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Single-cell RNA sequencing identifies CXADR
as a fate determinant of the placental
exchange surface

https://doi.org/10.1038/s41467-024-55597-w

Dafina M. Angelova?®°, Aleksandra Tsolova®“®°, Malwina Prater®>%®,

Noura Ballasy®*°, Wendi Bacon ®%¢, Russell S. Hamilton®2,

Danielle Blackwell ® 34, Ziyi Yu®?, Xin Li®, Xin Liu®, Myriam Hemberger®3* | &
D. Stephen Charnock-Jones ® "2

Received: 21 November 2023

Accepted: 16 December 2024

Published online: 02 January 2025

M Check for updates

The placenta is the critical interface between mother and fetus, and conse-
quently, placental dysfunction underlies many pregnancy complications. Pla-
cental formation requires an adequate expansion of trophoblast stem and
progenitor cells followed by finely tuned lineage specification events. Here,
using single-cell RNA sequencing of mouse trophoblast stem cells during the
earliest phases of differentiation, we identify gatekeepers of the stem cell state,
notably Nicoll, and uncover unsuspected trajectories of cell lineage diversifi-
cation as well as regulators of lineage entry points. We show that junctional
zone precursors and precursors of one of the two syncytial layers of the mouse
placental labyrinth, the Syncytiotrophoblast-I lineage, initially share similar
trajectories. Importantly, our functional analysis of one such lineage precursor
marker, CXADR, demonstrates that this cell surface protein regulates the dif-
ferentiation dynamics between the two syncytial layers of the mouse labyrinth,
ensuring the correct establishment of the placental exchange surface. Deci-
phering the mechanisms underlying trophoblast lineage specification will
inform our understanding of human pregnancy in health and disease.

The placenta provides the critical interface between the maternal and
fetal bloodstreams and, as such, is the site of exchange of nutrients,
oxygen, metabolites and other molecules. The great obstetric syn-
dromes (e.g., preeclampsia, fetal growth restriction, preterm birth) are
linked to disorders of placentation’. Low birthweight and preeclampsia
are associated with increased perinatal mortality and long-term mor-
bidities such as cardiovascular disease risk**. These impose substantial

health and socioeconomic burdens’. Thus, understanding the
mechanisms underlying placental dysfunction is clinically and eco-
nomically important. Despite this importance, the molecular pathways
involved in placenta formation remain comparatively poorly studied
and incompletely understood.

The extra-embryonic trophoblast lineage gives rise to the major
constituents of the placenta. The trophoblast lineage first emerges as
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the outer layer of the blastocyst. During subsequent development,
proliferative trophoblast cells with stem-like potential differentiate
into multiple lineages with differing locations, characteristics and
functions®”. The layer of trophoblast in direct contact with maternal
blood is a syncytium (a single layer in human and 2 layers in the
mouse). This syncytiotrophoblast constitutes the interface for all
nutrient and gas exchange between mother and fetus and, thus, is
critical for fetal growth and survival. Yet the characterisation of the
molecular mechanisms that underlie trophoblast lineage specification
and further differentiation into mature trophoblast cell types, such as
syncytiotrophoblast, remains a key challenge.

Trophoblast stem cells (TSCs) are a self-renewing stem cell
population representative of the trophoblast lineage®. Their derivation
from early mouse blastocysts was achieved 26 years ago and, more
recently, was also successful from the human placenta® ™. The ability to
maintain TSCs as a self-renewing stem cell population in culture
represented a milestone in developmental biology. TSCs endow us
with unprecedented possibilities to explore molecular, biochemical,
genetic and environmental aspects that direct trophoblast prolifera-
tion and differentiation in vitro. These advances have collectively
spurred our understanding of the developmental principles governing
placentation',

Maintenance of the stem cell state of murine TSCs is usually
achieved through the addition of fibroblast growth factor (FGF) and
mouse embryonic fibroblast conditioned medium (CM) to the culture
medium. CM provides Activin and/or TGFf3 components that con-
tribute to the maintenance of the self-renewal capacity of TSCs'®".
Removal of both FGF and CM induces TSCs to differentiate along the
two major lineage trajectories towards junctional zone and tropho-
blast giant cells on the one hand, and towards syncytiotrophoblast
cells (SynT) of the placental labyrinth on the other. However, under
these standard differentiation conditions, TSCs preferentially form
trophoblast giant cells, which typify the junctional zone route over a
time course of >6 days.

Comparing the relative importance of the FGF and CM-induced
signalling cascades for TSC self-renewal has demonstrated that FGF is
the dominant pathway®”. Chemical inhibition of MEK, the major
kinase downstream of the FGF receptor and a key signalling hub of the
MAPK cascade, leads to the abrupt exit from self-renewal and onset of
differentiation within a few hours'®", This is best demonstrated by the
acute down-regulation of genes that are direct targets of MAPK sig-
nalling such as Esrrb and Sox2'®'°. By contrast, the CM-mediated effects
are more subtle and continue to direct TSC fate even after exit from
the self-renewal state. Continued exposure to Activin in the absence of
FGF prolongs the expression of SynT lineage markers specifically.
Thus, TGFB/Activin have nuanced roles in both TSC self-renewal and in
directing differentiation that depend on the concomitant presence or
absence of FGF.

It has long been recognized that TSCs appear morphologically
heterogenous even when grown in stem cell conditions. On the mole-
cular level this is underpinned by notable differences in the levels of key
stem cell transcription factors such as ESRRB, SOX2, CDX2, EOMES, and
TFAP2C between individual cells'®*?. Single cell cloning approaches
have tied this heterogeneity to heritable morphological differences of
emerging colonies that relate to the degree of epithelial
characteristics”. However, whether these differences reflect first biases
in cellular potency that would skew the differentiation potential of any
given cell in favour of either junctional zone or SynT lineage entry has
remained undetermined. This knowledge gap pertains in particular to
the fact that molecular drivers of early TSC differentiation, encom-
passing the phase when the critical lineage bifurcation events occur
between junctional zone precursors (JZP) and labyrinth precursors (LP),
have remained poorly defined and only rarely functionally explored.

Here, we used a single-cell RNA sequencing (scRNA-seq) approach
coupled to an experimental design that was specifically aimed at

identifying molecular drivers of early trophoblast lineage differentia-
tion. To this end, we employed the traditional TSC differentiation
method by withdrawal of FGF and CM, as well as MEK inhibition in the
continued presence of FGF and CM, to tease out candidate factors
governing lineage entry towards the JZP and LP differentiation trajec-
tory, respectively. Our data reveal previously unknown regulators of
the stem cell state, notably NICOLLI, as well as of specific differentiation
trajectories. Our analysis culminates in the identification of CXADR as a
factor of critical importance for regulating the cell fusion dynamics in
the differentiation of the two SynT layers, thereby ensuring the correct
establishment of the placental exchange surface.

Results
Resolving early lineage priming at single-cell level by Drop-seq
We generated transcriptome libraries from 136,291 TSCs in the stem
cell state and at various stages of differentiation. Differentiation was
induced either by MEK inhibition (hereafter, Inhibit) or in the con-
ventional way by withdrawal of FGF and CM (Remove). This experi-
mental strategy was designed to reveal genes that are regulated
primarily by FGF versus TGF/Activin, the latter being contained in the
CM. Specifically, the differentiation bias introduced by these methods
towards the LP (Inhibit) versus JZP (Remove) lineage was aimed at
identifying markers and drivers of lineage entry and early lineage
priming. Using the stem cell state (O h=t0) as the starting point, we
profiled cells after 1h (t1), 4 h (t4), 24 h (t24), 36 h (t36) and 48 h (t48)
of differentiation induced by the Remove or Inhibit conditions (Fig. 1a,
Supplementary Data 1 for replicates, sequencing and analysis batches).
We obtained an average of 1740 reads and 1,059 genes per cell.
Morphological inspection of culture dishes over this time course
period showed that cells differentiated more rapidly in Inhibit condi-
tions, as expected®", with no obvious impact on cell viability (Fig. 1b,
Supplementary Fig. 1). This was evident by patches of cells with a more
flattened appearance and less obvious cell boundaries, and reduced
cell growth overall (Fig. 1b). We also verified that the two differentia-
tion strategies achieved a lineage bias in favour of junctional zone and
labyrinth differentiation in Remove and Inhibit conditions, respec-
tively (Fig. 1c, d). Thus, after 24 h, junctional zone markers Phlda2 and
Gjb3 were enriched in Remove conditions, whereas SynT markers
Atplla, Geml and Synb were more highly expressed in Inhibit condi-
tions (Fig. 1c). Similarly, using cell type-specific markers previously
identified in placental scRNA-seq approaches® for immunostaining of
cells after 48 h, Remove cells stained more pervasively for junctional
zone-expressed NCAMI, whereas Inhibit cells were enriched for
labyrinth marker STRA6 (Fig. 1d).

Heterogeneity of TSCs in stem cell conditions

As a starting point to our analysis, we aimed at determining the het-
erogeneity of TSCs in the stem cell state. To this end, we first investi-
gated the sub-populations of cells derived from the tO (=TSC
conditions) time point separately. The tO dataset contained 3,432 cells
with a mean of 1,632 reads and 996 genes per cell. We visualised the
cells on a UMAP plot at resolution 0.4, which identified 4 dispersed
clusters (Fig. 2a, Supplementary Fig. 2a, Supplementary Data 2). We
also scored each stem cell for cell cycle stage and found cells in all
three stages of the cell cycle, i.e. S, G1 and G2/M, indicating that the tO
cells were highly proliferative, as expected (Fig. 2b).

