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Single-cell transcriptomic profiling redefines the
origin and specification of early adrenogonadal
progenitors
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In brief

Neirijnck et al. report a high-resolution
single-cell atlas of early mouse
adrenogonadal development. Their
analysis demonstrates that gonadal and
adrenal progenitors derive from the
lateral, rather than the intermediate,
mesoderm and are specified before
Nr5a1 expression. While gonadal cells
activate the canonical Wnt pathway,
adrenal cells show enhanced Rho
signaling.
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SUMMARY

Adrenal cortex and gonads represent the two major steroidogenic organs in mammals. Both tissues are
considered to share a common developmental origin characterized by the expression of Nr5a1/Sf1. The pre-
cise origin of adrenogonadal progenitors and the processes driving differentiation toward the adrenal or
gonadal fate remain, however, elusive. Here, we provide a comprehensive single-cell transcriptomic atlas
of early mouse adrenogonadal development including 52 cell types belonging to twelve major cell lineages.
Trajectory reconstruction reveals that adrenogonadal cells emerge from the lateral plate rather than the in-
termediate mesoderm. Surprisingly, we find that gonadal and adrenal fates have already diverged prior to
Nr5a1 expression. Finally, lineage separation into gonadal and adrenal fates involves canonical versus
non-canonical Wnt signaling and differential expression of Hox patterning genes. Thus, our study provides
important insights into the molecular programs of adrenal and gonadal fate choice and will be a valuable

resource for further research into adrenogonadal ontogenesis.

INTRODUCTION

Steroids are essential hormones, regulating a wide variety of
developmental and physiological processes including reproduc-
tion, blood pressure, and the response to stress and infections.
The two main steroidogenic organs in mammals, the adrenal cor-
tex and the gonads (testis and ovary), are thought to share a
common developmental origin, the adrenogonadal primordium
(AGP). In mice, the AGP is specified at around embryonic day
9 (E9)-E10 at the interface of the lateral plate and intermediate
mesoderm and is characterized by the expression of the tran-
scription factors Wt1, Gata4, and Lhx9 and the nuclear steroido-
genic factor 1 (Sf1; also named Nr5a1 or Ad4BP)."® The AGP is
composed of multipotent cells that, by E10.5, differentiate into
the adrenal primordium (AP) and the gonadal primordium
(GP).* As the AGP grows and expands, NR5A1* cells delaminate
from the coelomic epithelium (CE) and invade the underlying
mesenchyme. Ingressing NR5A1™ cells along the rostral-caudal
axis contribute to the formation of the GP. Around E11.5, the bi-
potential GP initiates its differentiation program according to
its chromosomal sex toward testicular or ovarian fate. In
contrast, the more medial NR5A1* cells located in the rostral re-
gion of the AGP migrate to the cranial end of the mesonephros to
form the AP. GP and AP cells can be distinguished transcription-
ally based on the expression of Wt71 and Gata4 that are downre-
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gulated in the AP shortly after separation.” By E11.5, the AP dif-
ferentiates as a steroidogenic fetal zone, and surrounding
mesenchymal cells begin to condense around the primordium
that, by E12.5-E14.5, will have formed the adrenal capsule.6
Despite considerable efforts, the composition and identity of
early adrenogonadal progenitors, as well as the transcriptional
events that determine their specification and differentiation toward
an adrenal or gonadal fate, remain poorly characterized. Further-
more, how the AGP is specified within the mesoderm remains
controversial. Nr5a1 expression analyses and cell lineage-tracing
studies in chicken have shown that AGP cells originate from the
nephrogenic mesenchyme derived from the intermediate meso-
derm (IM),”® a concept recently supported by a single-cell tran-
scriptomic study.9 In contrast, in mammals, Nr5a1* AGP cells
are first observed in the lateral plate mesoderm (LPM)-derived
CE,"* a compartment that contributes to somatic cells of the
gonad.'®"" However, a recent single-cell transcriptomic analysis
of isolated Osr7-GFP™ cells in mice argues for an IM origin of early
adrenogonadal progenitors, ' highlighting that the ontogeny of the
mammalian AGP remains unclear. Here, we generated an unbi-
ased and comprehensive single-cell transcriptomic atlas of early
mouse adrenogonadal development from E9 to E12.5. This atlas
allowed us to characterize the progenitor cells present in the
AGP, map their ontogeny, and characterize the lineage specifica-
tion and differentiation toward adrenal and gonadal primordia.
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RESULTS

A single-cell transcriptomic atlas of early

adrenogonadal development

To generate a gene expression atlas of early adrenogonadal
development, we performed single-cell transcriptome profiling
using a high-throughput droplet-based system (10X Genomics).
Single cells were isolated at the time of AGP specification (E9),
AGP separation (E10.5), gonadal sex determination (E11.5),
and subsequent differentiation (E12.5)""® from Nr5a1-EGFP™®
mouse embryos. This transgene expresses EGFP under the con-
trol of 50 kilobases of the Nr5a1 promoter,'* allowing easy visu-
alization during dissections. Of note, EGFP was not used to
isolate cells by fluorescence-activated cell sorting (FACS), and
entire dissociated organs were processed for single-cell library
preparation. Entire posterior trunks (E9), urogenital ridges
(E10.5 and E11.5), and gonads (E12.5) were isolated from XY
and XX embryos. Adrenals glands (E12.5) were harvested only
from XY embryos. Our dataset includes a total of 72,273 cells
and 18,913 genes, with a median of 20,260 unique transcripts
(UMls) per cell, 4,558 genes per cell, and 4.5 UMls/gene per
cell (Figures S1A and S1B). Visualization of the single-cell tran-
scriptomes in a uniform manifold approximation and projection
(UMAP) space'® shows that while male and female cells overlap
at early stages, a subset of male cells emerges at E11.5,
concomitant with gonadal sex determination (Figure 1A).'® By
E12.5, the cells comprising the developing ovaries, testes, and
adrenal glands are clearly separated, reflecting diversification
of the adrenogonadal cell types (Figure 1A). We applied unsuper-
vised clustering (see STAR Methods) to classify cells based on
transcriptomic similarities, resulting in 52 clusters (labelled CO
to C51; Figure 1B). Differential expression analysis identified
specific or enriched genes in each cluster that were subse-
quently cross-referenced with previously established markers
(Table S1). Cell types were assigned manually using a priori
knowledge, combining expression of known specific/enriched
marker genes, developmental age, sex, and sample origin of
the cells (Figures 1B, 1C, S1C, S1D, and S2; Table S1). We map-
ped the 52 clusters (hereafter abbreviated as C) into 12 major lin-
eages (Figures 1C and S2): hematopoietic/endothelial, germ
cells, neural/sympathoadrenal, notochord, paraxial mesoderm,
nephrogenic, mesonephros-associated cell types, gonadal ste-
roidogenic, adrenal steroidogenic, LPM, adrenogonadal progen-
itors, and supporting cell lineages.

