~ wWwDNPEP O

available under aCC-BY-NC-ND 4.0 International license.

Ikeda, S., Kishida, S., Yamamoto, H., Murai, H., Koyama, S. and Kikuchi, A. (1998). Axin, a
negative regulator of the Wnt signaling pathway, forms a complex with GSK-3p and B-
catenin and promotes GSK-3B3-dependent phosphorylation of 3-catenin. EMBO J. 17,.

Imaz-Rosshandler, I., Rode, C., Guibentif, C., Harland, L. T. G., Ton, M. L. N., Dhapola, P.,
Keitley, D., Argelaguet, R., Calero-Nieto, F. J., Nichols, J., et al. (2024). Tracking early
mammalian organogenesis - prediction and validation of differentiation trajectories at whole
organism scale. Dev. 151,.

Jho, E., Zhang, T., Domon, C., Joo, C.-K., Freund, J.-N. and Costantini, F. (2002). Wnt/3-
Catenin/Tcf Signaling Induces the Transcription of Axin2, a Negative Regulator of the
Signaling Pathway. Mol. Cell. Biol. 22,.

Ju, W., Ogawa, A., Heyer, J., Nierhof, D., Yu, L., Kucherlapati, R., Shafritz, D. A. and
Bottinger, E. P. (2006). Deletion of Smad2 in Mouse Liver Reveals Novel Functions in
Hepatocyte Growth and Differentiation. Mol. Cell. Biol. 26,.

Kemler, R., Hierholzer, A., Kanzler, B., Kuppig, S., Hansen, K., Taketo, M. M., de Vries, W.
N., Knowles, B. B. and Solter, D. (2004). Stabilization of 3-catenin in the mouse zygote
leads to premature epithelial-mesenchymal transition in the epiblast. Development.

Kinder, S. J., Tsang, T. E., Quinlan, G. A., Hadjantonakis, A. K., Nagy, A. and Tam, P. P. L.
(1999). The orderly allocation of mesodermal cells to the extraembryonic structures and the
anteroposterior axis during gastrulation of the mouse embryo. Development.

Kinder, S. J., Tsang, T. E., Wakamiya, M., Sasaki, H., Behringer, R. R., Nagy, A. and Tam,
P. P. L. (2001). The organizer of the mouse gastrula is composed of a dynamic population
of progenitor cells for the axial mesoderm. Development 128,.

Lawson, K. A., Meneses, J. J. and Pedersen, R. A. (1991). Clonal analysis of epiblast fate
during germ layer formation in the mouse embryo. Development.

Liu, P., Wakamiya, M., Shea, M. J., Albrecht, U., Behringer, R. R. and Bradley, A. (1999).
Requirement for Wnt3 in vertebrate axis formation. Nat. Genet.

Lustig, B., Jerchow, B., Sachs, M., Weiler, S., Pietsch, T., Rarsten, U., Van De Wetering,
M., Clevers, H., Schlag, P. M., Birchmeier, W., et al. (2001a). Negative feedback loop of
Whnt signaling through upregulation of conductin/axin2 in colorectal and liver tumors.
Langenbeck’s Arch. Surg.

Lustig, B., Jerchow, B., Sachs, M., Weiler, S., Pietsch, T., Rarsten, U., Van De Wetering,
M., Clevers, H., Schlag, P. M., Birchmeier, W., et al. (2001b). Negative feedback loop of
Whnt signaling through upregulation of conductin/axin2 in colorectal and liver tumors.

Langenbeck’s Arch. Surg.

36


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 N O O A WO DN P

W W W W W N DNDNDNDNDNMNDNDNMNDNNMNDNEPEPEPRPPRPEREEPRPRPEPREPPRPRPRPER
A W DNPFP O OOWONO O A WDNP O OOWONOOOG B~ WDNLPEP O

available under aCC-BY-NC-ND 4.0 International license.

McMahon, J. A., Takada, S., Zimmerman, L. B., Fan, C. M., Harland, R. M. and McMahon,
A. P. (1998). Noggin-mediated antagonism of BMP signaling is required for growth and
patterning of the neural tube and somite. Genes Dev. 12,.

Meno, C., Gritsman, K., Ohishi, S., Ohfuji, Y., Heckscher, E., Mochida, K., Shimono, A.,
Kondoh, H., Talbot, W. S., Robertson, E. J., et al. (1999). Mouse lefty2 and zebrafish
antivin are feedback inhibitors of nodal signaling during vertebrate gastrulation. Mol. Cell
4,.