We identified differentially expressed genes (DEGs) for each tO
cluster with P,4;<0.05 and absolute fold-change 21.5 using the Wil-
coxon rank sum test and determined the average expression for the
detected marker genes above the threshold for each cluster (Supple-
mentary Data 3). Cluster 2 was distinct from the other clusters with
marker genes linked to differentiation such as Krt18, Rhox6, Rhox9, and
Lgals3 (Fig. 2c, e), suggesting that this cluster may consist of cells
primed for differentiation****. This was further investigated by asses-
sing the expression levels of these genes at later time points of
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Fig. 1| Description of the mouse TSC differentiation time course experiment.
alnvitro differentiation of mouse TSCs was induced by withdrawal of the stemness-
maintaining components FGF and embryonic fibroblast conditioned medium (CM;
Remove dataset) or by inhibition of MEK with PD0325901 (Inhibit dataset). Remove
conditions are expected to favour initial lineage entry towards junctional zone
precursors, whereas the continued presence of CM in Inhibit conditions is expected
to enrich for labyrinth precursors. Samples were collected at tO (stem cell state,
n=2 independent experiments), 1 h (n =4 independent experiments Inhibit and
Remove), 4 h (n=4 independent experiments Inhibit and n =3 independent
experiments Remove), 24 h (n =4 independent experiments Inhibit and n=2
Remove), 36 h (n =4 independent experiments Inhibit and Remove) and 48 h (n=4
independent experiments Inhibit and Remove). Cells were dissociated and single

Remove Inhibit

cell barcoded transcriptome libraries were generated using Drop-seq and
sequenced. UMI = Unique molecular identifier. b Phase contrast images of cells
cultured over the outlined time course in Remove and Inhibit conditions. Images
are representative of three independent experiments. ¢ RT-qPCR for junctional
zone (JZ) and labyrinth markers after 24 h of differentiation in Remove or Inhibit
conditions. Data are normalised to Remove conditions at 24 h and plotted as mean
+/-SEM of n = 3 independent replicates. Statistical significance was calculated using
two-sided unpaired t-test. * p < 0.05, ** P< 0.01, *** p < 0.001, **** p < 0.0001. Source
data are provided as a Source Data file which contains exact P values. Rel. expres-
sion = relative expression. d Immunofluorescence staining of cells grown for 48 h in
Remove and Inhibit conditions for JZ marker NCAMLI (red) and labyrinth (Lab)
marker STRAG6 (green). Image is representative of three independent experiments.
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differentiation, specifically in t48 cells of the Inhibit data set (Fig. 2d-f),
which confirmed their further upregulation on differentiation. We also
performed immunostaining for the stem cell marker SOX2 in combi-
nation with cluster 2 factor KRT18 on TSCs and observed that KRT18-
positive cells had a flattened, enlarged appearance indicative of dif-
ferentiation onset and had strikingly lost SOX2 as an acutely sensitive
TSC marker (Fig. 2g). When we plotted the cluster O cells on the full-
time course UMAP we found that only 3% of them cluster together with
t24-t48 cells compared to 30% of cluster 2 cells (Supplementary
Fig. 2b-e). These data show that TSCs contain a small subset of cells
that are already primed for differentiation even in stem cell culture
conditions, akin to what is observed in embryonic stem cells and other
stem cell types® 7.

To investigate classical TSC markers in the tO dataset we plotted
the expression of Elf5, Esrrb, Cdx2, Eomes, Tead4, Sox2 in each cluster
and found that clusters O and 3 had the highest expression levels,
whereas expression of these stem cell markers was lowest in cluster 2
(Supplementary Fig. 2f). To identify other markers which might dis-
tinguish between cells in the clusters with highest and lowest expres-
sion of stem cell markers, we calculated pairwise differentially
expressed genes between the tO cluster O and cluster 2 (Supplemen-
tary Data 4). We found that the top 6 genes elevated in cluster O
(Supplementary Fig. 2g, h) were more highly expressed than classical
TSC markers; of these, Gm1673 (a.k.a. Nicoll) appeared most specific
for clusters O and 3. NicolI encodes a recently identified small secreted
protein highly expressed in male and female reproductive tissues®. To
explore a potential functional role of Nicoll in TSCs, we first confirmed
its acute down-regulation upon onset of differentiation on the mRNA
and protein level (Fig. 2h, i). These data establish Nicoll as a strictly
stem cell-associated gene in the trophoblast compartment that may be
important to maintain the stem cell state. We further determined such
a potential role by generating knockout (KO) TSCs for Nicoll (Sup-
plementary Fig. 3a-c) and assessed the impact of Nicoll deficiency on
expression levels of various stem cell markers. Indeed, we found that
Nicoll ablation causes a significant down-regulation of stem cell mar-
ker expression levels, implying that Nicoll is essential to maintain
stemness in TSCs (Fig. 2j, k, Supplementary Fig. 3d). This proof-of-
concept example underscores the value of our data in the identifica-
tion of critical TSC factors.

Differentiation events induced by MEK inhibition and FGF/CM
removal

Next, we integrated all time points of the scRNA-seq data while
assessing the Inhibit and Remove data sets separately. For simplicity
and because the MEK inhibition exerts a stronger effect on early TSC
differentiation, we show analyses using the Inhibit dataset in the main
text with corresponding Remove plots presented in the Supplemen-
tary Data (Supplementary Figs. 4, 8, 13).

The Inhibit dataset separated into 17 clusters which self-
segregated into two large groups split by time point (t0-t4 and t24-
t48, Fig. 3a, Supplementary Data 5 and 6). There was good agreement
between the top 50 most variable genes in the Inhibit SCRNA-seq data
and the similarly treated bulk RNA-seq data set (Supplemen-
tary Fig. 5a).

As TSCs differentiate, the fraction of cells in the S and G2/M
phases of the cell cycle diminishes®. We performed cell cycle scoring in
Seurat to observe the temporal changes in the differentiating TSC. We
expected these changes to happen more rapidly in cells in which FGF
signalling was rapidly blocked (i.e. the Inhibit cells) than in Remove
conditions. Examination of the UMAP plots corroborated this expec-
tation. Cells from early time points (tO-t4) (Fig. 2d) were pre-
dominantly in S or G2/M phase, whereas cells at t24 and later time
points were overwhelmingly in G1 phase (Fig. 3b). Moreover, cells
underwent this transition quicker in Inhibit conditions than in Remove
conditions (Supplementary Fig. 4, 5b), in line with expectations. To

identify distinct differentiation trajectories as cell lineages emerge in
differentiating TSCs, we performed Pseudotime trajectory analysis
with Monocle 3%. Monocle traced paths from the tO cells in cluster 9
(c9) to t36-t48 cells in c3 and c4, suggesting that the cells in these later
clusters were the furthest along in their differentiation trajectory
(Fig. 3c-i).

Temporal progression of differentiation into lineage precursors
Our next approach was to infer the order of cell clusters using the
Tempora R package®. This package makes explicit use of the known
temporal relationships in the data. To validate the gene expression
patterns over time, we compared our Inhibit data to bulk RNA-seq
time-course data of TSCs treated with MEK inhibitor'® We identified the
50 most variable genes from the single cell dataset and plotted their
average expression score in the bulk and the single cell Inhibit dataset
(Supplementary Fig. 5a). The single cell data showed a strong similarity
to the bulk data with a pronounced shift in transcript profiles at t24.
These observations support the Tempora ordering of single cell clus-
ters over the time course. To confirm the identities and further eval-
uate the temporal ordering of our cell clusters, we selected three
markers each for TSCs in the stem cell state, the JZP differentiation
trajectory and for SynT-directed LP lineages and plotted their
expression in each cluster®. As expected, the expression for stem cell
markers Fomes, ElfS and Sox2 decreased over the course of differ-
entiation while Cdknlc, Placl and Gjb3 (for JZP) and Geml, Gjb2 and
Hifla (for LP) increased in a cluster-specific pattern (Fig. 3j). In the
Remove dataset, trophoblast differentiation markers showed similar
temporal trends, but these were slightly delayed with TSC markers
persisting longer into the time course (Supplementary Fig. 4j). Thus,
the ordering of clusters is in good agreement with what is observed in
bulk RNA analysis.

We identified the marker genes that characterised each cluster
with the Seurat function Findallmarkers using a Wilcoxon rank sum
test with P,q;<0.05 and 1.2 times fold-change cut-offs (Supple-
mentary Fig. 6, Supplementary Data 7 and 8). Marker genes for
clusters containing cells from early time points were related to stem
cell maintenance, ribosomal proteins and mitochondrial enzymes,
while at later time points, markers were related to trophoblast dif-
ferentiation such as Cdknic, Placl, keratins and galectins. We also
identified genes that were differentially expressed between all
cluster pairs. We used these marker genes to perform pathway
enrichment analysis using EnrichR with the WikiPathways and GO
databases (Supplementary Figs. 7, 8, 9, Supplementary Data 9-20).
The most highly enriched terms were related to transcription,
translation, ribosomal biogenesis, mitochondrial respiration, reg-
ulation of pluripotency and cytoskeletal remodelling. These were
highly enriched at early time points and decreased over time
(Fig. 3k; Supplementary Fig. 4k). No significant enrichment scores
were identified for genes enriched at later time points. Overall, this
data analysis confirmed that our cluster calling and pseudotime
trajectory analysis represented a correct reflection of the differ-
entiation processes occurring during TSC lineage specification.

Identification of transcription factor networks enriched during
trophoblast differentiation
TSC differentiation can be characterised by the activity of transcrip-
tion factors (TFs) whose target genes change in expression levels as
trophoblast lineages are specified. To identify such transcription fac-
tor modules governing TSC self-renewal, as well as JZP and LP lineage
entry, we used SCENIC***, We calculated transcription factor regulon
activity (ie modules of co-expressed genes and transcription factors
with binding motif support) in the dataset (Supplementary Fig. 10a, b).
To identify the most active regulons in TSCs, JZP cells and LP cells,
we calculated ratios between the regulon activity scores of clusters
(TSC cluster = ¢9, JZP cluster = c3, LP cluster = c4) and selected the
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highest and lowest 10 values (Fig. 4a). The TSC cluster was enriched for
Eomes- and Elf5-directed regulons — TFs known to be enriched in
TSCs*%¢, Ascl2 was enriched in JZP and Gecml in LP, confirming known
TF circuits and corroborating our marker-based cluster identification.

Some active regulons specific to the TSC clusters (Eomes, SuzI2,
Myc, Smc3, Elf2, Tfdp2, Pole3, Trp53, Tafl, Irf2, Pou3fI), have been pre-
viously reported to act in trophoblast”*% TSC-specific regulons such
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as Vezfl, Bclafl and Cebpz have not been linked to the maintenance of
mouse trophoblast stemness, suggesting that these may be regulators
revealed by our analysis. Vezf1, encoding for a vascular endothelial zinc
finger, is highly expressed in the mature placental labyrinth*® but in
vitro is enriched in TSCs compared to differentiated trophoblast cell
types®**. This supports the notion that TSCs are able to acquire
pseudo-endothelial characteristics®.
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Fig. 2 | Heterogeneity of TSCs. a-b, d UMAP grid for Harmony-integrated tO
dataset. Dimensional reduction of the dataset using UMAP (uniform manifold
approximation and projection, calculated in Seurat) after harmony integration.

a UMAP coloured by Clusters, resolution 0.4 (b) UMAP coloured by assigned Cell
Cycle Phase using the Seurat function CellCycleScoring. ¢ Heatmap of expression of
t0 cluster markers. All values were mean centred for each gene. Colour represents
mean centered average expression of marker gene in a cluster. d UMAP plot of
Inhibit dataset with cells coloured by timepoint. e UMAP plots highlighting the top
4 cluster 2-enriched genes. f Elevated genes from Cluster 2 of tO cells are up-
regulated during further differentiation: UMAP plots of Krt18, Rhox6, Rhox9 and
Lgals3 in entire Inhibit dataset. Exp. = Normalised expression. g Double immuno-
fluorescence staining for TSC transcription factors SOX2 (green) and early differ-
entiation marker KRT18 (red) of TSCs grown in stem cell conditions. Image is
representative of three independent experiments. h RT-qPCR for Nicoll in TSCs in
the stem cell state and upon differentiation in Remove and Inhibit conditions for

the indicated time periods. Data are normalised to stem cell conditions and plotted
as mean +/- SEM of three independent replicates. i Immunofluorescence staining
for NICOLL1 (green) in TSCs grown in stem cell conditions and upon differentiation
in Remove for 1, 2, and 3 days (D). Images are representative of three independent
experiments. j Assessment of stem cell potential of Nicoll knockout (KO) TSCs
showing reduced levels of acutely sensitive marker genes of the stem cell state in
the trophoblast compartment. Data are normalized to wild-type (WT) TSCs in stem
cell conditions and are shown as mean +/- SEM of n=5 (WT) and n=4 (KO) inde-
pendently derived cell clones. Statistical significance was calculated using two-
sided unpaired t-test. * p <0.05, ** p <0.001, *** p < 0.0001. Source data are pro-
vided as a Source Data file which contains exact P values. k Double immuno-
fluorescence staining for stem cell marker SOX2 (green) and early differentiation
marker KRT18 (red) on WT and Nicoll KO TSCs grown in stem cell conditions.
Images are representative of n=3 clones stained each.