Adrenogonadal progenitors were identified by the expression
of early adrenogonadal markers (Gata4, Lhx9, Nr5a1) together
with CE markers (Upk3b,'® Myrf'") (Figures 1C and S2B). This
population is composed of cells of both sexes from E10.5
(C17) and from E11.5/E12.5 (C3) (Figures 1A, S1C, and S1D), an-
notated as “coelomic epithelium gonadal primordium” and
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“coelomic epithelium gonadal progenitor,” respectively. The
fate of CE progenitors has been shown to differ before and after
E11.2, with early cells preferentially giving rise to supporting
cells, whereas later cells fuel the steroidogenic lineage.'®'" In
agreement with this work, early and late CE cells in our dataset
were found to be transcriptionally distinct, and CE cells at
E11.5/E12.5 cluster close to the steroidogenic lineage. An addi-
tional population of Gata4*/Lhx9°"/Upk3b""/Myrf* cells
(Figures 1C and S2B) are present at E10.5 (C7) (Figures 1A and
S1C). Nrba1, whose expression is known to be downstream of
Gata4 and Lhx9, is scarcely detected in this cluster.>*'® C7
thus corresponds to newly specified adrenogonadal cells and
is annotated “coelomic epithelium adrenogonadal primordium.”

The supporting cell lineage comprises XY Sox9*/Ptgds’” pre-
Sertoli and Sox9*/Ptgds™" Sertoli cells (C36 and C15, respec-
tively), Gadd45g* pre-supporting cells originating from both
sexes at E11.5 (C9), and two clusters consisting of E12.5 ovary
cells expressing the pre-Granulosa cell markers Irx3 and Fst
(C6 and C16) (Figures 1A-1C, S1C, S1D, and S2A). While C16
preferentially expresses FoxI2/Hmgcs2/Akricl, C6 expresses
higher amounts of Lhx9/Gng13 (Figures 1C and S2A and
Table S1), which correspond to the first and second wave of
pre-Granulosa cells recently described in.'® C35 contains cells
of both sexes at E11.5/E12.5 (Figures 1A, S1C, and S1D), co-ex-
presses Nrba1 and Sox9, as well as Pax8 (Figures 1C and S2B),
and is therefore referred to as “rete cell/supporting-like cell
(SLC)”2%2" at the origin of the rete testis and rete ovarii.?

Progenitors of the gonadal steroidogenic lineage were identi-
fied by Arx expression®® (Figure 1C). Ins/3~ C11 and Ins/3* C14
(Figures 1C and S2E) were exclusively composed of testicular
cells at E12.5 (Figures 1A, S1C, and S1D) and were therefore
referred to as early and late Leydig cell progenitors, respectively.
C10 and C22, on the other hand, were derived from both sexes
(Figures 1A and S1D) and express different levels of Lhx9, Mafb,
and Maf'" (Figure 1C). Lhx9*/Mafb"9"/Maf®” C10 is therefore
annotated as ‘“gonadal steroidogenic progenitor coelomic
epithelium-derived,” whereas Lhx9 /Mafb"/Maf"@" C22 is
referred to as “gonadal steroidogenic progenitor gonad/meso-
nephros border-derived.”

The adrenal steroidogenic lineage contains Nr5a1* steroido-
genic cells at E12.5 (Figures S2B, 1A, 1C, and S1C) that co-ex-
press adrenal-specific genes (Mc2r, Cyp21at) (Figure 1C) and
adrenal steroidogenic progenitor markers (Wnt4, Shh'®*, Gli1"")
(Figures 1C, S2D, S2F, and S2l); thus, they have been named
“subcapsular adrenocortical progenitor” (C30).”* Adrenal gland
samples at E12.5 also contain two Nr5a1~/Gli1*/Ptch1*/Rspo3*
non-steroidogenic populations (Figures S2B, S2D, and 1C) that
could likely represent SHH-responsive capsular steroidogenic
progenitors (C20 and C40).>* While C40 displays an early
adrenogonadal transcriptomic signature (Lhx9, Gata4, NrOb1)

Figure 1. A single-cell transcriptomic atlas of early adrenogonadal development

(A and B) UMAP visualization of the 72,273 transcriptomes colored by age, sex, sample type (A), and by clusters (B). Cell type annotation is shown on the right.
AGP, adrenogonadal primordium; CE, coelomic epithelium; GMB, gonad/mesonephros border; gon. steroido. prog., gonadal steroidogenic progenitor;
mes., mesenchyme; meson., mesonephric; mtDNA exp., mitochondrial DNA expressing; NCC, neural crest cell; SLC, supporting-like cell; SCP, Schwann cell

precursor.

(C) Dot plot showing expression of selected marker gene (x axis) per cluster (y axis). The size of the dot represents the percentage of cells in the cluster expressing
the gene, and the color indicates the level of expression (log normalized counts). Major cell lineages are displayed on the left (see also Figures S1 and S2).
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(Figures 1C, S2B, and S2D), C20 cells express higher levels of
capsular genes Tcf27 and Wt1°2° and stromal genes (Foxd1,
Dcn, OIfmi3) (Figures S2D, S2E, S2F, and 1C; Table S1). C40
and C20 were therefore annotated as “adrenogonadal-like adre-
nocapsular cells” and “stroma-like adrenocapsular cells,”
respectively. The fact we could detect two adrenal capsular clus-
ters in our atlas is in line with the known cell type diversification of
the capsule. Indeed, lineage-tracing experiments have shown the
adrenal capsule to be derived from Wt1* mesenchymal cells,’
which can be functionally subdivided into Gli1* and Tcf21* pro-
genitors of steroidogenic and stromal lineage, respectively.?*2°
While both cell populations express Gli1, C20 expresses higher
levels of Tcf21 and may represent progenitors of non-steroido-
genic interstitial lineage. The AP is identified at E10.5 by Nr5a7™*
cells (Figures 1A, S1C, and S2B) and differs from the GP by its
low expression level of Wt1/Gata4/NrOb1 (C27)°°° (Figures 1C,
S2B, and S2D). This cluster expresses Mc2r, Star, and Mgarp
(Figures 1C and S2D), indicating that a steroidogenic transcrip-
tional program is already initiated at this early stage.