Mishina, Y., Suzuki, A., Ueno, N. and Behringer, R. R. (1995). Bmpr encodes a type | bone
morphogenetic protein receptor that is essential for gastrulation during mouse
embryogenesis. Genes Dev.

Mittnenzweig, M., Mayshar, Y., Cheng, S., Ben-Yair, R., Hadas, R., Rais, Y., Chomsky, E.,
Reines, N., Uzonyi, A., Lumerman, L., et al. (2021). A single-embryo, single-cell time-
resolved model for mouse gastrulation. Cell 184,.

Morgani, S. M. and Hadjantonakis, A. K. (2020). Signaling regulation during gastrulation:
Insights from mouse embryos and in vitro systems. In Current Topics in Developmental
Biology, .

Morgani, S., Nichols, J. and Hadjantonakis, A. K. (2017). The many faces of Pluripotency: In
vitro adaptations of a continuum of in vivo states. BMC Dev. Biol.

Naiche, L. A. and Papaioannou, V. E. (2003). Loss of Tbhx4 blocks hindlimb development and
affects vascularization and fusion of the allantois. Development 130,.

Nichols, J. and Smith, A. (2009). Naive and Primed Pluripotent States. Cell Stem Cell 4,.

Niida, A., Hiroko, T., Kasai, M., Furukawa, Y., Nakamura, Y., Suzuki, Y., Sugano, S. and
Akiyama, T. (2004). DKK1, a negative regulator of Wnt signaling, is a target of the -
catenin/TCF pathway. Oncogene 23,.

Nowotschin, S., Setty, M., Kuo, Y. Y., Liu, V., Garg, V., Sharma, R., Simon, C. S., Saiz, N.,
Gardner, R., Boutet, S. C., et al. (2019). The emergent landscape of the mouse gut
endoderm at single-cell resolution. Nature 569,.

Parameswaran, M. and Tam, P. P. L. (1995). Regionalisation of cell fate and morphogenetic
movement of the mesoderm during mouse gastrulation. Dev. Genet. 17,.

Perry, W. L., Vasicek, T. J., Lee, J. J., Rossi, J. M., Zeng, L., Zhang, T., Tilghman, S. M. and
Costantini, F. (1995). Phenotypic and molecular analysis of a transgenic insertional allele
of the mouse fused locus. Genetics.

Pijuan-Sala, B., Griffiths, J. A., Guibentif, C., Hiscock, T. W., Jawaid, W., Calero-Nieto, F.
J., Mulas, C., Ibarra-Soria, X., Tyser, R. C. V., Ho, D. L. L., et al. (2019). A single-cell

37


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 0 N o 0o WO DN P

W W W W W N DN DNDNDNDNMNDNDNMNDNNMNDNEPEPEPRPRPRPEREEPRPRPEPREPPREPRPRPER
A W DNPFP O OOWONO O A WDNP O OOWONOOOG B~ wWwNDNDNLPEP O

available under aCC-BY-NC-ND 4.0 International license.

molecular map of mouse gastrulation and early organogenesis. Nature 566,.

Prummel, K. D., Nieuwenhuize, S. and Mosimann, C. (2020). The lateral plate mesoderm.
Dev. 147,.

Qian, L., Mahaffey, J. P., Alcorn, H. L. and Andersona, K. V. (2011). Tissue-specific roles of
Axin2 in the inhibition and activation of Wnt signaling in the mouse embryo. Proc. Natl.
Acad. Sci. U. S. A. 108,.

Saga, Y., Miyagawa-Tomita, S., Takagi, A., Kitajima, S., Miyazaki, J. I. and Inoue, T. (1999).
MesP1 is expressed in the heart precursor cells and required for the formation of a single
heart tube. Development 126,.

Saijoh, Y., Adachi, H., Sakuma, R., Yeo, C. Y., Yashiro, K., Watanabe, M., Hashiguchi, H.,
Mochida, K., Ohishi, S., Kawabata, M., et al. (2000). Left-right asymmetric expression of
lefty2 and nodal is induced by a signaling pathway that includes the transcription factor
FAST2. Mol. Cell 5,.

Sakai, K. and Miyazaki, J. I. (1997). A transgenic mouse line that retains Cre recombinase
activity in mature oocytes irrespective of the cre transgene transmission. Biochem.
Biophys. Res. Commun. 237,.

Schindelin, J., Arganda-Carreras, |., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: An open-source
platform for biological-image analysis. Nat. Methods 9,.

