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SUMMARY
In the early fetal stage, the gonads are bipotent and only later become the ovary or testis, depending on the
genetic sex. Despite many studies examining how sex determination occurs from biopotential gonads, the
spatial and temporal organization of bipotential gonads and their progenitors is poorly understood. Here, us-
ing lineage tracing in mice, we find that the gonads originate from a T+ primitive streak through WT1+ poste-
rior intermediate mesoderm and appear to share origins anteriorly with the adrenal glands and posteriorly
with themetanephric mesenchyme. Comparative single-cell transcriptomic analyses inmouse and cynomol-
gus monkey embryos reveal the convergence of the lineage trajectory and genetic programs accompanying
the specification of biopotential gonadal progenitor cells. This process involves sustained expression of
epithelial genes and upregulation of mesenchymal genes, thereby conferring an epithelial-mesenchymal
hybrid state. Our study provides key resources for understanding early gonadogenesis in mice and primates.
INTRODUCTION

The formation of sexual dimorphism involves critical and perva-

sive events in sexually reproducing animals, thereby ensuring

reproductive success. The gonads play a central role in such

processes, because their differentiation into either ovaries or

testes subsequently dictates the overall sex characteristics of

the individual by regulating development of the external and in-

ternal sex organs and the brain via sex hormones (Capel, 2017;

Yang et al., 2018). The embryonic gonads initially form as sexu-

ally bipotent structures known as genital ridges (GRs), which

consist of GR progenitor cells (GPCs). Subsequently, the Y-

linked sex-determining gene SRY, expressed in XY gonads,

endows testicular characteristics, whereas WNT4/RSPO1/

b-catenin signaling in XX gonads induces ovarian development.

Although most previous studies have focused on the cellular,

genetic, and epigenetic cues that direct the formation of gonadal

sexual dimorphism from GRs (Capel, 2017), the ontogeny of bi-

potential gonads and the accompanying molecular events

driving their development remain poorly understood, particularly

in humans and non-human primates. The formation of the GR
This is an open access article und
starts around embryonic day (E) 10.5 through the proliferation

of the coelomic epithelium (CE) at the ventromedial aspect of

mesonephros, a process that appears to be accompanied by

the dissolution of basement membranes and the epithelial-to-

mesenchymal transition (EMT) (Karl and Capel, 1998; Kusaka

et al., 2010; Yang et al., 2018). Prior studies have identified key

genetic determinants of nascent GR formation, including

Gata4, Nr5a1, Lhx9, Emx2, Six1/4, Cbx2, and Tcf21 (Birk et al.,

2000; Cui et al., 2004; Fujimoto et al., 2013; Hu et al., 2013; Ku-

saka et al., 2010; Luo et al., 1994; Miyamoto et al., 1997). Muta-

tions in these genes result in gonadal depletion/hypoplasia.

Among them, GATA4 marks most nascent GPCs that emerge

at the CE �E10.0, and activation of LHX9 and NR5A1 are

required to fully specify GRs (Hu et al., 2013). However, the

developmental origin of GATA4+ GPCs and the cellular trajec-

tories leading to GPCs from their progenitors remain unknown.

Analyses ofmutant mice have revealed that genetic ablation of

Wt1, Osr1, or T leads to loss of gonads, adrenal glands, meso-

nephros, and metanephros (i.e., the kidneys), suggesting that

these genes are expressed in the ontogenic ancestries of

GPCs and that these organs share a developmental origin at
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the early mesodermal stages (Chesley, 1935; Kreidberg et al.,

1993; Wang et al., 2005). Although these genes are broadly ex-

pressed in various mesodermal derivatives and the primitive

streak (PS), when and where these genes are activated in GPC

progenitors remain unknown. To fill these knowledge gaps, we

used lineage tracing ofWt1, Osr1, or T, combined with immuno-

histochemistry and single-cell RNA sequencing (scRNA-seq), to

spatially and temporally map the ontogenic ancestries of GPCs

and related organs at high resolution, thus providing resources

and knowledge for understanding mammalian gonadogenesis.

RESULTS

Descendants of T+ cells contribute to the gonads and
related organs in a temporally distinct manner
In vertebrate embryos, the body axis progressively extends dur-

ing development in an anterior to posterior direction, such that

new tissues are continuously deposited at the posterior end

and are fueled by proliferating T+ progenitors residing in the

PS, from which the anterior mesodermal organs exit early and

posterior organs exit late (Deschamps and Duboule, 2017; Taka-

sato and Little, 2015).