The hematopoietic/endothelial lineage contains KIf1* erythro-
blasts (C45), Hbb-bh1*/Hba-a2* primitive and Hbb-bh1~/Hba-
a2* definitive erythrocytes (C44 and C49, respectively), Ptorc*/
Runx1* hematopoietic progenitors (C46), and Cdh5* endothelial
cells (C23) (Figures 1C and S2L).

Germ cells were identified by Pou5f1 expression and con-
sisted of several clusters, one of which contained primordial
germ cells of both sexes (C25) (Figures 1A-1C and S1D). C18
and C5 contained sex-enriched E12.5 cells, corresponding to
Lefty1* prospermatogonia and Stra8* oogonia, respectively
(Figures 1A-1C and S1D). Another germ cell population with
higher mitochondrial gene expression clustered separately
(C48) (Figures 1C and S1B) and could correspond to the nurse/
dying cells described in mouse fetal ovaries by Niu and Spra-
dling."® Cells of these four clusters are part of the dataset previ-
ously analyzed in Mayeére et al.?’

The neural/sympathoadrenal lineage contains E9 Foxb7* neu-
roepithelial cells (C29), E9 Pip1* neural crest cells (NCCs)/
Schwann cell precursors (SCPs) (C42), and Plp1* NCCs/SCPs
expressing both a sympathetic progenitor marker (Ret) and an
SCP-to-chromaffin cell differentiation marker (Htr3a) (C34)°
(Figures 1A-1C, S1C, and S2J). We named this cluster
“committed NCC/SCP.” C34 forms two branches on the UMAP.
The first is composed of cells at E10.5 that express a higher level
of Ret and connect to early Sic18a3°"/Chga®*/Ret* sympatho-
blasts (C47). The second is composed of adrenal cells at E12.5
that express a higher level of Hrt3a and form a continuum with
early Slc18a37/Chga™" and late Slc18a3/Chga™"/Foxq1*
chromaffin cells (C28 and C31, respectively). This is in agreement
with the work of Furlan et al.,® which revealed unexpected lineage
segregation between sympathetic and adrenergic lineages at
early stages. Late Slc18a3"9"/Chga’® sympathoblasts (C41)
were obtained from adrenal gland samples at E12.5.

The smallest cluster of our dataset is composed of notochord
cells at E9 cells that express the Noggin, Shh, and T genes (C51)
(Figures 1A-1C, S1C, and S2I).

Paraxial mesoderm-derived cells are divided into Meox2*/
Pax3* dermomyotome (C2), Meox2*/Pax9" sclerotome (C12
and C19), Myog* myotome (C50), and Acta2® mural cells
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(C43)*° (Figures 1C and S2H). An additional Meox2* cell popula-
tion, negative for dermomyotomal, sclerotomal, or myotomal
markers, is present and has been termed “paraxial mesoderm”
(C24). All populations derived from the paraxial mesoderm, with
the exception of mural cells, were derived from E9 samples
(Figures 1A and S1C).

The nephrogenic lineage was identified by Pax2*/Pax8* expres-
sion and includes E9 IM (C26), Tfap2b"*/Calb1"9"/Wnt9b™o"
caudal and Tfap2b™9"/Calb1"/Wnt9b™" rostral nephric ducts
(C33 and C37, respectively),>° Cdh1*/Jag1* mesonephric tubules
(C38), and Cdh1~ mesonephric/metanephric mesenchyme (C21)
(Figures 1A-1C, S1C, and S2G). C21 contains two subgroups of
cells with mutually exclusive expression of the nephrogenic
mesenchymal markers Six2/Eyal and mesonephric tubules
markers Lhx1/Osr2 (Figure S2G), indicating that both uncommitted
and committed tubular progenitors are present in this cluster.

In addition to the nephrogenic structures, the mesonephric
ridges contain additional cell populations with, in particular,
mesenchymal cells possessing mutually exclusive expression
of the stromal markers Foxd1/Cxcl12 and mesonephric mesen-
chymal markers Wnt4/Gata2/Tbx3 (Figures 1C and S1F). The
latter group of cells, however, was distinct from Wnt4* meso-
nephric/metanephric mesenchymal cells (i.e., C21). We therefore
classified these populations into the “mesonephros-associated
celltypes” lineage. This lineage includes the Wnt4* mesenchyme
atE11.5(C4), three clusters composed of Wnt4" and Foxd1* cells
of different developmental stages (CO for E10.5, C8 for E10.5/
E11.5, and C1 for E11.5), and CE cells (Upk3b*/Wnt4") express-
ing markers of Mdllerian duct progenitors (Dach2/Pax8) (C13),
present as early as E10.5 (Figures 1A, 1C, S1C, and S2F).

The LPM lineage originated from E9 samples and contains
Foxf1*/Tbx5~ splanchnic and Foxf1~/Tbx5" somatic compart-
ments (C32 and C39, respectively) (Figures 1A, 1C, and S1C).
Overall, our dataset provides a comprehensive overview of the
expected adrenogonadal cell types as well as surrounding tis-
sues, present before and during AGP specification, as well as
the more differentiated adrenogonadal lineages. This adrenogo-
nadal developmental atlas is freely accessible through an interac-
tive web portal (https://Imedapp731.unige.ch/dataset02/), allow-
ing users to query for genes of interest per cell types, age and sex.

In silico reconstruction of AGP separation refines known
and novel marker genes kinetics

To investigate the transcriptional programs underlying AGP
specification and fate choice toward adrenal or gonadal identity,
we focused our analysis on cells annotated as “coelomic epithe-
lium adrenogonadal primordium” (C7), “coelomic epithelium
gonadal primordium” (C17), and “adrenal primordium” (C27).
These cells were visualized using a force-directed layout, result-
ing in a V-shape structure with AGP cells at the base of two
branches composed of cells from the gonadal or adrenal
primordia reflecting AGP separation (Figure 2A). A refined clus-
tering revealed high heterogeneity and transitional cellular states
with 8 subclusters (subC) (Figure 2B). Gene expression analysis
together with partition-based graph abstraction (PAGA)*'
defined a common trajectory made of “early AGP” (subC1),
“late AGP,” and “dividing late AGP” cells (subC6 and subC3,
respectively); a gonadal trajectory made of “early” and “late
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Figure 2. In silico reconstruction of adrenogonadal primordium separation refines the kinetics of known and novel marker genes

(A and B) Visualization of the 5,128 transcriptomes in a force-directed layout colored by initial clustering (A) and new refined clustering (B). Cell type annotation is
shown on the top. AGP, adrenogonadal primordium; CE, coelomic epithelium; SLC, supporting-like cell.