Scialdone, A., Tanaka, Y., Jawaid, W., Moignard, V., Wilson, N. K., Macaulay, I. C., Marioni,
J. C. and Goéttgens, B. (2016). Resolving early mesoderm diversification through single-
cell expression profiling. Nature 535,.

Shivdasanl, R. A., Mayer, E. L. and Orkin, S. H. (1995). Absence of blood formation in mice
lacking the T-cell leukaemia oncoprotein tal-1/SCL. Nature 373,.

Smith, A. (2017). Formative pluripotency: The executive phase in a developmental continuum.
Dev.

Tam, P. P. L. and Beddington, R. S. P. (1987). The formation of mesodermal tissues in the
mouse embryo during gastrulation and early organogenesis. Development.

Tremblay, K. D., Dunn, N. R. and Robertson, E. J. (2001). Mouse embryos lacking Smadl
signals display defects in extra-embryonic tissues and germ cell formation. Development.

Van Den Brink, S. C., Baillie-Johnson, P., Balayo, T., Hadjantonakis, A. K., Nowotschin,
S., Turner, D. A. and Arias, A. M. (2014). Symmetry breaking, germ layer specification
and axial organisation in aggregates of mouse embryonic stem cells. Dev. 141,.

Vincent, S. D., Dunn, N. R., Hayashi, S., Norris, D. P. and Robertson, E. J. (2003). Cell fate

38


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O© 00 N o 0o b WO DN P

N NN RNNNNNNRRRRRR R B B
® N0 008 WOWNEPO OOWNOUMWNINIERO

available under aCC-BY-NC-ND 4.0 International license.

decisions within the mouse organizer are governed by graded Nodal signals. Genes Dev.
17,.

Waldrip, W. R, Bikoff, E. K., Hoodless, P. A., Wrana, J. L. and Robertson, E. J. (1998).
Smad2 signaling in extraembryonic tissues determines anterior-posterior polarity of the
early mouse embryo. Cell.

Warren, A. J., Colledge, W. H., Carlton, M. B. L., Evans, M. J., Smith, A. J. H. and Rabbitts,
T. H. (1994). The Oncogenic Cysteine-rich LIM domain protein Rbtn2 is essential for
erythroid development. Cell 78,.

Willey, S., Ayuso-Sacido, A., Zhang, H., Fraser, S. T., Sahr, K. E., Adlam, M. J., Kyba, M.,
Daley, G. Q., Keller, G. and Baron, M. H. (2006). Acceleration of mesoderm development
and expansion of hematopoietic progenitors in differentiating ES cells by the mouse Mix-
like homeodomain transcription factor. Blood 107,.

Wilson, V. and Beddington, R. S. P. (1996). Cell fate and morphogenetic movement in the late
mouse primitive streak. Mech. Dev. 55,.

Winnier, G., Blessing, M., Labosky, P. A. and Hogan, B. L. M. (1995). Bone morphogenetic
protein-4 is required for mesoderm formation and patterning in the mouse. Genes Dev.

Yokomizo, T., Hasegawa, K., Ishitobi, H., Osato, M., Ema, M., Ito, Y., Yamamoto, M. and
Takahashi, S. (2008). Runx1 is involved in primitive erythropoiesis in the mouse. Blood
111,.

Zeng, L., Fagotto, F., Zhang, T., Hsu, W., Vasicek, T. J., Perry, W. L., Lee, J. J., Tilghman,
S. M., Gumbiner, B. M. and Costantini, F. (1997a). The mouse Fused locus encodes
axin, an inhibitor of the Wnt signaling pathway that regulates embryonic axis formation.
Cell.

Zeng, L., Fagotto, F., Zhang, T., Hsu, W., Vasicek, T. J., Perry, W. L., Lee, J. J., Tilghman,
S. M., Gumbiner, B. M. and Costantini, F. (1997b). The mouse Fused locus encodes
axin, an inhibitor of the Wnt signaling pathway that regulates embryonic axis formation.
Cell.