In the early development of human, cynomolgus monkey, and

mouse embryos, a spatially distinct distribution along the ante-

rior-posterior (AP) axis was observed for the adrenal glands, go-

nads, mesonephros, and kidneys. The gonads and overlying

mesonephros were the most elongated organs along the AP

axis, with the anterior end overlapping with the adrenal glands

and the posterior end overlapping with the metanephric mesen-

chyme (MM) (Figure 1A). We hypothesized that the AP regional-

ization of the gonads and related organs would reflect their

timing of exit from the PS. Whole-mount immunofluorescence

(IF) revealed T+ PS cells along the midline of posterior embryos
Figure 1. Descendants of the T+ primitive streak contribute to the gon

(A) Bright-field images of the gonads (red), adrenal glands (yellow), mesonephro

omolgus monkeys (E36), and mice (E12.5) are shown with topological orientation

(B) Whole-mount IF images for T in embryos at the indicated stages (embryos n =

(right). Scale bar, 100 mm.

(C) Schematic for the lineage tracing of T+ descendants.

(D) Bright-field and fluorescence images (for tdTomato, red) of embryos at E15

(embryos n = 9, 10, 11, and 6 for E6.5, E7.5, E8.5, and E9.5, respectively). As a cont

bar, 1 mm.

(E) Bright-field and fluorescence images (for tdTomato, red) of testes/ovaries (wi

tracing for T, as in (C). Testes/ovaries/mesonephros are oriented from anterior (le

Arrowheads indicate mesonephros (red), testes/ovaries (yellow), adrenal glands

(F) Bright-field and fluorescence images of a testis/mesonephros (left) and a kidne

at E9.5. Images were taken with a longer exposure time than those in (E). Scale

(G) Diagram of the coronal sections taken for histologic studies as in (H), (I), and

(H) Representative coronal sections of testes/ovaries/mesonephros at E15.5 after

and 4 [male] and 2, 2, and 2 [female], respectively). Fluorescence images for tdT

(I) Representative coronal sections of adrenal glands and kidneys at E15.5 after lin

and KRT8 (green) at the indicated stages (embryos n = 4, 3, 2, 5, 6, 6) marks adren

kidneys, respectively. Merged images with tdTomato (red) and DAPI are shown.

(J) IF images of coronal sections of ovaries and testes at E15.5 after lineage tracin

2, 3, 4, 2 [male]; 2, 1, 2, 2, 1 [female]). For E6.5 and E8.5 embryos, both anterior (E

are shown. Markers of Sertoli cells (AMH), pregranulosa (FOXL2), Leydig cells (

(white), are shown. Scale bar, 20 mm.

(K) Percentage of tdTomato-positive cells in the indicated cell types at E15.5. 4O

mesonephros (WT1) were used, together with the markers used in (I) and (J).

See also Figure S1.
during E7.0–E7.5; after E8.5, more restricted localization was

observed at the posterior end, previously termed the posterior

growth zone (Figure 1B) (Deschamps and Duboule, 2017). To

determine the contribution of T+ PS cells to the gonads and

related organs at specific developmental time points, we traced

the lineage of the descendants of T+ PS cells at the associated

developmental stages (Figures 1C and 1D; STAR Methods).

Interestingly, 4-hydroxytamoxifen (4OHT) injection at E6.5,

which was expected to label T+ PS cells �E6.5–E7.0, showed

that the contribution of the descendant cells was restricted to

the anterior half of the gonads (testis and ovary)/mesonephros,

as well as the entire adrenal glands at E15.5, with minimal contri-

bution to the kidneys (Figure 1E). In contrast, 4OHT injection at

E8.5 labeled only the posterior half of the gonads and meso-

nephros, as well as the entire kidney, without significantly label-

ing adrenal glands (Figures 1E, 1G, and 1H). These data

confirmed, at the tissue level, that the early PS contributes to

the anterior organs (adrenal glands and the anterior half of the

gonads/mesonephros), whereas the late PS contributes to the

posterior organs (kidneys and the posterior half of the gonads/

mesonephros). When 4OHT was injected at E9.5, the contribu-

tion of T+ descendent cells was restricted to the posterior half

of the kidneys, albeit weakly, whereas essentially no contribution

was seen in other tissues (Figure 1F). These data suggest that the

posterior kidney is derived from T+ descendant cells that remain

in the PS until a late stage of development, when the T+ descen-

dants that contribute to other organs have already exited the PS

and initiated mesodermal differentiation.