(C) PAGA representation of the refined clustering. Each node is a cluster, and the edges between clusters represent connectivities. Edges with low connectivities
(below 0.3) are not represented. Arrows indicate the common, gonadal, adrenal, and SLC trajectories.

(legend continued on next page)
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gonadal primordium” cells (subC4 and subCO, respectively); and
an adrenal trajectory made of “early” and “late adrenal primor-
dium” cells (subC2 and subC5, respectively) (Figures 2C-2E
and S3; Table S2). We have recently shown that rete progenitor
cells or “SLCs” are specified as early as E10.5 and represent
a CE-derived lineage diverging from the gonadal somatic cell
lineage.?® Therefore, the “early rete cell/SLC” cluster (subC7),
which represents the earliest cells of the SLC lineage, was not
taken into account for further analysis. Expression of AGP
markers along pseudotime shows that Gata4/Wt1 detection pre-
cedes Lhx9/Emx2 expression, followed by Nrba? induction
(Figures 2E and S3), in accordance with previous reports.”>
Shortly after Nr5a1 detection, these genes adopt gonadal- and
adrenal-lineage-specific expression profiles: they are downre-
gulated in cells of the adrenal lineage concomitant with Mc2r/
Nrba1 upregulation, whereas they are further upregulated in
gonadal lineage together with induction of the supporting and
steroidogenic cell markers Gadd45g and Cbin1. Interestingly,
the Nir5a1* cellular state preceding lineage diversification (high-
lighted by a dotted red line in Figures 2E and S3) is composed in
majority by cells of subC2 (“early AP”) and subC4 (“early GP”) of
the adrenal and gonadal lineages, respectively. This indicates
that Nrba1 expression is induced in two distinct cell populations.
Differential expression analysis between these two subCs
(Table S2) provides a set of genes whose expression is spe-
cific/enriched in adrenal- or gonadal-committed cells, possibly
prior to Nrbal expression. In addition to CE markers (Myrf,
Upk3b, Krt18) and early adrenogonadal master genes (Wt1,
Lhx9, Emx2, Amhr2), gonadal-committed cells express higher
amount of Nr5a71-EGFP and Nr6al. On the other hand, adre-
nal-committed cells are characterized by expression of genes
encoded for neurofilaments proteins (Nefm, Nefl), extracellular
matrix (Col25a1, Bgn), and the transcription factor Tbx18
(Table S2; Figure 2F). RNAScope analysis of the Nefm expres-
sion profile from E9.5 to E11.5 confirmed that this gene is ex-
pressed in Nr5a1* adrenal cells but not in Nr5a71* gonadal cells,
as well as in Nrba1~ cells in the vicinity of the AP (E10.5) and the
fetal cortex (E11.5) (Figure 2G). Furthermore, the expression pro-
file of Tbx18 in adrenal-committed cells was confirmed by in vivo
lineage tracing, revealing not only that this gene is specifically
expressed in early adrenal progenitor cells of the anterior CE
but that it occurs prior to NR5A1 expression.*”

Taken together, pseudotime ordering recapitulates the
sequential expression kinetics and dynamics of known AGP
markers, providing a robust tool to investigate the global tran-
scriptomic signatures associated with each differentiation step.
Importantly, it challenges the view of a common Nr5a1* progen-
itor and suggests that CE cells are already specified toward
either adrenal or gonadal fate before delamination and ingres-
sion within the underlying mesenchyme.
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Adrenal fate choice is associated with inhibition of
canonical Wnt signaling and enhanced Rho signaling
gene expression

To characterize the transcriptomic programs underlying adrenal
versus gonadal cell commitment, we selected 1,737 genes with
dynamic expression patterns along pseudotime (see STAR
Methods) and grouped them according to their expression
similarities. We obtained 22 gene profiles (Ps) (Table S3)
including 10 and 7 profiles for which gene expression increased
during gonadal and adrenal specification, respectively, and 5
profiles displaying sequential and transitory expression dy-
namics common to both lineages (Figure S4A). Genes of P16,
P13, and P7 are upregulated during gonadal progression.
Gene Ontology (GO) analysis (Table S4; Figure S4A) associated
these genes with terms such as “regulation of reproductive
process” (P16; Sulfl, Mafb), “positive regulation of gonad
development” (P13; Wt1, Amhr2), and “reproductive structure
development” (P7; NrOb1, Left, Igfl, Lhx9, Rspo1, Emx2,
Msx1, Lgals7, Lgr4). One profile contains gonadal-specific CE
genes (P20; Upk3b, Myrf), together with genes coding for ker-
atins, indicating that CE maturation accompanies gonadal
specification.

Regarding adrenal enriched programs, genes of P4, P8, P17,
P1, and P2 are expressed in both lineages prior to adrenal or
gonadal specification and are progressively downregulated in
gonadal cells, whereas expression is maintained or further
increased in adrenal cells. GO analysis associated these genes
with “cell-cell signaling by Wnt,” “Wnt signaling pathway PCP
pathway,” and “regulation of WNT signaling pathway.” Genes
belonging to these terms (Sfrp1, Sfrp2, Nkd1, Sox9, Dactl,
Fzd1, Hmga2, Shisa3, Ror1, Daam?2, Nfatc4, Vgll4; Table S4;
Figures 3A and S4A) are all annotated as “negative regulation
of canonical Wnt signaling pathway” in the GO database. In
line with their opposite expression levels between adrenal
and gonadal lineages, the target of the canonical Wnt signaling
Lefl (P7) is induced in gonadal, but not adrenal, cells
both at the transcriptomic (Figure 3A) and protein (Figure 3B)
levels. Adrenal programs involve genes associated with
“Rho protein signal transduction” (P17), “regulation of actin
filament-based process” (P17), “positive regulation of cytoskel-
eton organization” (P10), “extracellular matrix organization” (P4
and P8), and “collagen metabolic process” (P1) (Table S4; Fig-
ure S4B), suggesting that non-canonical Wnt activation of Rho
signaling is at play in AGP and AP cells to positively modulate
cell movement and interaction with extracellular matrix. This is
consistent with the morphogenetic events taking place in the
AGP, as cells delaminate from the CE and undergo an epithe-
lial-to-mesenchymal transition (EMT). Accordingly, the EMT in-
ducers Twist1, Zeb2, and Foxc1®® are regulated in a similar
manner (P8).