39


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

FIGURE 1

Axint
10 10
o~ N\
3 3
g 0 12 E 0 L
= # 15 1
A 0 0
-10 X -10
F
-20] -20 —_—
-15-10-5 0 5 10 -15-10-5 0 5 10
UMAP_1 UMAP_1

@ CoHi | T | MERGE

g
X
<
‘a

&

d

-
£
X
<

Axin1+-; Axin2+ Axin1+;Axin2+

AxinTs*; Axin2*- AxinT*="; Axin2"
Sox2°re+; Axin1-5i+; Axin2++ Axin1floxfiox; Axjn2++
Sox2°r+; Axin1-5r+; Axin2+ Axin1fioxfiex; Axin2*

D

% of positive nuclei/total nuclei

% of T positive nuclei/total nuclei

801

60

404

20+

H Control
W Axin1+;Axin2"
E Axin12%7; Axin2"

[EControl
- W Axin1";Axin2"
ok WAxin1-5; Axin2”
PS ns
*
* ®
*k*k

SOX2 NANOG POUSF1


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURE 2

E

Gastrulation Atlas Control Axin12Eei; Axin2+
A :
L
=
o<
HE
k] B
oS
Ak =
Nl {; A ﬁ
o s Y (C] . .I’ — -I
< _ilnr=_k=a
= :
g
<
N e L
d
= |
S 1 T
4 ‘ g < II
i 2 oL
I
] — |
UMAP_1 s
@ Epiblast @ Posterior Lateral Plate Mesoderm s
Primitive Streak ® Mesenchyme )
® EXE Ectoderm e ymy (<]
erior Primitive Streal ior Primiti =
@® ExE Endoderm s A i @ Posterior Primitive Streak .2_,
lascent mesoderm i
Visceral Endoderm - o @ NenEhesodem s
lascent mesoderm i
@ Parietal Endoderm ® Intermediate Mesoderm o
Haematoendothelial progenitors #1 @ Additional Reference Cells
@ Haematoendothelial progenitors #2
B C EEEE“E#E#;%EE*EE
288 g
10 i3iizsaEE8888a38
Logs S2%¥¥sgsgis:e
wawa g 2
Yurs EEfidcadfas
§ 2 daEEgga o 23
. 51 S&  s88%s5s B2E
10 A "3 22238388 § 2
o S
g 07  Control i
L = » » - f -
5 = @ Axin1°®¥; Axin2" . )
54 Joint Cluster Annotations
N
0 -
% -10
=
=] F
-5+
-10 1
2
® E65 o
T T T T T 3
-10 -5 0 5 10 ® E675 b
@ E70
UMAP_1 ~ — 5
@ ExE Ectoderm Haematoendothelial progenitors #1 o 01 E7-5 E
£ aQ
® BE o+ l itors #2 % s o
Visceral Endoderm @ Posterior Lateral Plate Mesoderm -5 ® Es0 &35 -
@ Parietal Endoderm @ Mesenchyme ® Es2s i
@ Epiblast @ Posterior Primitive Streak ® e85 10 = !
Primitive Streak @ Allantois Mesoderm -104 B ' el | l
@ Anterior Primitive Streak @ Imemtedl.ateMssodenn 0 TT T T T T 111 T T T T 717
@ Nascent mesoderm #1 @ LowQuality 1.0 1‘, (') é 1-0 Eggggf‘s?;;g;gggﬁgég
® Nascent mesodemn #2 = = 888 8c=SecEeed 228388
UMAP_1 S000DMhgpgl SO0GMOoom
A 5T T T W 22 ¢ & a0
222W0 0T TEELG5LD0 >
W oo 22330 0sp2sSsS 3
w - — 220000 o = 9
xXWUWEE® EEScgCQ0Q8=sELQ
Wieos ££ Sa8T E9®
95 LLEEgga S3
G Cell Type Marker Genes Sa 888%ss STE
Gm1673 gss538 &
Elf < gg3 8 £
Cubn ° 295
Dab2 555
1
poa
Hs3st1 = ggo
Cryab
Utf1 ® Average
Pou5f1 ® Expression
Fgf8
Nanog 2
Gsc 1
Ntn1 0
Mesp1
I[_;ﬂgf Percent
Kdr Expressed
Tall <0
Shank3 . 25
Reln ® 50
Lgr5 ® 75
Foxf1
Col1a1 #:100
Itgad
Wnt4
Ifitm3 @ Control
Igfbp3
UncSc @ Axin14&; Axin2*
Cdx4
Hoxb1
Hoxb3os



https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

FIG U RE 3 available under aCC-BY-NC-ND 4.0 International license.