We only identified a single regulon (Ascl) specific to the JZP cells
in the Inhibit dataset. In contrast, we identified several regulons spe-
cifically associated with the LP lineage: £2f8, Phf8, Gata2 and Mef2a
(Fig. 4b-d, Supplementary Fig. 11). £2f8 was the most active regulon in
the LP cluster c4.

We used pseudotime trajectory analysis in Monocle to follow gene
expression over TSC differentiation. The branches following the dif-
ferentiation trajectories were drawn from TSCs to JZP and LP cells
(Inhibit in Fig. 5a-b, Remove in Fig. Se-f). We identified Monocle gene
expression modules associated with the JZP and LP clusters (top genes
shown on UMAP in Supplementary Fig. 12a-d for both Inhibit and
Remove). We extracted well-known markers of JZP and LP identity
from these modules and plotted them over the differentiation trajec-
tories together with markers enriched in either population by Monocle
Score (Fig. 5¢c-d, g-h). The Remove dataset showed an increase in JZP
markers Ascl2 and Placl earlier in pseudotime than in the Inhibit
dataset, which supports the rationale underlying our experimental
design as well as our earlier data (Fig. 1c, d) that the Remove conditions
favour JZP lineage differentiation.

To determine whether the regulons identified by SCENIC drive the
expression of genes in the modules identified by Monocle, we cross-
referenced the high confidence targets of E2F8 and PHF8 with the gene
expression modules linked with LP identity. Among the targets of
E2F8, 17 were present in the LP gene expression module (total 115
genes), including Gjb2, Tmem150a, Wfdc2, Maged1, a statistically highly
significant enrichment (p =1.68E-09 in a hypergeometric test) (Sup-
plementary Fig. 13a). Those genes were also in the top 10 genes in the
module by Monocle score. Interestingly, the targets of PHF8 included
E2f8 but also Gcml and Gjb2. Hence, we conclude that E2F8 might
define a transcriptional hub that is largely specific to SynT
differentiation.

Comparison between JZP and LP lineage-biased differentiation
strategies

Our experimental design provided an opportunity to compare the
process of TSC differentiation through MEK inhibition (Inhibit) to
withdrawal of FGF and CM (Remove), which is the more widely used
method. We identified DEGs between Inhibit and Remove datasets
with P,q; < 0.05 and 1.5 times fold-change and plotted the top 8 most
differentially expressed genes over the time-course (Fig. 6a). The
average expression of DEGs at each time point was altered more in
Inhibit cells than in Remove, in line with the previously noted
accelerated differentiation in Inhibit conditions. For example, the
average expression of TSC marker /d2 increased from tO to t1 (like
Eomes)” and then decreased substantially at later time points under
both differentiation conditions. However, it showed a much stron-
ger decrease in MEK inhibitor-treated cells (Fig. 6a). Other markers
that decreased in expression over the time course, such as G3bp2
also showed a more rapid and greater decrease in the Inhibit

condition. Conversely, the average expression of KIf6, a TF acti-
vated by TGFB/Activin signalling*® was higher in Inhibit cells in
which the TGFB/Activin signal is retained in the supplemented CM.
Similarly, other genes that increased in expression over the time
course (B2m, Dppal, Acadl and Lgals1) showed a stronger effect in
the Inhibit cells'. Interestingly, the JZP marker Phlda2 rose much
faster in Remove cells, suggesting that its expression was supressed
by TGFB/Activin. This was the only gene revealed by this analysis
that increased more dramatically in the Remove than in the Inhibit
conditions, which overall confirmed that differentiation was biased
towards the JZP path in Remove conditions.

We compared TF regulon activity in SCENIC between the Inhibit
and Remove datasets (Fig. 6b and Supplementary Fig. 10). Most
regulons identified were shared between the two datasets, but a
subset of regulons was unique. Unique regulons whose scores
increased with differentiation only in Inhibit were Gecmli, Atféb,
Srebf2, Hes6, Batf3, Gtf2b, Npdcl, KIf2, Irf3, Nr3cl, Phf8, Rarg, Foxo4,
and Nfe2l2. As exemplified by Gcmli, these regulons are strong
candidates for driving entry into the LP lineage and ultimately
towards SynT differentiation. Regulons that uniquely decreased
during differentiation in the Inhibit dataset included /rf2, Pole3,
Suz12, Maff, and KIf7, making these particularly prevalent FGF/
MAPK targets. Unique regulons in Remove that increased over time
were Hsfl, Zfp110, Nr1h2, Luzpl, Zfx and Tcf7l1, while those that
decreased were Tcf12, Tgif2, Tgifl and E2f4. To corroborate this
finding, we treated TSCs under Remove conditions with rosiglita-
zone to block JZP differentiation*’” and found much-reduced
expression levels of the identified markers as well as of Tpbpa as a
junctional zone-expressed control (Supplementary Fig. 13b). These
data indicate that these regulons are likely governed by the Activin/
TGFp signalling cascade and may be involved in junctional zone
formation.

One of the main differences between the two datasets was that the
Inhibit cells were expected to maintain TGF[3 pathway activity due to
the continued presence of CM, while MEK was inhibited. The t24 time
point was the earliest one where a large difference was observed in TF
activity. Therefore, we extracted data from all cells from the t24 time
point and clustered them separately at res 0.4. They formed 10 clusters
out of which clusters 0, 5 and 4 were composed of predominantly
Remove cells and clusters 1, 2, 3 and 9 of Inhibit cells (Supplementary
Fig. 14, Supplementary Data 21). Using these clusters, we plotted
expression levels of genes that fall into the gene ontology term
G0:00007179 (transforming growth factor beta receptor signalling
pathway) and found that they segregated by differentiation method
(Fig. 6¢). The expression of genes detected in the dataset that pro-
moted TGFf} signalling such as Jun, Ccl2, Cited2, and Zyx was largely
elevated in Inhibit clusters and decreased in Remove. Collectively,
these data reveal multiple nodes of gene networks that likely govern
JZP and LP formation.
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fetal endothelial cells in the placental labyrinth*. Other genes in this

JZP and SynT-I precursors share similar differentiation
trajectories

Although the pseudotime trajectory analysis in Monocle clearly iden-
tified a LP path demarcated by GcmlI expression, Gcml is a precursor
gene of only one specific SynT subtype, the SynT-II layer that faces the

cluster (c4 in Fig. 3a) were also associated with a SynT-lI-specific
expression (Supplementary Fig. 15a). Hence, we set out to confirm the
SynT-II specificity of this particular LP branch by assessing additional
genes that we found enriched in this cluster. To this end, we performed
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Fig. 3 | Clustering of Inhibit dataset. a-i UMAP grid of the Harmony-integrated
Inhibit TSC differentiation dataset. a UMAP coloured by cluster, resolution = 0.8.
TSC = Trophoblast stem cells, JZP = Junctional zone progenitors, LP = Labyrinth
progenitors. b UMAP coloured by assigned cell cycle phase using the Seurat
function CellCycleScoring. ¢ UMAP coloured by Pseudotime using Monocle3. d-i
UMAPs with cells coloured at timepoints: 0 h (d) 1 h (e) 4 h (f) 24 h (g) 36 h (h) and
48h (i). j Dotplot of marker genes expressed in the Inhibit dataset. Markers were
selected from literature and grouped by differentiation trajectory. (TSC markers:
Eomes, EIf5, Sox2. JZP markers: CdknIc, Gjb3, Placl. LP markers: Gjb2, Gcml, Hifla.)

The size of the dots represents number of cells that express the marker. The colour
of dots represents the average expression of the marker in each cluster, scaled for
the dataset. All values were mean centred for each gene. Clusters were ordered on
the x-axis by time using the R package Tempora with undifferentiated cells to the
left of the x-axis. k Heatmap of gene expression in top WikiPathways in the Inhibit
dataset. Pink and blue represent enrichment or under-representation of a pathway
in each specific cluster, respectively. Clusters on the x-axis are ordered by Tempora
with stem cells on the left.
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Fig. 4 | Active regulons in the Inhibit dataset. a Heatmap of regulon activity that
co-occurs with known TF markers for LP and JZP identities. JZP identity was
assigned by detecting clusters with high activity of the Ascl2 regulon (c3), and LP
identity by the GcmlI regulon (c4). Difference between JZP cluster activity and LP
cluster activity was calculated for each regulon. Top 10 regulons for highest and
lowest ratio, as well as top 10 regulons with highest activity in tO cluster (cluster 9)
were selected for the heatmap. Colour represents average score for the activity of a
regulon for each cluster. All values were mean centred for each regulon and
number of genes in the regulon is shown in brackets. The suffix _ext. in the regulon

| [ Gif2b_ext. (11g)
|| Ascl2 (22g)

Gata1 (33g)

name indicates lower confidence annotations (by default inferred by motif simi-
larity) are also used. b-d Specific SCENIC transcription factor regulons co-localize
with TSCs, and cells associated with JZP and LP lineage. Cells were coloured by AUC
score for regulons of interest. (b) UMAP plot of Inhibit dataset coloured by regulon
activity. The TSCs-specific regulons Eomes are coloured blue, JZP regulon Asc2 is
coloured green, and LP regulon Gcml is in pink. ¢ UMAP plot of Inhibit dataset
coloured by E2f8 regulon activity. E2f8 regulon activity overlaps Gcml activity.

d UMAP plot of Inhibit dataset coloured by Phf8 regulon activity. Phf8 regulon
activity is increased over time in LP cells and overlaps with £2f8 and Geml1 activity.

a differentiation time course experiment of TSCs under standard dif-
ferentiation conditions (Remove) and in the presence of Chiron99021
(CHIR), which specifically induces TSC differentiation towards the
SynT-Il lineage*’, and profiled the expression of Gabrp, Abcbl and Gjb2
(Supplementary Fig. 15b). The expression of these genes was strongly
up-regulated in the CHIR-treated cells, indicating SynT-II specificity of
gene expression. We also stained placentas for EMB, another c4-
specific gene, in conjunction with SynT-Il marker MCT4 (encoded by
the Sici6a3 gene) and found perfect overlap in staining patterns
(Supplementary Fig. 15c). Conversely, double staining with SynT-I
marker MCT1 highlighted the close juxtaposition but non-overlap of

both syncytial layers (Supplementary Fig. 15¢). These data confirmed
that Inhibit cluster 4 demarcates the SynT-II differentiation trajectory
specifically. Hence, c4-enriched genes are markers of SynT-ll, including
Abcbl1, Gabrp and Emb.