(D) Visualization of the transcriptomes colored by pseudotime.

(E) Expression levels of representative known marker genes in a force-directed layout (left) and along pseudotime (right, y axis: normalized expression, x axis:
pseudotime). The vertical dotted red line indicates an Nr5a7* cellular state preceding lineage diversification.

(F) Expression levels of novel marker genes of adrenal (top) and gonadal (bottom) specifications in a force-directed layout.

(G) Co-labeling for NR5A1 (immunostaining) and Nefm mRNA (RNAScope in situ hybridization) in E9.5, E10.5, and E11.5 embryos (transverse sections), revealing
overlapping expression profiles in adrenal progenitors. Arrows point to NR5A1* gonadal and adrenal fields, while the arrowhead points to Nefm* cells devoid of
NR5A1 expression. A, adrenal field, ao, aorta; coe, coelomic cavity; G, gonadal field; mt, mesonephric tubule; nd, nephric duct. Scale bars, 50 um.
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Figure 3. Adrenal fate choice is associated with inhibition of canonical Wnt signaling

(A) Expression levels of negative regulators and target of the canonical Wnt signaling in a force-directed layout (top) and along pseudotime (bottom, y axis:
normalized expression, x axis: pseudotime) showing opposite expression levels along adrenal and gonadal trajectories.

(B) Co-labeling for GATA4, NR5A1, and LEF1 (immunostaining) in E9.5, E10.5, and E11.5 embryos (transverse sections), revealing LEF1 expression in gonadal,
but not adrenal, progenitors. A, adrenal field, ao, aorta; coe, coelomic cavity; G, gonadal field; nd, nephric duct. Scale bars, 100 pm.

Early AGP gene signatures indicate a LPM origin and and robust high expression levels and are rapidly downregulated
dynamic Hox expression programs as the cells progress to the late AGP state (Figure S4A). These
To get insights into the gene programs underlying early AGP cell  genes are associated with the GO term “cardiac right ventricle
specification prior to Nr5a1 expression, we focused on the gene  morphogenesis,” including Is/1, Hand1, Hand2, and Gata3,
profiles displaying high expression at the start of the pseudo-  which are known markers of the proepicardium, a CE-derived
time. Among the 22 profiles, P14 included genes that have early  structure (Figure S4C). P14 also includes Hix expressed in the
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Figure 4. Lineage reconstruction of mesodermal-derived cell types from E9 to E12.5

(A) PAGA representation of the mesodermal-derived cell clusters from Figure 1B. Each node is a cluster, and the edges between clusters represent connectivities.
Edges with low connectivities (below 0.25) are not represented. Major lineages are indicated. The inset shows the connectivity scores (black numbers) of cluster 7
(CE AGP) with clusters 17, 21, 27, 32, and 43 and are colored by clustering (A’) and by age (A”).

(B) Model of cell lineage specification during adrenogonadal primordium separation. AGP, adrenogonadal primordium; CE, coelomic epithelium; LPM, lateral
plate mesoderm;; meso.-ass., mesonephros-associated; meso./metanephric mes., mesonephric/metanephric mesenchyme.

septum transversum.®* The finding that the early AGP gene
signature reflects that found in proepicardium/septum transver-
sum cells, which are derived from the LPM,*° suggests that the
AGP also originates from the LPM rather than the IM. To confirm
this hypothesis, we compared the PAGA connectivity’s scores,
indicating potential ontogenic relationships, among meso-
dermal-derived cell types of our whole dataset (E9-E12.5).
Indeed, this analysis showed that AGP cells (C7 of our initial clus-
tering) are transcriptionally closer to splanchnic LPM at E9 (C39)
than IM at E9 and meso/metanephric mesenchymal cells at
E10.5 (C26 and C21, respectively) (Figure 4A).

The other profiles with high gene expression in early AGP cells
include P12 and P3, which are downregulated during both adre-
nal and gonadal cell specification, and P4, P8, and P17, which
are downregulated in the gonadal lineage only (Figure S4A).
GO annotations common to these profiles include “proximal/
distal pattern formation” and “pattern specification process,”
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with corresponding genes including several Hox genes (P3 and
17) and mesodermal markers such as Nr2f1, Nr2f2, Meis1-3,
Pitx2, and Gli3 (P8 and P17). Hox genes encode transcriptional
regulatory proteins and are organized in four genomic clusters
(Hoxa, -b, -c, and -d) expressed from 3’ to 5 along the antero-
posterior body plan.® Interestingly, Hoxa9-10, Hoxc9-10, and
Hoxd10 genes are downregulated in both lineages (P3), while
the expression of Hoxa2, -3, -5, and -7 genes is maintained in ad-
renal cells (P17). In addition, Hoxb2-9 and Hoxc4-6 expression
increased as cells adopt an adrenal fate (P10) (Figure S4D).
Several Hox genes have been shown to be abundantly ex-
pressed in AP cells, where they directly bind and positively regu-
late Nr5a1 expression.®” Since our analysis shows differential
expression of the Hox genes along adrenal and gonadal fate
commitment, and since the AP is specified in the more anterior
region of the genital ridge, it is possible that specific sets of
Hox genes determine adrenal versus gonadal fate choice.
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DISCUSSION

Although adrenogonadal development has been studied for
several decades, the composition and molecular signatures of
early adrenogonadal progenitors is still incomplete. In addition,
the genetic programs and regulatory factors orchestrating the
separation of the AGP into two distinct primordia remain poorly
characterized. Here, we generated a comprehensive single-cell
transcriptomic atlas of mouse adrenogonadal cells and surround-
ing tissues collected before, during, and after AGP separation
without prior selection of cells by lineage markers. This detailed
atlas comprising 52 cell types represents a valuable resource
that is freely available to the scientific community in an interactive
website (https://Imedapp731.unige.ch/dataset02/).