A Control  Axin1“%;Axin2" Z] «xor | cpbx2 | FOXxF1 |

10 10 " " A

s e ) o o ExE 3%, 4 EXE 3 % 5 i ExE :
_s ~ 0 ~ o o0d lgﬁg ¢ 0P ¢ «
¥ £ % - 18

S 5 = 0.5

104 10 0:0

15 15

10 5 5 10 -10 5 5 10
UMAP_1 UMAP_1
10 10

‘;: N0 > 9 S0 ) 2.0
o F
T b g 12
0 5 -5 S 1.0
0.5
10 10 oo
15 -t 15 L
0 & 0 & 10 10 -5 0 5 10
UMAP_1 UMAP_1

5
~ m’
‘; S0 y a0 . 1.5
S 3 5 B
w s 5 -5 (1)2
-10. 10 0.0
15 154 .
————— = E
10 -5 U’SAFLf 10 10 o UyaAp_f 10
Control Axin1-%; Axin2"
10 10
2.5
T s " l 2.0
%:‘0. NEE KE‘ .15
1.0 . ; . A
& £ 5 55 D Control  Axin12t;Axin2-  Smad2’
° ° o Bmp4
15 - -154 o
0 5 0 5 10 10 0 5 10 0
UMAP_1 UMAP_1 4
(o]
10 10 m
5 ° = 2.5
wn ~ 0 - l 2.0 —
Q. Py = 1.5
&3 30 58
Q 10 104 0.0
15. 15
T
10 -5 UslAPJs 10 A0 3 U,jARf 10
10 10
5 2.5
N s - I >
g. g’ [ a0 ;1.5
& 3 g, 1.0
g -5 =] 0.5
= 104 10 g:0
15 15
—T 0 0
oy TR U&APJS "y 10 -5 U’aAPJs 10
N
S
F <
Hl Control <
801 * E Axin12e7i; Axin2" [
_#x __ **x B Smad2" =
S
60 X
<

TCF/LEF-H2B pSMAD1/5/9 Overlap



https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

FIGURE 4

“Epi- Axin2"

1;

n

A

2dA 20 NI

downregulated upregulated

Top Differentially Expressed Genes in Nascent Mesoderm and Posterior PS

Scaled
Gene
Expression

available under aCC-BY-NC-ND 4.0 International license.

Nodal
UMAP_2
&5

-10 0 5 10
UMAP_1
- 10
g 5
qg’ ~ 0 % .
o
o - ]
& 32
8 “10
15
-10 0 5 10
UMAP_1

Foxa2

Control
Axin1-~°; Axin2*

Eomes
UMAP_2
Sy
oty

Axin1~50; Axin2"-

) i
04

&
QLN
ocmowon

& B
[
OOoO=aNN

omowon

P
OO0 ==aNN

ocmomon

I8
0O =<2 NN

ocmomon


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURE 5

Control Axin1AEri; Axin1~5; Axin2";

W

A | Axinzf- BmpR1a~t
1)
N~
Sox2°r+; AXin1~5PV+; AXin2+- Axin1fextoxs Axin 2 X A
BmpR1a-Fri+ X BmpR1afoxiox = { HA
| -
C AXin1QEpi;Axin2_/_
e Bm r1aAEpi
D = Control

3 Axin1-5; Axin2"-;BmpR1a~&"

* % * % * %
40

30+
20

10
0. i,n

TBX6 KDR pSMAD1/5/9

% of positive cells/ total nuclei

\'(\l
Sz
54
q®
3" %
4 g
- E
S
x
<



https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.11.612342; this version posted September 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURE 6

Fgf2+Activin

» 72h

A—_ B_

300
200

FOLD CHANGE
o o

Axin1fusfus; Axjn2"-

Activin
0 Fgfzglé\:‘tivin -~ X somsB »60h

B T | roxa S

Fgf2+Activin +BMP4 or Dorsomorphin

XXX X%

Axin1fstus: Axin2"
+DMSO
FOLD CHANGE

T Foxa2

Axintfsts . Axijn2*
+10uM SB431542

P 60h

G __

Axin1'ss: Axin2'"
+DMSO

Axintstes; Axin2*
+50ng BMP4

: £
Rl_
S5
> o
£
B

20
£=
X 3
<%

-
o
=)
h

%
X
*
*
*
*

a0l
Cdh1 T cCdh2

%

Fgf2+Activin

P  60h

C ___

Axin1sts: Axin2*

Fgf2+Activin

P 60h

F _—

+Dorsomorphin
*% *% *

Axin1tstis; Axin2"-

FOLD CHANGE

A b
?

FOLD CHANGE

60—T— T —— 1
KdrFoxa2 T

Kdr Foxa2 T


https://doi.org/10.1101/2024.09.11.612342
http://creativecommons.org/licenses/by-nc-nd/4.0/