Our specific interest, however, was triggered by the observa-
tion that the JZP trajectory (c3 in Fig. 3a), demarcated by well-known
hallmark genes such as Phlda2 (Fig. 7a), Ascl2 (Fig. 5d) and Gjb3
(Fig. 3j), seemed to be very similar to, and partially overlapping
with, SynT-I specific genes such as Sici6al (Mct1) and Hbegf (Fig. 7a,
Supplementary Fig. 15d)*°. We further explored this unexpected
similarity bioinformatically and found that while markers like
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Phlda2 and Slcl6al are co-expressed, the cells with the highest relatively close physical proximity to JZP*, whereas SynT-Il cells
expression (top 10%) of Phlda2 and Siclé6al are two adjacent but not  differentiate underneath, closer to the chorionic side (Fig. 7d). In
overlapping populations (Fig. 7b). This was further confirmed by line with this anatomical organisation, our data raise the intriguing
cell staining of differentiating TSCs in which cells adopting JZP or LP  possibility that early SynT-I precursors are more closely aligned
fate remain distinct (Fig. 7c). Invivo, SynT-I cells emerge at the tip of ~ with JZP than with GecmiI-positive SynT-Il precursors during TSC
the chorionic folds formed by invaginating fetal blood vessels, in  differentiation.
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Fig. 5 | Pseudotime trajectories of Inhibit and Remove datasets. a,b JZP and LP
trajectories can be defined from pseudotime. Analysis of branches in single cell
pseudotime trajectories in Inhibit dataset. Pseudotime was calculated with Mono-
cle 3 to measure how much progress an individual cell has made through a process
of TSC differentiation. Cells were coloured by cluster identity. a LP trajectory in
Inhibit dataset. b JZP trajectory in Inhibit Dataset. Branches were selected by
identifying start node (cluster 9 with TO cells) and end node (nodes at the end of JZP
and LP identified clusters). ¢, d Expression of JZP and LP-specific genes in pseu-
dotime across their trajectory branch. Branches of pseudotime trajectories were
selected by assigning earliest principal node with highest number of tO cells as a

start and end principal node of differentiated JZP or LP cluster as end and con-
necting the shortest path between the points. Branches were then plotted on UMAP
with cells coloured by cluster. Genes shown are a combination of known markers
and ones from the top list. ¢ Expression of LP genes across pseudotime in Inhibit
dataset. d Expression of JZP genes across pseudotime in Inhibit dataset. e JZP tra-
jectory in Remove dataset. f LP trajectory in Remove dataset. Branches were
selected by identifying start node (cluster 14 with TO cells) and end node (nodes at
the end of JZP and LP identified clusters). g Expression of JZP genes across pseu-
dotime in Remove dataset. h Expression of LP genes across pseudotime in Remove
Dataset.
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Fig. 6 | Comparison between Inhibit and Remove datasets. a Average expression
of top markers between Remove (R) and Inhibit (I) datasets over time (h). Dots
represent the average expression of the gene at each time point. Top 8 genes
consistently higher in Inhibit and Remove were selected. Source data are provided
as a Source Data file. b SCENIC Heatmap showing unique regulons for Remove and
Inhibit datasets with clusters ordered by timepoint using Tempora. Colour repre-
sents average score for the activity of the regulon for each cluster. Grey fields are
regulons absent in one of the datasets. All values were mean centred for each
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regulon. Inhibit regulons were hierarchically clustered and the same order was
applied to the Remove dataset to allow for direct comparison of regulon activity.
¢ Heatmap showing expression of detected TGFp pathway-related genes (defined
by GO:0007179) across Inhibit and Remove t24 clusters. Clusters that contain >85%
cells from one treatment were selected. Gene list was filtered to include only
marker genes (12fc0.6) for t24 dataset. Genes and clusters were hierarchically
clustered. Values were mean centred for each gene. Colour represents average
expression of marker gene in a cluster.

Next, we wanted to pursue this observation that early SynT-I
precursors share a similar differentiation trajectory to JZP. Given the
fact that Slci6al (Mctl) and Hbegf are widely used markers specific to
SynT-I cells in the murine labyrinth®**? but clustered in the UMAPs in a
cell group partially overlapping with JZP markers such as Phlda2, we
asked whether other genes that shared a similar cluster enrichment as

Slci6al were also LP markers. Interrogating the Monocle modules to
this effect identified the Coxsackie virus and adenovirus receptor
Cxadr as one such candidate (Fig. 7a, Supplementary Fig. 15d).
Indeed, Cxadr has been identified in a recent single nuclei RNA-seq
study of mouse placentas as labyrinth precursor gene that was most
highly enriched in the earliest stages of labyrinth formation at E9.5
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(Supplementary Fig. 15e)°. This was corroborated by another study’
where Cxadr was identified as marker of labyrinth trophoblast pro-
genitors. Yet in our pseudotime analysis, Cxadr followed closely the
pattern of other JZP genes (Fig. 5d).

To further characterize the expression dynamics of Cxadr, we
profiled its expression levels across the 48h Remove-Inhibit

differentiation time course. Cxadr was up-regulated as differentiation
progressed, in particular in the Inhibit conditions that are LP-enriched
(Fig. 7e). Extended TSC differentiation time course experiments in
standard Remove conditions revealed that Cxadr peaked at 3 days (3D)
of differentiation, preceding the onset of overt cellular syncytialization
(Supplementary Fig. 15f). Upon enforced syncytialization which can be
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Fig. 7 | Expression dynamics of labyrinth progenitor marker CXADR. a UMAP
plots of the Inhibit dataset of genes enriched in the presumptive JZP cluster. Phlda2
is a well-known marker of the JZ. Yet SynT-I markers Sici16al and Hbegf are enriched
in the same or adjacent cluster (arrow), as is Cxadr. Colour gradient shows
normalised expression. b UMAP plots of locations of cells with top 10% expression
of Phlda2, Slci6al and overlap between the two cell populations. ¢ Immunostaining
for SynT-1 marker STRA6 (green) and junctional zone marker NCAML (red) reveals
non-overlap between individual LP and JZP cells entering these lineages. Staining
was carried out after 48 h of culture in Inhibit conditions. Image is representative of
three independent experiments. d Diagram depicting the organization of emerging
trophoblast cell types at sites of fetal vessel invagination into the chorionic ecto-
derm. JZP = junctional zone precursor, mbs = maternal blood space, sTGC =sinu-
soidal trophoblast giant cell, LP = labyrinth precursor. e Cxadr expression dynamics
across the 48 h differentiation time course in Inhibit and Remove conditions.
During these early stages of differentiation, Cxadr expression is up-regulated, in

particular in Inhibit conditions that promote LP differentiation. Data are normal-
ized to stem cell conditions and plotted as mean +/- SEM of three independent
replicates. Statistical significance was calculated using 2-way ANOVA. ****
p<0.0001. Source data are provided as a Source Data file which contains exact P
values. f Representative image of differentiated TSCs at 3 days (3D) of differ-
entiation stained for CXADR (green) and cell membrane marker ZO1 (red). The
encircled area highlights early-stage syncytializing cells that have lost CXADR while
still retaining some ZO1. Image is representative of three independent experiments.
g E10.5 placenta stained for CXADR (green) and MCT1 (red) showing the immedi-
ately adjacent localisation of CXADR-positive single cells to syncytial MCT1-positive
cells. Images are representative of n=4 placentas. The middle column of images
depicts a higher magnification of the boxed area in the left column. The right-hand
column of images depicts an area at the base of the placental labyrinth taken from a
consecutive section of that shown on the left. Images are representative of three
independent samples.

achieved by treating TSCs with the WNT activator CHIR, Cxadr
expression declined, in line with our observations that fusing cells
down-regulate CXADR protein (Supplementary Fig. 15g). These data
corroborate the notion of Cxadr as a LP gene.

Immunostaining of 3D-differentiated TSCs showed membrane
localization of CXADR which co-localized with the membrane marker
Z01 (Fig. 7f). Intriguingly, in areas where cells started to fuse,
membrane-localized CXADR staining was lost prior to the onset of
membrane breakdown as indicated by the changes in ZO1 staining
pattern from a smooth cellular outline of single cells to a ruffled
appearance and then to a merely punctate staining of membrane
remnants (Fig. 7f). In the E10.5 placenta, CXADR staining was strongest
in the cuboidal epithelial cells of the chorionic ectoderm at the base of
the forming labyrinth and in smaller cell patches within the forming
labyrinth (Fig. 7g), which is fully in line with previous observations®.
Double staining with SynT-I and -Il markers MCT1 and MCT4, respec-
tively, showed a transition of CXADR-positive single cells to MCT1- or
MCT4-positive mature syncytial cells, in a mutually exclusive staining
pattern (Fig. 7g, Supplementary Fig. 15h). These data confirmed that
CXADR may mark an LP population both in TSCs in vitro and in the
forming placenta in vivo.

Cxadr ablation in TSCs reveals a role in LP cells to control SynT
formation

To further investigate the potential function of CXADR in LP cells, we
generated Cxadr KO TSCs by deleting exon2 using CRISPR-Cas9
(Fig. 8a, Supplementary Data 22)°***%, Successful deletion of the exon
was confirmed by genotyping PCR and by RT-qPCR (Supplementary
Fig. 16a, b), and the absence of a functional protein was ascertained by
immunostaining (Fig. 8b). We then assessed the impact of Cxadr
deletion on TSC behaviour in stem cell conditions and upon differ-
entiation (Fig. 8c). Cxadr KO TSCs appeared indistinguishable from
their wild-type (WT) counterparts when grown in regular TSC condi-
tions. Although the nuclei of Cxadr KO TSCs appeared reduced in size,
proliferation rates remained unchanged (Fig. 8d). However, when
induced to differentiate using standard Remove conditions, we
observed many more fused cells in Cxadr KO TSCs, as indicated by the
absence of ZO1-demarcated cell boundaries (Fig. 8e). Quantification of
fused versus single cells after 3D and 4 days (4D) of differentiation
indeed demonstrated an enormous increase in fusion rates in Cxadr-
null TSCs (Fig. 8f).