Using this atlas, we showed that the AGP and the gonadal and
adrenal primordia at E10.5 display distinct transcriptomic identi-
ties. Lineage reconstruction and pseudotime analysis allowed us
to uncover the dynamic genetic programs at play during AGP cell
specification toward the adrenal or gonadal fate, unraveling dif-
ferential cellular processes underlying this fate choice (model de-
picted in Figure 4B). We found that the canonical Wnt pathway is
actively repressed in uncommitted AGP cells, and this repression
is maintained or further increased as the cells progress through
the adrenal lineage. In contrast, cells adopting a gonadal fate
release this inhibition and activate the canonical Wnt pathway
required for their proliferation.>® On the other hand, cells of the
AGP and the adrenal primordia appear to activate the planar
cell polarity pathway as they undergo Rho signaling-dependent
rearrangement of actin filament and cytoskeleton, concomitant
with active interaction with extracellular matrix components
and the EMT. These processes may be important for the cells
with adrenal fate to move to a more dorso-medial position than
the gonadal ridge, allowing proper positioning of the future fetal
cortex within the urogenital tract. Indeed, between E11.5 and
E14.5, the fetal adrenal undergoes extensive morphogenetic
events, such as invasion by SCPs to form the adrenal medulla
and encapsulation by surrounding mesenchymal cells to form
the adult adrenal cortex.® Furthermore, the dorso-medial posi-
tioning of the fetal cortex may be important to reach an “adrenal
niche” presenting optimal cues from surrounding tissues for
proper differentiation into fetal adrenal steroidogenic cells. Inter-
estingly, mice mutant for Wnt4, a gene that has been reported to
induce non-canonical Wnt signaling in several organs,®™'
exhibit mislocalization of adrenal cells at the anterior pole of the
gonads,*”™** supporting our model that non-canonical, adre-
nal-specific Wnt signaling allows for proper separation of the
gonadal and adrenal primordia. At later stages, adrenal develop-
ment does, however, rely on B-catenin,’® suggesting that speci-
fication and growth are governed by distinct mechanisms.
Considering the differential combinations of Hox genes ex-
pressed in cells destined to become adrenal and gonadal cells,
it appears that the specification/separation of adrenal and
gonadal primordia involves a complex integration of positional in-
formation as well as dedicated cellular processes allowing proper
patterning of adrenogonadal ridges. Indeed, anterior Hox paralog
expression is higher in early adrenal progenitors compared with
early gonadal progenitors (Figures S5D and S5E). This includes
Hoxa2, Hoxb5, and Hoxc5-6 (Figure S4), which have been shown
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to bind the fetal adrenal enhancer (FAJE) of Nr5a1,®” targeting
expression in the AP but not in the GP. The expression of Hox pa-
ralogs is under the control of retinoic acid signaling,*® a well-
known morphogen required for anteriorization of the mesoderm.
Taken together, it is likely that retinoic acid signaling, through the
activation of members of the Hox gene cluster, induces Nr5a1
expression in the more rostrally located adrenal progenitors.

Our findings are consistent with a recent study in humans and
cynomolgus monkeys, which revealed that both the adrenocortical
and gonadal cell lineages originate in the CE but in a spatially and
temporally distinct manner.*” In humans, the adrenocortical line-
age is specified early in the anterior part of the CE, while the
gonadal lineage appears later in the posterior part of the CE. Simi-
larly, in the mouse, the AP is specified in the most anterior region of
the genital ridge. In both mice and humans, the adrenocortical and
gonadal lineages have different expression profiles of HOX/Hox
genes (see Figure S4D and Cheng et al.*’). This suggests that the
spatially expressed HOX gene set confers regional identity along
the anterior-posterior axis, allowing the establishment of specific
transcriptional programs that direct adrenal or gonadal cell fates.
Therefore, distinct specification of these two lineages appears to
be evolutionary conserved between both mouse and human.

Careful analysis of the expression profile of the known early
adrenogonadal markers along pseudotime revealed that Nr5a1
is expressed relatively late within the AGP differentiation window,
atime point when cells are already committed toward the gonadal
or the adrenal fate. This reveals that the use of Nr5a1 as a marker
of the CE to define a common AGP is incorrect and raises the
question of whether CE cells are already specified toward a given
fate before delamination and ingression within the underlying
mesenchyme. Among others, we identified the gene encoding
the neurofilament protein Nefm and the transcription factor
Tbx18 to be expressed prior to Nrba1 in the adrenal lineage.
Nefm expression was absent in the urogenital ridge at E9.5 but
could be detected in the rostral—but not caudal —urogenital tract
atE10.5. Of note, all Nefm™ cells expressing NR5A1 were found in
the adrenal but not the gonad. Also consistent with our findings,
Tbx18 has been shown previously to be expressed in the anterior
CE as early as E9.5 and this was specifically in early adrenal pro-
genitors, even before NR5A1 expression.*”

The origin of early adrenogonadal cells is disputed, as it remains
unclear whether they are derived from the lateral plate or the IM.
Indeed, the only cell lineage-tracing studies of CE cells in mouse
were performed after AGP separation.'®'" We used our single-
cell dataset comprising cells from all three layers of mesodermal
derivatives (paraxial, lateral, and intermediate) present at E9 in
the posterior trunk to show that in mouse, early AGP cells are onto-
genically related to the splanchnic LPM. The relevance of different
origins for the AGP among vertebrates— LPM in mouse (this study)
and IM in chicken’"°—is not clear, but it has been proposed to be
linked to differences in mesonephros excretory function and/or
evolution of master sex-determining genes.*® Interestingly, we
observed discrepancies between Nr5al-EGFP transgene and
endogenous Nr5a1 expression, with GFP being expressed in a
subset of Pax2*/Nr5a1~ IM at E9 (Figures S5A-S5C). Given that
the Nrba1-EGFP transgene and the endogenous Nr5a1 locus differ
intheir regulatory regions (for comparison, see Stallings etal.'* and
Zubair et al.®’), the observed induction of Nr5a1-EGFP in mouse IM
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could reflect an ancestral adrenogonadal fate specification
competence that has been switched off during evolution. Compar-
ative mouse and chicken mesodermal single-cell transcriptomic
and epigenomic profiling could provide insights into the evolu-
tionary divergence of regulatory processes of adrenogonadal
specification. In chicken embryo, for example, SHH and BMP4
play a central role in the initiation of gonadal differentiation.*® How-
ever, comparative expression analysis calls into question the
requirement of Hedgehog and BMP4 signaling for gonadal differ-
entiation in mice. Indeed, according to our single-cell expression
data atlas (Figure S2I; data not shown), the expression profiles
are different in the mouse. Moreover, it was shown that SHH
signaling is not required for both gonad specification and AP forma-
tion in the mouse.?*°%"

In summary, the comprehensive atlas of adrenogonadal devel-
opment described here allowed us to determine the precise
origin of the adrenal cortex and gonads in the mouse. Our find-
ings that development of these two organs diverges before the
induction of Nrba1 indicates that this gene should no longer be
used as a marker for the common primordium.