We next evaluated the contributions of labeled T+ descen-

dants at the cellular level (Figures 1G–1K). The contribution of

T+ descendants to all major somatic cell types in the testes

and ovaries exhibited kinetics similar to that observed at the tis-

sue level (Figures 1H–1K). In the kidneys, the KRT8+ ureteric bud
ads and related organs in a temporally distinct manner

s (blue), and kidneys (white) in embryos from humans (8 weeks, 5 days), cyn-

maintained. Scale bar, 0.5 mm.

7, 8, 5, and 4). E7.0–E8.5 embryos are oriented from anterior (left) to posterior

.5 after lineage tracing for T through 4OHT injection at the indicated stages

rol, oil was injected in the dams during pregnancy at E8.5 (embryos n = 3). Scale

th attached mesonephros), kidneys, and adrenal glands at E15.5 after lineage

ft) to posterior (right) (embryos n = 2, 2, 3, 4, 2, 2 [male]; 2, 1, 2, 2, 1, 1 [female]).

(blue), and kidneys (green). Scale bar, 1 mm.

y/adrenal gland (right) at E15.5 after lineage tracing for T through 4OHT injection

bar, 1 mm.

(J).

lineage tracing for T by 4OHT injection at E6.5, E7.5, and E8.5 (embryos n = 2, 3,

omato (red) merged with DAPI (white). Scale bar, 100 mm.

eage tracing for T, as in (C). Immunofluorescence (IF) staining for NR5A1, SIX2,

al gland cells, metanephric mesenchyme (MM), and the ureteric bud (UB) of the

Scale bar, 100 mm (top row) or 20 mm (middle and bottom rows).

g for T, as in (C). The 4OHT was injected at the indicated stages (embryos n = 2,

6.5A and E8.5A) and posterior (E6.5P and E8.5P) portions of the testes/ovaries

HSD3b), and stroma (NR2F2) (green), merged with tdTomato (red) and DAPI

HT was injected at the indicated time point. Markers of germ cells (DDX4) and
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(UB) showed labeling patterns distinct from those of the MM. For

example, when 4OHT was injected at E8.5, only the MM was

labeled, whereas no labeling was observed in the UB in E15.5

kidneys; this suggested that the UB progenitor cells had already

exited the PS and lost T expression at E8.5, whereas the MM

progenitor cells remained within the T+ PS (Figures 1H and 1J)

(Taguchi et al., 2014). The gonads exhibited an intermediate

contribution pattern between those of UB/adrenal glands (no/

very low contribution) and those of MM (�100% contribution):

�50% of the gonadal somatic cells and mesonephros were

derived from T+ descendants labeled by E8.5 4OHT injection,

thus suggesting that their origin spans both early and late PS

(Figures 1H–1J). Altogether, our data provide overall support

for our hypothesis that the temporal sequence of exit from the

PS translates to position along the AP axis.

Transition of T+ PS cells into OSR1+ intermediate
mesoderm/lateral plate mesoderm progenitors
The gonads, mesonephros, adrenal glands, and kidneys are

composed of descendant cells that express OSR1, a broad

marker of the intermediatemesoderm (IM), lateral platemesoderm

(LPM), and their derivatives (James et al., 2006; Mugford et al.,

2008; Taguchi et al., 2014; Wang et al., 2005). Osr1 promoter ac-

tivity started after E8.0 in bilateral streak-like structures along the

APaxisof embryosandpersisteduntil E9.5 (FigureS1A).ByE10.5,

the Osr1 activity was mostly lost except at a few regions (Fig-

ure S1A). IF studies indicated that T+ PS cells gradually lost T

and acquired OSR1-EGFP as they moved ventrally and anteriorly

from the PS/posterior growth zone, thus forming the putative pro-

genitors of the IM/LPM (Figures S1B–S1D).