To assess the molecular changes accompanying syncytializa-
tion, we quantified trophoblast cell type-specific marker gene
expression by RT-qPCR in WT and KO TSCs grown in stem cell
conditions and after 2 days (2D), 3D and 4D of differentiation. This
analysis demonstrated that in the absence of Cxadr, SynT-l markers
Atplla, Hbegf, Slciéal (Mctl) and Syna were significantly up-
regulated (Fig. 8g). TSC markers as well as LP markers Met,
Rhox4b and Epcam also exhibited higher levels in KOs compared to

WT cells (Supplementary Fig. 16c¢). In conditions which favour LP or
SynT-II (Inhibit or CHIR, respectively), Gcm1, a marker of SynT-II
precursors, was more rapidly induced at earlier time points. How-
ever, a lasting enrichment of SynT-II cells was not observed (Fig. 8g,
Supplementary Fig. 16d). Instead, at 2D of differentiation in Remove
conditions, GcmlI and Synb expression was significantly lower in
Cxadr KO than in WT cells (Fig. 8g). These data are in line with the
reported overabundance of mature SynT-I and the depletion of
SynT-II cells in Cxadr mutant placentas®. JZP and TGC markers
remained unchanged between WT and KO across the differentiation
time course (Supplementary Fig. 16c). Overall, these data demon-
strated that CXADR is a marker of single-cell LP cells that is down-
regulated prior to cell fusion and critically regulates the formation
of mature labyrinth cells.

To further investigate the effect of Cxadr ablation on TSC
differentiation dynamics, we performed scRNA-seq on three
independent WT and Cxadr KO clones each. We analysed these at
tO (in the stem cell state) and after 24 hours of Inhibit or Remove
treatment. We generated scRNA-seq data from approximately
100,000 cells sequenced to a mean depth of approximately
60,000 reads per cell. Data from the Inhibit treatment are pre-
sented in Fig. 9 and Supplementary Fig. 17a and data from the
Remove treatment are presented in Supplementary Fig. 17b and
Supplementary Fig. 18. In the UMAP (Fig. 9a, Supplementary
Fig. 17a-b, Supplementary Fig. 18a) the tO cells (TSC) cluster
together and separate from the t24 cells (SynT-l, JZP, SynT-II).
Next, we determined the expression levels of known lineage mar-
kers in the clusters (Fig. 9b-f, Supplementary Fig. 18b-f) and used
these to assign labels to the key clusters. Among the more differ-
entiated cells, clusters can clearly be identified as containing JZP,
SynT-l and SynT-1I progenitor cells (Fig. 9a, Supplementary
Fig.18a). These cluster assignments were further supported by the
expression of marker genes in individual clusters when displayed
as dot plots (Supplementary Fig. 18h-i).

Importantly, this additional analysis corroborated our Drop-seq
data insofar as we again observed a juxtaposition of the JZP and SynT-I
clusters (Fig. 9a, g and Supplementary Fig. 18a, g). At the onset of
differentiation some cells in these clusters co-expressed Phlda2 (JZP
marker) and Sici6al (SynT-1 marker), however, the more differentiated
cells (i.e., those with the highest transcript levels) were discrete and
non-overlapping, akin to our observations in the Drop-seq data (Fig-
ure 7b, Fig. 9g and Supplementary Fig. 18g). These data strongly sup-
port the notion that early SynT-I precursors are more closely aligned
with JZP than with Gecm1I-positive SynT-Il precursors during early TSC
differentiation.

To further examine our observation of the biased differentia-
tion of Cxadr KO TSCs towards SynT-I, we examined the proportions
of WT and Cxadr KO TSCs in the SynT-1 and SynT-Il progenitor
clusters under both Inhibit and Remove conditions (Fig. 9h-k and
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Supplementary Fig. 18j-k). Intriguingly, the Cxadr KO cells have Discussion

approximately 3 times as many SynT-l progenitor cells and
approximately half the number of SynT-Il progenitor cells com-
pared to the WT cells under both differentiation conditions. This
data confirms that loss of CXADR indeed favours SynT-I differ-
entiation at the expense of SynT-II differentiation.

In this study, we set out to identify molecular hallmarks of early cell
lineage entry points as mouse TSCs exit self-renewal and start to
diverge into specific trophoblast subtypes. We applied two differ-
entiation strategies to induce lineage bias and performed single cell
transcriptomic analyses across a time course between 0-48 h to map
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Fig. 8 | Functional characterization of CXADR. a Schematic depicting the gen-
eration of Cxadr-null TSCs by CRISPR-Cas9 targeting of exon 2.

b Immunofluorescence staining of wild-type (WT) and knockout (KO) TSCs against
CXADR, showing cell membrane localisation in WT cells, and lack of positive
staining in KO TSCs. Images are representative of n=5 WT independently derived
clones and n =3 independently derived KO clones. ¢ Diagram depicting experi-
mental set-up, where WT and KO TSCs were used for RT-qPCR and immuno-
fluorescence staining across a differentiation time course. d Proliferation rates of
WT (n =3 clones) and KO (n = 3 clones) TSCs in differentiation conditions (Remove)
over a 4-day period. No differences were observed. Statistical analysis was per-
formed by two-sided unpaired t-test per day. Data are displayed as mean +/- SEM.
e Immunofluorescence staining of WT and KO TSCs after 4 days of differentiation
against cell membrane marker ZO1, depicting the presence of a smooth continuous
ZO01-stained cell border in non-syncytial, single cells in the WT clone, and complete

syncytialisation in the KO clone. Images are representative of n=4 WT clones and
n=3KO clones. f Bar chart showing the significant increase in syncytialized cells in
KO (n =3 clones) compared to WT TSCs at 3 days (3D) and 4 days (4D) of differ-
entiation (WT n=35 TSC clones at 3D and n =4 at 4D). Statistical significance was
calculated using two-sided unpaired t-test; data are plotted as mean +/- SEM. ***
p<0.0001. g RT-qPCR analysis of wild-type (WT, n =5 clones) and Cxadr knockout
(KO, n=3 clones) TSC clones grown in stem cell conditions and after 2-, 3-, and
4-days of differentiation in Remove conditions. Genes assessed included TSC
markers (Cdx2, Eomes), and markers of the syncytiotrophoblast layers Il (= SynT-II;
Gcml, Synb, Gabrp) and SynT-1 (Syna, Slcl6a/Mctl, Atplia, Hbegf). Data are nor-
malized to WT TSCs in stem cell conditions and plotted as mean +/- SEM. Statistical
significance was calculated using 2-way ANOVA. * p < 0.05, ** p<0.01, ** p < 0.001,
*** p < 0.000L. Source data and full P values for d, f, and g are provided as a Source
Data file.

out the emerging cell fates. Our approaches identify candidate factors
that likely contribute to the stem cell state of TSCs, as demonstrated by
the example of Nicoll that we find is essential for TSC maintenance. By
extrapolation, lineage marker genes and regulons identified as part of
this study may equally prove to play important roles in specifying
defined differentiation trajectories of placental trophoblast cells. For
instance, the E2f8-directed regulon was particularly prevalent in the LP
SynT-Il branch, which is consistent with the demonstrated importance
of E2f7/E2f8 in the placental labyrinth>*~%,

Surprisingly, we find that despite the morphological hetero-
geneity of TSCs in the stem cell state, their transcriptomic profiles
appear remarkably similar to each other, with only a small subset of
cells that has already started to differentiate and to change its cell cycle
dynamics. Using signature genes identified in our study, we demon-
strate that these cells can be readily identified in TSC cultures by up-
regulation of KRT18. These findings are consistent with single-cell
cloning and colony assessment studies that have equally revealed a
fraction of cells within TSC cultures that have lost full stem cell
potential®2. However, the lack of overt cell clustering in our scRNA-seq
data has interesting implications, insofar as the commonly observed
variations in cell-to-cell abundance of several key TSC transcription
factors may be a consequence of post-transcriptional or post-
translational events. This highlights a frequently overlooked aspect,
which pertains to the critical regulation of many, if not most, stem cell
transcription factors by post-translational mechanisms®*°,

Recent scRNA-seq and snRNA-seq analyses of the developing
placenta have profiled cellular fate trajectories®’. However, these
approaches have remained restricted to cells during later stages of
differentiation, i.e. capturing developmental time windows when the
vast majority of trophoblast cells are no longer in a stem cell state®*°',
This makes it difficult, if not impossible, to outline trajectories of early
lineage entry points. TSCs constitute a major advantage in this regard,
as they can be maintained in a self-renewing stem cell state in the
presence of FGF and TGFf/Activin (the latter routinely supplied as
CM), while withdrawal of these components or inhibition of their sig-
nalling action causes TSC differentiation. Here, we employed two dif-
ferent differentiation protocols that were aimed at biasing
differentiation towards the JZP and LP routes. Our data demonstrate
that this expectation was indeed met, with a particular enrichment of
JZP differentiation in Remove conditions, whereas LP differentiation
was favoured in Inhibit conditions.

This experimental design allowed us to resolve the differentiation
trajectories into the various trophoblast cell types at a greater degree
of resolution, in particular during the earliest phases of cell fate spe-
cification. MAPK signalling is known to be of particular importance for
SynT-Il differentiation®’. This was corroborated by our Inhibit data that
exhibited a clear bias towards the SynT-II path, which was confirmed by
the expression of fibronectin receptor Embigin, a marker of the SynT-II
lineage, which was initially identified in the SynT-II cluster of a previous
study®. Here, we prove the SynT-Il specificity of Embigin expression.

Perhaps most surprisingly, however, we find that the early paths
towards SynT-l1 and SynT-Il specification diverge significantly, with
SynT-I cells being more closely aligned with JZP (Fig. 10). We observe
this cell lineage alignment in the two independent scRNA-seq datasets
presented in the current study, thus strongly corroborating this line-
age juxtaposition. This is an intriguing observation that is consistent
with the previous notion of some shared transcription factors between
SynT-I precursor cells and cells of the ectoplacental cone, a structure
that goes on to form the junctional zone’. This observation is further
underpinned by the anatomical organization of these layers, where
emerging SynT-I cells are directly juxtaposed to JZP (Fig. 7d). The
single cell pseudotime trajectories in our current study imply that
SynT-I precursors and JZP may also share similar signalling cues.

Amongst the genes that clustered within this partially overlapping
population of JZP and SynT-I precursors was the Coxsackie virus and
adenovirus receptor Cxadr, a presumptive LP gene. Therefore, we
investigated the role of CXADR in junctional zone and/or labyrinth
differentiation in greater detail. The impact of CXADR ablation has
been studied previously in mice and caused embryonic lethality at
E11.5 with severe placental labyrinth defects. However, these placental
pathologies were specifically deemed to be induced by defective
endothelial cells*. In line with these previous reports, we also find that
CXADR is expressed in labyrinth progenitor cells at the base of the
chorionic plate at mid-gestation where it demarcates the membranes
of trophoblast cells prior to cell fusion, immediately adjacent to
maturing MCT1 and MCT4-positive SynT-l and SynT-II cells, respec-
tively. However, in contrast to the previous data, we now identify a
critical role for CXADR in the trophoblast lineage itself.