Limitations of the study

An important part of our conclusions is based on bioinformatic
analyses of single-cell expression data. Due to technical diffi-
culties and the absence of suitable Cre lines, it is presently diffi-
cult to independently confirm all conclusions in vivo. Indeed, to
our knowledge, there is no mouse model allowing us to follow,
by lineage tracing, the fate of AP and GP progenitors. Moreover,
RNAscope analyses are not always successful either because
the expression of marker genes is low and/or because RNA-
scope probes do not work efficiently. These technical limitations
prevent us, for example, to demonstrate in vivo that the AP and
the GP are specified prior to Nrba1 expression.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

goat anti-GATA4

chicken anti-GFP

rabbit anti-LEF1

mouse anti-NR5A1

Alexa Fluor 488 donkey anti-goat IgG
Alexa Fluor 555 donkey anti-mouse I1gG

Alexa Fluor 647 donkey
anti-chicken 1gY (igG)

Santa Cruz Biotechnology Inc.

Abcam

Cell Signaling Technology
R&D systems

Invitrogen

Invitrogen

Jackson ImmunoResearch Labs

Cat#sc-1237; RRID:AB_2108747
Cat#13970; RRID:AB_300798
Cat#2230; RRID:AB_823558
Cat#PP-N1665-00; RRID:AB_2251509
Cat#A11055; RRID:AB_2534102
Cat#A-31570; RRID:AB_2536180
Cat#703-605-155; RRID:AB_2340379

Alexa Fluor 647 donkey anti-rabbit IgG Invitrogen Cat#A-31573; RRID:AB_2536183
Chemicals, peptides, and recombinant proteins

Papain dissociation system Worthington Cat#LK003150

DMEM Gibco Cat#11885084

Fetal bovine serum Sigma-Aldrich Cat# F2442

Draq7 Dye Beckman Coulter Cat#B25595

Trypsin-EDTA (0.05%), phenol red Gibco Cat#25300054

Opal 650 reagent pack Akoya Biosciences Cat#FP1496001KT

Normal donkey serum Jackson ImmunoResearch Cat#017-000-121

Hoechst 33,342 Invitrogen Cat#H3570

Critical commercial assays

Chromium Single Cell 3' Reagent Kit v2

Qubit fluorometric assay with
dsDNA HS Assay Kit

High Sensitivity DNA Kit

RNAscope® Multiplex Fluorescent
Reagent Kit v2

RNAscope®Probe -Mm-Nefm

10x Genomics

Invitrogen

Agilent
Advanced Cell Diagnostics

Advanced Cell Diagnostics

Cat#PN-120237; PN-120236;
PN-120262

Cat#Q32851

Cat#5067-4626
Cat#323100

Cat#315611

Deposited data

Single-cell atlas of mouse early This paper GEO: GSE156176

adrenogonadal development

Code for analysis This paper Zenodo: https://doi.org/10.5281/zenodo.7404773
Experimental models: Organisms/strains

Mouse: Nr5a1'9: Tg(Nr5a1/EGFP)1KIp Stallings et al.’* Cat#MGI:5493455

Oligonucleotides

Primers for sex genotyping

McFarlane et al.”*

N/A

Software and algorithms

bbknn 1.5.0

Cell Ranger 2.1.1

ClusterProfiler 4.4.1

Polariski et al.””

10XGenomics

Wu et al.>*

https://bbknn.readthedocs.io/
en/latest/; RRID:SCR_022807
https://support.10xgenomics.com/
single-cell-gene-expression/software/
pipelines/latest/what-is-cell-ranger;
RRID:SCR_017344
https://github.com/YulLab-SMU/
clusterProfiler;

RRID:SCR_016884

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MAST 1.20 Finak et al.>® https://www.bioconductor.org/
packages/release/bioc/html/
MAST.html
RRID:SCR_016340

Pandas 1.2.1 https://doi.org/10.5281/ https://pandas.pydata.org;

zenodo.3509134 RRID:SCR_018214

Python 3.6 Python Software Foundation https://www.python.org;
RRID:SCR_008394

R4.1.2 The R core Team https://www.r-project.org/;
RRID:SCR_001905

Scanpy 1.8.2 Wolf et al.*® https://scanpy.readthedocs.io;
RRID:SCR_018139

Scipy 1.6.0 Virtanen et al.”’ https://scipy.org;

RRID:SCR_008058

Seaborn 0.11.1 Waskom®® https://seaborn.pydata.org;
RRID:SCR_018132

Seurat 2.3.4 Butler et al.”® https://satijalab.org/seurat/;
RRID:SCR_016341

ZEN 2.6 (Blue Edition) Zeiss http://www.zeiss.com/

microscopy/en_us/products/
microscope-software/zen.html;
RRID:SCR_013672

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Serge Nef
(serge.nef@unige.ch).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

Single-cell RNA-seq data have been deposited at GEO (GEO: GSE156176). All original code has been deposited at Zenodo (Zenodo:
https://doi.org/10.5281/zenodo.7404773). Any additional information required to reanalyze the data reported in this paper is avail-
able from the lead contacts upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal work was conducted according to the ethical guidelines of the Direction Générale de la Santé of the Canton de
Genéve (experimentation ID GE/57/18). Nr5a1-eGFP™® mouse strain was described previously'* and has been maintained on a
CD1 genetic background. This strain was chosen to allow better comparison with our previous work which used mixed or outbread
straing?”-69-64.65.66.57 and to avoid sensitivity to disruption of testis determination that exists in pure genetic background such as
C57BL/6N or C57BL/6J.°%%° E9.0 (18 + 3 somites), E10.5 (8 + 2 tail somites (ts)), E11.5 (19 + 4 ts) and E12.5 embryos from
timed matings (day of vaginal plug = 0.5) were collected and the presence of the Nrba7-eGFP transgene was assessed under UV
light. Sexing of E9.0, E10.5 and E11.5 embryos was performed by PCR with a modified protocol from.>? Each condition (organ,
sex and developmental stage) was performed in two independent replicates.

METHODS DETAILS

Single cell suspension and library preparation

Posterior trunks, urogenital ridges and adrenal glands were enzymatically dissociated at 37°C between 30 and 40 min using the
Papain dissociation system (Worthington LK003150). Cells were resuspended in DMEM (Gibco 11,885,084) supplemented with
2% fetal bovine serum (Sigma-Aldrich F2442), filtered through a 70 um cell strainer and stained with Draq7 (Beckman Coulter
B25595). Viable single cells were collected on a BD FACSAria Il by excluding debris (side scatter vs. forward scatter), dead cells
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(side scatter vs. Drag?7 staining), and doublets (height vs. width). Testes and ovaries were enzymatically dissociated 10 min at 37°C
using Trypsin-EDTA 0.05% (Gibco 25,300,054). After centrifugation and counting, 3000 to 7000 single cells were loaded on a 10x
Chromium Controller (10x Genomics). Single-cell RNA-Seq libraries were prepared using the Chromium Single Cell 3’ Reagent Kit
v2 (10x Genomics PN-120237 PN-120236 PN-120262) according to manufacturer’s protocol.