A lineage tracing study revealed the broad distribution of

OSR1+ descendants in the trunk of embryos, in agreement

with their contributions to IM and LPM derivatives (Figures S1E

and S1F). Further inspection of OSR1+ descendants at the tissue

level showed contribution dynamics similar to those of T+ de-

scendants, albeit with delayed kinetics (Figure S1G). These re-

sults suggested that T+ descendants sequentially activate Osr1

across the developmental time course as they exit the PS and

contribute to generation of the gonads and related organs.

The gonads originate from WT1+ posterior intermediate
mesoderm
Previous studies have shown that the gonads are derived from

WT1+ CE present at the ventromedial aspect of the meso-

nephros (Bandiera et al., 2013; Hu et al., 2013). However, the

origin of such CE remains unclear. Whole-mount IF revealed

that WT1 expression was first detected at E9.0 (�13 somites

[SMs]) as a short streak of cells present at the ventral aspect of

the posterior SM (Figure 2A). Strong expression was also

observed in the proepicardium, as reported previously (Zhou

et al., 2008). Central cross sections of the WT1+ structures re-

vealed that WT1+ cells co-expressing SALL1 and SALL4 were

localized at the IM (Figures S2A–S2D). WT+ IM was encom-

passed by the OSR1-EGFP+ regions but excluded from both

the FOXF1+ LPM and a posteriorly extending LHX1+ Wolffian

duct (WD), a derivative of the anterior IM (AIM) that is known to

be specified �E8.5 at the pronephric region (Figures S2A and

S2B) (Taguchi et al., 2014). These data suggest that WT1+ IM
4 Cell Reports 35, 109075, May 4, 2021
represents the posterior IM (PIM), which is specified as a lineage

distinct from the AIM or LPM as early as E9.0. Concomitantly

with body axis elongation, WT1+ regions extended along the

AP axis, and WT1 expression increased in the anterior direction

(Figures 2A and 2B). Cross sections revealed that WT1+ cells

initially localized at the IM and expanded ventrolaterally as a

continuous mass while increasing cell number, thus forming

the early CE (ECE), which by E10.5 expanded to encompass

the entire urogenital ridge consisting of CE containing

NR5A1+WT1+ GPCs and underlying NR5A1�WT1+ meso-

nephros (Figures 2C and S2D–S2F).

We next explored the spatial and temporal dynamics of GPC

specification in WT1+ cells. Whole-mount IF at different stages

revealed that NR5A1+GATA4+ GPCs emerged at E10.0 at the

anterior end ofWT1+ CE, whereas patchy NR5A1+ cells emerged

within the diffusely GATA4+ CE, thus suggesting that GATA4may

be upregulated earlier than NR5A1 in the CE (Figures 2D and 2E)

(Hu et al., 2013). Thereafter, GPCs extended in the posterior di-

rection while increasing their thickness and extending to two-

thirds the length of the entire WT1+ CE/mesonephros by E11.0

(Figure 2D).

Comparison of cross sections from anterior and posterior re-

gions of embryos at E9.0 or E10.5 revealed that anterior regions

exhibited more developmentally mature features (i.e., the emer-

gence of WT1+ ECE at E9.0 or the thickening of NR5A1+ GPCs at

E10.5) (Figures S2D–S2F). Overall, these results support IM

development progressing in the AP direction, which is consistent

with prior literature (Brambell, 1927; Hu et al., 2013).

Anterior and posterior gonads are formed by temporally
distinct WT1+ descendants
To corroborate our IF analysis, we performed lineage tracing of

WT1+ descendants (Figure 3A). To ensure specific labeling of

WT1+ PIM at E9.0, not their descendants (i.e., CE), we injected

the 4OHT 24 h earlier than the time at which WT1+ PIM first

emerges.

4OHT injection at E8.0 did not result in overt labeling of tissues

at E15.5. However, when 4OHT was injected at E8.5 and E9.5,

strong and specific labeling was observed at the region repre-

senting the gonads/mesonephros/adrenal glands at E15.5, indi-

cating that in contrast to OSR1+ descendants, WT1+ descen-

dants have limited developmental potential (Figure 3B). Indeed,

with the exception of the epicardium, most other internal organs

of either mesodermal or endodermal origins were not labeled

(Figures 3B, 3C, and S3A). At the tissue level, WT1+ descendants

labeled by E8.5 4OHT injection contributed to the anterior go-

nads/mesonephros, as well as the adrenal glands (Figure 3C).