Tracing CXADR membrane localization in TSCs shows that its
down-regulation precedes the breakdown of cell membranes prior to
cell fusion. These data are in line with our functional data that
demonstrate a regulatory role of CXADR in controlling trophoblast cell
fusion dynamics. Thus, Cxadr KO results in increased numbers of
syncytiotrophoblast. While overall fusion rates are elevated, CXADR
appears to specifically control the entry point into the SynT-I differ-
entiation route. As a consequence, Cxadr-ablated TSCs fuse exces-
sively, and predominantly into SynT-I cells, a finding we confirm both
on the molecular and on the single cell level (Fig. 10). This observation
is entirely consistent with the prevalence of MCT1-positive SynT-I cells
but near-absence of MCT4-positive SynT-Il cells in Cxadr-null
placentas*®***>, As a tight junction-associated protein, CXADR may
normally prevent cell fusion by strengthening cell membrane integrity.
Yet, how CXADR has a more prominent (inhibitory) effect on SynT-I
fusion remains to be determined. Importantly, we identify a role for
CXADR as a protein that functions to balance differentiation rates of
the two syncytial layers of the mouse labyrinth, thereby ensuring that
adequate cell numbers are maintained between LP and maturing
SynT cells.

Importantly, previous Cxadr KO studies in mice suggested that
the placental defects are secondarily induced by endothelial cell
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failure®. This was despite the fact that Cxadr is explicitly not expressed
in fetal endothelial cells of the placental labyrinth. These data were
based on the analysis of conditional KO (cKO) conceptuses in which
the gene was ablated only in the embryonic lineages, but not in tro-
phoblast, using the Sox2-Cre driver’*®, These cKOs still died around
E11.5 with heart and placental defects, similar to the constitutive KO.

To explain their findings, the authors inferred an influence by other
embryonic lineages and/or from the yolk sac that may signal to the
forming labyrinth and cause these defects. However, this indirect
conclusion does not necessarily rule out that a gene may also have an
important role in the trophoblast lineage proper. Indeed, our data
demonstrate that CXADR functions cell-autonomously in trophoblast
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Fig. 9 | scRNA-seq of Cxadr KO TSCs. a UMAP of Inhibit dataset at tO and t24
containing WT and Cxadr KO cells (resolution 0.7). Cluster 5 is identified as SynT-Il,
Cluster 0 as SynT-l, Cluster 10 as JZP. b UMAP plot of Eomes expression. ¢ UMAP
plot of Ascl2 expression. d UMAP plot of GemlI expression. e UMAP plot of Hbegf
expression. f UMAP plot of Slcl6al expression. Exp = Normalised expression

g UMAP plot of the locations of the top 10% cells by Sici6al (green) and Phlda2
(magenta) gene expression in the Inhibit dataset and the overlap between those
populations (white). h Proportion of SynT-I cells (cluster 0) in the Inhibit dataset

split by sample of origin. p = 0.035. i Proportion of SynT-II cells (cluster 5) in the
Inhibit dataset split by sample of origin. p = 0.016. j Proportion of SynT-I cells
(cluster 13) in the Remove dataset split by sample of origin. p = 0.007. k Proportion
of SynT-ll cells (cluster 6) in the Remove dataset split by sample of origin. p = 0.094.
Data shown in h-k are mean +/- SD and n =3 independently derived cell clones. *
<0.05, ** <0.01, ns = not significant in an empirical Bayes framework moderated
two-sided t-test using the propeller function from R package speckle (see Methods).
Source data are provided as a Source Data file.
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Fig. 10 | Model of early trophoblast stem cell (TSC) differentiation and CXADR
function in regulating trophoblast cell fusion dynamics. TSCs differentiate
along the two main routes into junctional zone progenitors (JZP) and labyrinth
progenitors (LP). Open circles between LP and JZP indicate partially shared dif-
ferentiation trajectories, specifically between JZP and SynT-I precursors. CXADR
was identified as a factor critical for regulating the cell fusion dynamics during
subsequent differentiation into syncytiotrophoblast (SynT) cells. Cxadr KO TSCs
display an enhanced differentiation towards SynT-I cells, a prolonged retention of
TSCs and labyrinth progenitor (LP) (shown in bold), while differentiation into JZP
and other trophoblast subtypes remains unchanged.

cells and that its ablation causes an apparent imbalance in syncytio-
trophoblast differentiation. These insights strengthen the notion of
functional studies to be conducted in the cell type of interest to rule
out pleiotropic effects and interactions between cell lineages. In the
context of placentation, this means to knock out a gene in the tro-
phoblast lineage directly - a goal that has long been hampered by the
absence of reliable Cre lines to drive gene deletion in the early tro-
phoblast lineage® but that has recently been overcome with the gen-
eration of Sox2-Flp mice that can achieve this desired genetic
constellation when using the widely available knock-out first alleles
from the KOMP/EUCOMM consortium®,

The finely tuned and tightly controlled regulation of early cell fate
specification events is critical for embryogenesis and tissue formation,
and as such our findings will have important implications for human
developmental processes. In general, these processes dictate the
establishment of precursor cell pools available for further differ-
entiation, thereby laying the foundations for future organ anatomy
and function. Deviations from optimal progenitor cell numbers often
has detrimental consequences. Formation of the placenta is a key
process where this particularly matters, especially for the establish-
ment of the placental exchange surface>®*,

The pertinence of our data for gaining a better understanding of
developmental processes in health and disease is exemplified by the
candidate factors identified in our analyses. While no studies have
been conducted on Nicoll in the context of placental development, its
importance has been demonstrated in the brain and male reproductive
organs. Nicoll is one of three genes within a DNA microdeletion
identified in a patient with a mild form of Wolf-Hirschhorn syndrome®.

Based on its expression in developing and adult cortical and sub-
cortical mouse neurons, Nicoll has been suggested to have arole in the
etiology of intellectual and fine-motor disabilities. It is also identified as
a secreted peptide involved in lumicrine-mediated sperm maturation
in the epididymis, and male mice lacking Nicoll are infertile’®. NICOL1
has also been shown to enhance renal fibrosis in mice by interacting
with and stabilising mRNAs of profibrotic molecules, an effect which
was reversed upon Nicoll ablation in mice®. These findings suggest
that Nicoll has distinct roles in different organs; our study highlights its
importance in maintaining the stem cell state of mouse TSCs in the
extra-embryonic compartment.

The virus receptor CXADR has been implicated in various cardiac
conditions in humans including in the pathogenesis of myocarditis and
dilated cardiomyopathy®*°, CXADR is also involved in the develop-
ment of congenital heart defects®>’°, and based on our data presented
here, a contributory role of the placenta in these defects is
conceivable’®*. As in the mouse, CXADR is absent from mature syn-
cytiotrophoblast cells in the human placenta, and this lack of expres-
sion has been postulated to limit the transplacental transmission of
viral pathogens. By contrast, invasive extravillous cytotrophoblast
cells continue to express CXADR and are susceptible to adenovirus-
induced cell death™, a pathology that will predispose the pregnancy to
adverse reproductive outcomes, notably preeclampsia and even mis-
carriage. In addition, CXADR is downregulated in trophectoderm of
hatched blastocysts while ZO1 remained present - a pattern identical
to what we observed in TSCs prior to cell fusion’”. These examples
highlight the importance of CXADR during critical periods of devel-
opment and emphasize the relevance of our data in providing pivotal
insights into the molecular regulation of trophoblast cell type-specific
differentiation pathways"’>7*,

Methods

Placenta collection

Placentas were collected from timed pregnancies of C57BL/6 N
crosses. The date of the vaginal plug was considered EQ.5. All animal
work was conducted with approval by the University of Calgary’s ani-
mal care committee, and with appropriate Health Sciences Animal
Care Committee (HSACC)-approved animal use protocols in place
(protocol numbers AC22-0147 and AC22-0118). Mice were housed in
IVC cages with 12 hour light-dark cycles under ambient temperature
(~22°C) and humidity conditions. The age range of the animals used in
this study was 8-20 weeks. Euthanasia of pregnant females was con-
ducted as stipulated in the animal care protocol, using isoflurane fol-
lowed by cervical dislocation.

Cell culture

TSC lines used in this study were TS-EGFP and TS-Rs26, both a kind gift
of the Rossant laboratory (Toronto, Canada)®. For single-cell RNA
sequencing, the TS-EGFP line was used throughout. The Cxadr and
Nicoll KO TSC lines were generated in TS-Rs26 cells. TSCs were rou-
tinely cultured as previously described®***°. Briefly, TSCs were cul-
tured in Full Medium consisting of 20% fetal bovine serum (FBS)
(Wisent 098150), 1mM sodium pyruvate (ThermoFisher Scientific
11360-039), 1x Anti-mycotic/Antibiotic (ThermoFisher Scientific
15240-062), 50 uM 2-mercaptoethanol (Gibco 31350), 37.5 ng/ml bFGF
(Cambridge Stem Cell Institute), and 1pg/ml heparin in RPMI 1640
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with L-Glutamine (ThermoFisher Scientific 21875-034), with 70% of the
medium pre-conditioned on mouse embryonic fibroblasts (CM). The
medium was changed every two days, and cells passaged before
reaching confluency. Trypsinization was carried out with 0.25% Tryp-
sin/EDTA (ThermoFisher Scientific 25200-056) at 37°C for
about 5 min.

For the scRNAseq timecourse experiment differentiation of TSCs
was induced through the withdrawal of conditioned medium and bFGF
(Remove), or by inhibition of the MAPK pathway by addition of the
selective MEK inhibitor PD0325901 to Full Medium at 2 uM final con-
centration (Inhibit). For the t36 and t48 time points, media was chan-
ged every 12h from start (t0). Cells were harvested for single-cell
sequencing before treatment (t0) and at 1, 4, 24, 36 and 48 h time
points.

Generation of mutant TSC clones. For generation of CRISPR/Cas9-
mediated knockout TSCs, gRNAs flanking exon(s) selected because
their deletion results in frameshift mutations or a premature STOP
codon were designed using the http://crispor.tefor.net/ design soft-
ware and checked for high specificity by nucleotide blast searches.
gRNA sequences were cloned into the Cas9.2 A.EGFP plasmid (Plasmid
#48138 Addgene) (Supplementary Data 22). Transfection was carried
out with Lipofectamine 2000 (ThermoFisher Scientific 11668019)
reagent according to the manufacturer’s protocol. Single cell sorting
was performed on a BD FACsAria cell sorter by gating the top 4-10%
GFP-positive cells as putative KOs. GFP-negative cells from the same
transfection were sorted as wild-type (WT) controls. KO clones were
confirmed by genotyping using primers spanning the deleted exon,
and by RT-qPCR with primers within the deleted exon. WT clones were
confirmed by the presence of the targeted exon in genotyping PCRs.
Three independent KO clones and 5 WT clones were analysed
throughout, unless stated otherwise.