Sequencing

Library quantification was performed using the Qubit fluorometric assay with dsDNA HS Assay Kit (Invitrogen Q32851). Library quality
assessment was performed using a Bioanalyzer Agilent 2100 with a High Sensitivity DNA chip (Agilent 5067-4626). Libraries were
diluted, pooled and sequenced on an lllumina HiSeq4000 using a paired-end, single index sequencing mode as follow: 26 base-
pair (bp) Read1, 98 bp Read2 and 8 bp i7 index. Libraries were sequenced at a targeted depth of 100,000 to 150,000 reads per
cell. Sequencing was performed at the Health 2030 Genome Center, Geneva.

Immunofluorescence and RNAscope analyses
Embryonic samples from timed matings (day of vaginal plug = E0.5) were collected and fixed overnight in 4% paraformaldehyde,
serially dehydrated, embedded in paraffin, and 5-um-thick transverse sections were prepared.

For dual in situ hybridization/immunofluorescence analyses, RNAscope for Nefm transcripts (RNAscope Probe - Mm-Nefm,
Advanced Cell Diagnostics, Cat#315611) was performed with the RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced
Cell Diagnostics, Cat# 323100) according to manufacturer’s instructions. After developing HRP-C1 signal with Opal 650 dye (Akoya,
Cat#FP1496001KT), sections were blocked for 2 h at room temperature, and primary antibodies incubated overnight at 4°C. Alexa
Fluor-conjugated secondary antibodies were used (Thermo Fisher Scientific, Waltham, MA, USA). Slides were counterstained with
Hoechst dye and mounted in PBS:glycerol (1:1).

For immunofluorescence analyses, paraffin sections were dewaxed and rehydratedvia ethanol series. Antigen retrieval was per-
formed in sodium citrate buffer (10 mM pH 6) for 2 min in a pressure cooker. Blocking, antibodies incubations, counterstain and slides
mounting were performed as described above for dual in situ hybridization/immunofluorescence.

Primary antibodies and dilutions used in this study included the following: GATA4 (1:200, Santa Cruz Biotechnology Inc.,
Cat#sc-1237), GFP (1:200, Abcam, Cat#13970), LEF1 (1:300, Cell Signaling Technology, Cat#2230), NR5A1 (1:200, R&D systems,
Cat#PP-N1665-00).

All images were acquired using Zeiss LSM780 microscopy at the PRISM Imaging Facility, and processed with Zen software (Carl
Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA sequencing analysis
Demultiplexing, alignment, barcodes filtering, quality checks, data aggregation, gene filtering, normalization, and dimensionality
reduction were performed as described in.?”

Among the dataset, 39.2% (28,346) cells were from XX and 60.8% (43,927) from XY embryos, with 18.1% (13,060) from E9.0 sam-
ples, 20.7% (14,962) from E10.5, 23.1% (16,670) from E11.5 and 38.2% (27,581) from E12.5 (Figures S1C and S1D). Raw UMI counts
were normalized for library size (normalize_per_cell function from Scanpy), log-transformed (log1p function from Scanpy) and
normalized for sequencing depth (regress_out function on UMI count from Scanpy).

Genes detected in more than 50 cells (14,394 genes) were used to compute independent component analysis (ICA) using their
normalized value (RunICA function from Seurat, nics = 100). Batch effect between replicates was corrected by computing the neigh-
borhood graph with the BBKNN python package (version 1.4.0) (neighbors_within_batch = 3 and n_pcs = 100).°® For visualization, the
corrected neighborhood graph was embedded in two dimensions using UMAP'® (umap function from Scanpy with default param-
eters), and used for cell clustering with the Leiden algorithm’® (leiden function from Scanpy, resolution = 2.2).

To study AGP separation, we selected the 5,128 cells belonging to clusters 7 (CE adrenogonadal primordium), 17 (CE gonadal pri-
mordium) and 27 (adrenal primordium). We computed a force-directed graph (draw_graph function from Scanpy with default param-
eters) using previously computed corrected neighbor graph and ICA. A new clustering on this dataset was performed as described
above using a resolution of 0.7.

For lineage reconstruction, connectivities between clusters were estimated (paga function from Scanpy with default parameters)*"
and pseudotime calculated (dpt function from Scanpy with default parameters and root cell assigned from subcluster 1). Cells were
classified according to their assigned path (adrenal: subclusters 1, 3, 6, 2, 5; gonadal: subclusters 1, 3, 6, 4, 0) and ordered according
to their pseudotime score. Genes differentially expressed between adrenal and gonadal lineages, and between subclusters in pairs,
were computed with a MAST test (FindMarkers function from Seurat), resulting in 1,737 differentially expressed genes. Genes were
grouped according to their expression similarities, allowing the identification of specific expression patterns along pseudotime by
hierarchical clustering using spearman distance (k-means = 22, method = Ward.D2). Gene ontology enrichment analysis of biological
processes was performed on each gene profile using ClusterProfiler (v4.1). Gene groups have been manually ordered to improve the
visualization of the sequentially enriched profiles in either path.
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For lineage reconstruction of the mesodermal derivatives, we removed erythroblasts/erythrocytes (clusters 44, 45, 49), hemato-
poietic progenitors (cluster 46), germ cells (clusters 5, 18, 25, 48), neural/sympathoadrenal cell types (clusters 28, 29, 31, 34, 41,
42, 47) and notochord (cluster 51), resulting in a dataset of 59,619 cells. Connectivities between clusters were estimated as described
above using PAGA.

Transcriptomic atlas annotation

Differential expression analysis on the 52 clusters for the complete dataset, or on the 8 subclusters of the subset, was calculated with
a Mann-Whitney-Wilcoxon test (FindAlIMarkers function from Seurat). Cluster-specific or -enriched genes were cross referenced
with published cell type markers (highlighted in yellow in Table S1). Cell type annotation was done based on marker gene expression,
developmental age, sex and sample type.

ADDITIONAL RESOURCES

We provide an interactive web portal to explore our annotated single-cell adrenogonadal atlas (https://Imedapp731.unige.ch/
dataset02/). This provides researchers the possibility to query for their genes of interest per cell types, age, and sex.
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