Immunofluorescence staining. Immunofluorescence staining was
performed on E10.5 mouse placentas fixed in 4% paraformaldehyde
(PFA) overnight and either embedded for cryosectioning in Clear
Frozen Section Compound (VWR 959570838, for Embigin staining), or
processed for routine paraffine histology (for CXADR, MCTI1,
MCT4 staining). Prior to staining, sections were deparaffinized and
rehydrated, and antigen retrieval performed by boiling in 10 mM
NaCitrate buffer. Blocking was performed using PBS, 0.1% Tween-20,
0.5% bovine serum albumin (PBT/BSA) for 30 min at room tempera-
ture. Primary antibody incubations were performed overnight at 4°C.
Sections were washed three times in PBT/BSA, and then incubated with
corresponding AlexaFluor-conjugated secondary antibodies (Ther-
moFisher Scientific) diluted 1:500 in PBT/BSA. Counterstaining was
performed with DAPI.

For staining of TSCs, cells were plated on coverslips and fixed in
ice-cold methanol for 10 min. Cells were then blocked for 30 min in
PBT/BSA. Primary antibodies incubations were for 1-2 h at room tem-
perature, followed by washes in PBT/BSA and incubation with the
appropriate AlexaFluor-conjugated secondary antibodies for 1h at
room temperature. Counterstaining was performed with DAPI.

Primary antibodies and dilutions used were: CXADR 1:100 (R&D
Systems AF2654), MCT1 1:100 (EMD Millipore AB1286-I), MCT4 1:100
(EMD Millipore AB3314P), Embigin 1:100 (ThermoFisher Scientific 12-
5839-82), Z01 1:200 (ThermoFisher Scientific 339100), NCAM1 1:100
(R&D AF2408-SP), STRA6 1:100 (Novus Biologicals NBP3-12353), SOX2
1:200 (R&D AF2018), KRT18 1:100 (Research Diagnostics RDI-PRO
61028), and NICOLI 1:100 (St Johns STJ196219). All dilutions were in
PBT/BSA.

Resazurin-based cell viability assay. Cells were plated in 96-well
clear, flat-bottom microplates (Corning Life Sciences 353072) at a
density of 5x10* cells per well in 100 ul culture medium and were

cultured for 24 hours. Cell viability was assessed in stem cell conditions
and in Remove and Inhibit conditions after 2, 4, 6, 8 or 24 hours using
the Resazurin Cell Viability Kit (Cell Signaling Technology 11884S). The
resazurin solution (10% of cell culture volume) were added to the plate
for 24 h and cells were incubated at 37 °C. The flourescene was mea-
sured with a 560 nm excitation filter and a 615 nm emission filter in
SpectraMax® ID5 microplate reader (Molecular Devices).

Proliferation analysis. To assess Cxadr KO TSCs for potential differ-
ences in proliferation rates, 3 WT and 3 KO clones were plated at a
seeding density of 60,000 cells / well in a 6-well plate and assessed
after 2 days and 4 days of differentiation. Cell counting was performed
with an automated cell counter (Luna II, Logosbio). Unpaired t-test in
GraphPad (10.0.2) was used to compare proliferation rates over time.

Cell fusion analysis. To assess cell fusion capacity between Cxadr KO
and WT TSCs, membrane-specific immunofluorescent staining was
performed against ZO1 on 3-day and 4-day differentiated TSCs as
described above. Cells with continuous, smooth ZO1 staining were
counted as single, non-syncytial cells, and those with ruffled or dis-
continuous membrane containing >2 nuclei were counted as syncytial.
The syncytialisation index was determined by calculating the number
of fused cells over total cell count across 5 images per clone. Results
are displayed as a percentage, where error bars show standard error of
means (S.E.M.) of at least three replicates. Unpaired t-test in GraphPad
(10.0.2) was used for statistical analysis of significance (p < 0.05).

RT-gPCR expression analysis. Potential defects in TSC maintenance
and differentiation capacity were investigated by analysing the
expression levels and dynamics of trophoblast marker genes in mutant
and control TSCs in stem cell conditions and following 2, 3 and 4 days
of differentiation. Total RNA was extracted using TRI reagent (Sigma
T9424), and 2 pg was used for cDNA synthesis with RevertAid H-Minus
reverse transcriptase (Thermo Scientific EPO451). Quantitative (q)PCR
was performed using SsoAdvanced SYBR Green Supermix (BioRad
1725274) and intron-spanning primer pairs (Supplementary Data 22)
on a Bio-Rad CFX96 or CFX384 thermocycler. Normalised expression
levels are displayed as mean relative to the vector control sample;
error bars indicate standard error of the means (S.E.M.) of at least three
replicates. ANOVA was performed in GraphPad (10.0.2) to calculate
statistical significance of expression differences (p <0.05).

scRNA-seq Library preparation and sequencing

Trophoblast cell cultures were rinsed twice with PBS before treatment
with 0.25% trypsin for 5min at 37°C. The enzymatic reaction was
stopped using 10% FBS/PBS. Cells were collected and filtered through a
70um strainer for t0, t1, t4 and t24 treatments. For t36 and t48 treat-
ments the cells were not filtered. Cells were centrifuged twice to
remove traces of FBS, then counted and diluted to 200,000 cells/mL in
PBS/0.1% BSA (A7906-100G, Sigma).

Cell suspensions were processed as per the Drop-seq protocol
described by”. In short: Microfluidic devices were manufactured using
the Drop-seq 125um design in polydimethylsiloxane (PDMS) by replica
moulding from a SU-8 master and plasma-bonded to glass slides. The
device channels were rendered hydrophobic by flowing Aquapel
through, flushing the excess and baking at 65 °C for 20 min. Single cells
suspended in PBS/0.1% BSA and 120 primer-barcoded beads/ul
(MACOSKO-2011-10, ChemGenes, Wilmington, USA) in 2x lysis buffer
were loaded into 3 ml syringes. Using syringe pumps cells (4 ml/h) and
beads (4 ml/h) were encapsulated in QX200™ Droplet Generation Oil
for EvaGreen (#1864005, Biorad, Hertfordshire, UK) (15 ml/h) through
a microfluidic device with a 125um channel. A magnetic stirrer was
used in the bead suspension to avoid settling. The final concentration
of lysis buffer achieved in the droplets was 3% Ficoll PM-400(F5415,
Sigma), 0.1% Sarcosyl (L7414, Sigma), 0.01M EDTA (AM9260G,
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Ambion), 0.1 M Tris pH 7.5 (15567027, Sigma) and 25 mM DTT (Sigma)
which resulted in cell lysis and release of mRNA. Droplets were col-
lected in a Falcon tube on ice for 15 min per run once stable droplet
formation was achieved. After mRNA binding to the oligo-dT portion
of the bead primer, the droplets were broken to pool beads for reverse
transcription (EP0743, ThermoFisher). Exonuclease (ENO581, Ther-
moFisher) treatment removed unused primers from the beads prior to
PCR amplification at up to 8,000 beads/tube (~400 cells/tube). All
primer sequences used are detailed in the published Drop-Seq proto-
col and were purchased from IDT (Coralville, lowa, USA).

Samples were pooled with up to 4,000 cells/sample and the DNA
purified using Ampure XP beads (A63880, Beckman Coulter) before
determining concentration with an Agilent HS DNA kit (5067-4626,
Agilent, Stockport UK). DNA was fragmented and tagged with Illumina
adapter and index sequences using Nextera Sequencing kit (FC-131-
109, lllumina, Little Chesterford, UK) and 600 pg DNA/sample. Sam-
ples were diluted 1:1 in ddH,0 water before double-sided purification
with Ampure XP using 0.6 x beads to remove large fragments and 1 x
beads twice to remove contaminating primers.

Samples were analysed for size distribution and concentration
using an Agilent HS DNA kit and sequenced in multiple pools across
multiple lanes of Illumina Nextseq, HiSeq2500 and HiSeq4000 flow
cells due to institutional upgrades (Supplementary Data 23).

For the WT and Cxadr KO scRNAseq dataset three independently
derived WT and Cxadr KO TSC clones each, grown in either stem cell
conditions or differentiated for 24 h in Inhibit or Remove conditions,
were used for scRNA-seq analysis using Evercode™ WT Mini v3 single
cell whole transcriptome kit (Parse Bioscience).

Cells were fixed with the Evercode Cell Fixation v3 kit (Version 1.1,
Parse Bioscience) following the manufacturer’s instructions. Cells were
lifted and counted with an automated cell counter (Luna II, Logosbio).
Approximately 1 million cells per sample were used for fixation. Cells
were pelleted, then resuspended in prefixation master mix before
straining into a new tube. Cells were incubated in fixative master mix
and permeabilization buffer, followed by Perm Stop buffer, cell pel-
leting and resuspension in cell storage buffer. Cells were strained
again, counted, then frozen and stored at -80°C until further
processing.

Fixed cells were processed with a Parse Evercode WT v3 kit as per
the manufacturer’s instructions. Cells were counted and loaded using
the Parse Biosciences Evercode WT Sample Loading Table v2 template
into barcoding plates to yield 5000 barcoded cells per biological
replicate. 8 sublibraries of 12,500 cells from all samples were gener-
ated after cell barcoding. All sublibraries were pooled and sequenced
in one batch on 2 lanes of NovaSeq X 25B flowcell (R1:64, R2:58, 11:8,
12:8 with 10% PhiX) to yield average 60,000 reads per cell.

Single-cell data set analysis

The library pools were demultiplexed and individual FQ files were
created for R1 and R2 in each library. Demultiplexing of raw fastq files
into Nextera-indexed fastq files was performed using a custom script
(dropseq_demultiplex.sh). The script contains all Nextera index
name:sequence pairs to be used in the sequencing runs and calls
demuxbyname.sh from BBTools (v39.05°).

In order to reduce read length-induced batch effects R1 and R2 for
each library were trimmed. Trimming fastq files from different
sequencing runs with varying read lengths was performed with a
custom protocol making calls to Cutadapt (v4.0”"), fastp (v0.23.47%)
and BBTools (v39.057°). Read 1 contains the sequences barcodes, read
2 the transcript sequences. Steps performed are 1. removal of first 5 bp
from Read 2; 2. adaptive trimming to high quality (Q20) runs within
Read 2 reads, lower quality start and end or reads removed; 3. trim-
ming of all Read 2 reads to a fixed length determined by the shortest
read cycles used across sequencing runs (i.e., 50 bp); 4. Final step is to

re-pair read 1 and read 2 fastq files so they contain the same compli-
ment of reads and in the same order.

This improved the quality of data and increased number of genes
per cell (mean nFeature_RNA = 810, median nFeature_RNA = 614.

Reads were aligned to a custom transcriptome built from bulk
RNA-seq datasets for the mTSC cell line used as described in”’.

Samples with less than 40% alignment rate were removed.
Expression of all cells from each sample was added to create bulk-like
RNA-seq dataset. Cumulative sample counts underwent variance sta-
bilizing transformation (function vst from R package DESeq2*%°) and
PCA was computed (prcomp function from R package stats, v3.5.3).
Sample to sample correlation was calculated by using rcorr function on
transformed counts (R package hmisc v4.5.0) to compute a matrix of
Pearson’s r correlation coefficients for all possible pairs of columns of a
matrix (Supplementary Data 25).

Libraries that were re-sequenced multiple times were merged
after confirmation of lab book notes using sample correlation and
number of shared UMIs (r2>0.85 & number of shared UMIs > 100)
(Supplementary Data 25). scRNA-seq analysis was performed using
package Seurat (v.3.2.0)*. We removed cells with fewer than 500 genes
detected, leaving 136291 single cells in total. For all single-cell analysis,
we performed the same initial normalization using R package
sctransform (v.0.3.2%, that performs regularized negative binomial
regression for the UMI counts. Sctransform also calculated scaled
expression for downstream dimensional reduction. Dimensional
reduction (PCA, UMAP) and finding neighbouring cells was performed
with Seurat using the first 30 dimensions. To run UMAPs parameters
these were used: reduction = “harmony”, dims = 1:30, min.dist = 0.01,
n.neighbors = 25, repulsion.strength = 2, spread = 2 L.

UMAPs of gene expression were generated using the FeaturePlot
function in Seurat 3.2 with colours cols=c(“grey”,“darkslateblue”,
“magenta”) and order=T.

Plotting of gene expression on dot plots was done using the
Seurat Function DotPlot with settings scale.max=40, dot.scale=8 and
cols = c(“green”,“purple”), using SCT assay and slot data.

Marker genes were determined by Seurat FindMarkers function
with P,q; < 0.05 and I12fc > 0.6 cutoff. Heatmaps were generated using R
package ComplexHeatmap (v.1.20.0).

Average expression per cluster was calculated using the Aver-
ageExpression function in Seurat on SCT assay, slot scale.data.

Outlier detection. Mean expression of genes per sample was calcu-
lated for quality control and 1 sample outlier was detected on sc-to-
bulk PCA (1 sample outlier), as well as single-cell PCA and UMAP.
Additional outlier was identified during assessment of heterogeneity
of TO cell fraction and was removed.

Batch integration. Since the dataset was sequenced in batches, batch
effect was investigated and identified. Several tools were compared for
best performance in batch correction/integration: Seurat Integration
(with/without reference), Harmony, scaling out and BUSSeq. Harmony
(v.1.0)® was best to correct for batch effect with settings: reduction =
“pca”, assay.use = “SCT” (Supplementary Data 26).

Resolution. Resolution of clustering was assessed using R package
clustree (v.0.4.3), separation on UMAP and number of differentially
expressed genes in pairwise clusters to avoid under and over-
clustering. Resolution 0.8 was chosen for Together dataset as well as
Inhibit only and Removal only, while resolution 0.4 was chosen for T24
and TO only datasets. Clusters smaller than 100 cells were removed
from analysis (cluster 20 in Together dataset).

Cell Cycle Scoring. Cells were scored for the cell cycle phase using the
Cell Cycle Scoring function in Seurat.
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Cluster Order. R Package Tempora (v.0.1.0)*° was used to estimate
cluster order. This cluster order was used in all subsequent figures that
contain cells from different time points.

Pseudotime. Pseudotime trajectory was calculated using R package
Monocle3 (v.0.1.2)*° using top 3000 most variable genes, with mono-
cle object using UMAP embedding and clusters calculated in Seurat for
consistency. Function learn_graph with options: close_loop = FALSE
and use_partition = FALSE was used to build trajectory. Pseudotime
was then calculated using function order_cells with earliest principal
node calculated with helper function form Monocle3, that selects
closest vertex with highest number of cells from TO (TSCs). Branches
of pseudotime trajectories were selected by assigning earliest principal
node with highest number of TO cells as a start and end principal node
of differentiated JZP or LP cluster as end, and connecting the shortest
path between the points. Branches were then plotted on UMAP with
cells coloured by cluster, while global overview of pseudotime was
plotted on UMAP with cells coloured by pseudotime. Monocle gene
expression modules were calculated with default settings. Modules of
interest were selected on the basis of their co-localisation with the
potential ectoplacental cone and labyrinth progenitor cells.

Gene expression in modules of interest was plotted on UMAP with
the following criteria:

1. Presence in top 10 genes (by monocle score) in Remove or
Inhibit dataset for modules of interest. 2. Genes present in the top 10
list for only one dataset were added to the plot of the other dataset for
side-by-side comparison. 3. Known markers for labyrinth progenitor or
junctional zone progenitor identity 4. Cxadr.

Selection of Cxadr. From markers identified in the Monocle gene
expression modules associated with the clusters for JZP and LP identity
we filtered the list to genes expressed in the cell surface derived using
the search term uniprot-locations_(location_Cell+membrane + [SL-
0039] )-filtered---Mus_Musculus. From those genes we selected ones
which had validated antibodies readily available: AbcbI (Thermofisher
MA1-26528 and BS-0563R), Emb (ThermoFisher 12-5839-82), Col13al
(ThermoFisher PA5-62179 and PA5-101301), Hbegf (ThermoFisher PAS5-
109805 and Santa Cruz sc-365182 AF647), Cxadr (Sigma 05-644 and
R&D systems AF2654), Fgfbpl (Stratech BS-1768R-A647-BSS). We
found that the antibodies for EMB and CXADR (R&D systems) showed
the most specific staining.

DEG and Term Enrichment analysis. Cluster markers were calculated
for all cluster pairs using Seurat function FindMarkers with default log2
fold threshold 0.25. GO analysis and pathway enrichment was per-
formed using enrichR R package (v.3.0)% and databases:
KEGG_2019_Mouse, GO _Biological_Process 2018, GO_Cellular_ Compo-
nent 2018, GO _Molecular Function 2018, BioCarta 2016, Wiki-
Pathways_2019 Mouse. Heatmaps were generated using R package
ComplexHeatmap (v.1.20.0)*. Terms for reduced heatmaps were
chosen on the basis of relevance to processes related to stem cell
differentiation, mitosis, transcription, translation, cell remodelling and
mitochondrial respiration. In GO databases enriched pathways were
often related to the same process. They were grouped by parent term
using the R package rrvgo® with threshold of reduction 0.7 and
reduced to child terms that were enriched in the most clusters.

To understand cluster specific related pathways, for each cluster
and for all cells, average normalized expression of each gene was cal-
culated to produce scatter plots comparing each cluster with average
normalized expression of all dataset. Normalized average counts were
log2 transformed. A cut-off >= 1 of abs(log2 mean expression Indivi-
dual Cluster - log2 mean total expression) was used to identify variable
genes, and additional filtering was applied to include only genes that
were identified as differentially expressed in any pairwise comparison
between clusters. For each cluster, genes with elevated and lower

expression levels compared to the mean expression of the total data-
set were separately used for pathway enrichment (Wiki-
Pathways_2019_Mouse). For rare events when both elevated and lower
expressed genes were associated with the same pathway, either ele-
vated or lower expressed group was chosen on the basis of a
lower FDR.

SCENIC analysis. Transcription Factor regulons and gene regulatory
networks were inferred using R package SCENIC (v.1.1.2-2)** and
GRNBoost2 algorithm from python library Arboreto (v.0.1.6). This
method (GRNBoost2 algorithm) was chosen on the basis of perfor-
mance, time and memory usage and low sensitivity to the presence of
dropouts®’.

Heatmaps of regulon activity were produced using the R package
Pheatmap (v.1.0.12). JZP identity was assigned by detecting clusters
with high activity of Ascl2 regulons, and LP identity by Gcml regulon.
In inhibit dataset, Cluster 3 with highest Ascl2 regulon activity was
assigned as JZP cluster, while cluster 4 with highest activity of the Gcm1
regulon was assigned as LP cluster. Difference between JZP cluster
activity and LP cluster activity was calculated for each regulon. Top 10
regulons for highest and lowest ratio, as well as top 10 regulons with
highest activity in TO cluster (cluster 9) were selected for the heatmap.

Single-cell RNA-seq analysis of Cxadr KO TSC. Fastq files from the 2
lanes were concatenated to make a single R1 and R2 file per library.
Fastq files were processed using the Trailmaker data analysis platform
using the mTSC custom transcriptome for the alignment step. Each
sample was filtered to exclude low quality cells (UMlIs/cell, Mitochon-
drial reads, Doublets). The dataset was split by treatment to make an
Inhibit and Remove dataset. The samples in each dataset were inte-
grated using Harmony. Seurat objects were built for Inhibit and
Remove conditions and are available on Figshare along with data fil-
tering and analysis settings. Cluster marker analysis was performed at
resolution 0.7 and results tables with DEGs for each cluster are also
available in Figshare.

Cell proportion comparisons. Cell proportion comparisons in the WT
vs CXADR KO scRNA-seq dataset were performed using the propeller
function in the package speckle (v1.2.0)%.

The Inhibit or Remove dataset were subsetted to the 24 h time-
point cells for the comparison. The input dataframe was created using
the Seurat function FetchData, containing each cell ID, sample of ori-
gin, cluster ID and group. Propeller was run with arguments robust =T,
trend = T, transform = “logit”.

Statistics and Reproducibility

The statistical analysis of single-cell RNA-seq datasets was performed
in R using the packages described in the section Single Cell Dataset
Analysis. All the computational analyses were conducted using the
Linux clusters at the University of Cambridge High Performance
Computing Service and the Linux workstations of School of Biological
Science computing.

The statistical analysis of other datasets was performed in
Graphpad Prism v. 10.0.2.

Based on our extensive experience with mouse KO TSC lines and
considering the necessity to perform qPCR reactions within the same
microwell plate for all genes analysed, at least three independent KO
clones and at least three independent wild-type clones that were
derived in parallel to each KO from the same starting TSC population,
were obtained from every CRISPR-Cas9 KO experiment targeting
Cxadr and Nicoll. RT-gPCRs for trophoblast stem cell and differentia-
tion markers were run in triplicate on samples from 3 to 5 time-points
for three KOs, as well as the corresponding three wild-type clones that
were co-derived in parallel to the KO clones from the same parental
TSC population. The experiments were not randomised. Single-cell
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sequencing was repeated using 3-4 independent cultures of tropho-
blast stem cells at each time point. When KO TSCs were used 3 inde-
pendent closes were used. Libraries (ie samples) were randomly
assigned to sequencing batches.

In the Drop-Seq single cell analysis cells with fewer than 500 genes
detected were removed.

Measurements of TSC fusion indices of wild-type and Cxadr KO
cells were conducted in a blinded manner. For scRNA-seq and RT-qPCR
data from wild-type and KO TSCs the data were not blinded as the
entire methodology was based on computational quantifications and
no bias could have been introduced.

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

Data availability

The scRNA-Seq data generated in this study have been deposited in the
European Nucleotide Archive (ENA) database under the accession
code: PRJEB68188. The processed Seurat R objects, Monocle and
SCENIC analysis data are available at Figshare (https://doi.org/10.
6084/m9.figshare.24591180). All other data generated in this study are
provided in the Supplementary Information and the Source Data
files. Source data are provided with this paper.

Code availability
Code used in this study is available at Zenodo (https://doi.org/10.5281/
zenodo.10159534).
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