The contribution of the WT1+ descendants to the posterior go-

nads/mesonephros or the kidneys occurred when 4OHT was in-

jected at E9.5 or E10.5 onward, respectively (Figure 3C). These

results are in overall agreement with those obtained from T-

and OSR1-lineage tracing, and suggest that early and late

WT1+ descendants contribute to the anterior and posterior PIM

derivatives, respectively.

Histologic quantification of the lineage-traced cellular constitu-

ents in E15.5 embryos revealed that most gonadal somatic cells,

including surface (coelomic) epithelium, were WT1+ descendants

labeled by 4OHT injection during E8.5–E9.5 (Figures 3D–3F and
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B Figure 2. The gonads originate from WT1+

posterior intermediate mesoderm

(A) Whole-mount IF images of WT1 (red) and

OSR1-EGFP (green) in embryos at E8.5, E9.0, and

E9.5, merged with DAPI (white) (embryos n = 2, 11,

and 5, respectively). Scale bar, 100 mm.

(B) Lengths of WT1+ regions along the AP axis for

embryos at E8.5 (circle), E9.0 (triangle), and E9.5

(square) and their somite numbers, as in (A).

(C) IF on the transverse sections of embryos at the

indicated stages for WT1 (green) merged with

DAPI (white) (left) or DAPI and NR5A1 (red) (right)

(embryos n = 3, 2, and 2 for E9.0, E9.5, and E10.5,

respectively). The sections were obtained from the

centers ofWT1+ regions along the AP axis, and the

magnified images of the coelomic angles are

shown, oriented dorsal (up) to ventral (down) and

medial (left) to lateral (right). Scale bar, 50 mm.

(D) Whole-mount IF images for WT1 (red) merged

with DAPI (white), NR5A1 (green), and GATA4

(cyan) in embryos at the indicated stages (em-

bryos n = 3, 7, 5, 2). Embryos are oriented poste-

rior (left) to anterior (right). Scale bar, 500 mm.

(E) Magnified images of an E10.0 embryo for

NR5A1 (green), WT1 (red), and GATA4 (cyan)

merged with DAPI, as in (D) with a slightly different

plane on the z axis. Coelomic epithelium with un-

derlying mesonephros. Scale bar, 100 mm.

See also Figures S1 and S2.
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S3B). IF on embryos at E10.5 (4OHT injected at E8.5) showed that

WT1+ descendants labeled by this 4OHT treatment specifically

contributed to the mesonephric stroma; overlying CE, including

NR5A1+GPCs; and to a lesser extent, themesenteric stroma (Fig-

ure 3G). Altogether, these observations support the notion that

WT1+ PIM contributes to gonadal lineages via CE. The contribu-

tion ofWT1+ descendants tomesonephric cells and gonadal cells

showed similar dynamics (Figures 3F, S3C, and S3D). In the kid-

neys, the contribution of WT1+ descendants to the MM started at

E9.5 and peaked at E10.5, whereas UBs were not populated by

WT1+ descendants at any developmental time point.
Cells with gonadal ancestry do not
express SIX2
Previous studies have suggested that at

E9.5, SIX2 is expressed in a portion of

the IM, which has limited nephrogenic

potential according to ex vivo culture as-

says (Taguchi et al., 2014). We observed

scattered SIX2+ cells within OSR1-

EGFP+WT1+ PIM at E9.5 (Figure S3E).

To determine whether SIX2+ PIM cells

are already committed to a nephrogenic

fate or have the potential to differentiate

into gonadal/adrenal gland lineages, we

trace the fate of SIX2+ descendants.

Remarkably, the descendants of SIX2+

cells labeled by 4OHT injection at E9.0

or E9.5 did not contribute to the gonads

or adrenal glands. Instead, these cells

contributed to a small portion of the
mesonephros, thus suggesting that commitment to the meso-

nephros occurs in a portion of the SIX2+ PIM (Figure S3F). The

kidneys were populated by SIX2+ descendants labeled by

4OHT injection at E9.5 or E10.5 (Figure S3F) (Self et al., 2006).

Transcriptomic changes accompanying GPC
specification from the PIM
We next determined the transcriptomic changes accompanying

the specification and early development of GPCs (Figures S4A–

S4C; STARMethods). Because our interest was inGPCspecifica-

tion, not sexdetermination,we focusedonanalysisof femalecells.
Cell Reports 35, 109075, May 4, 2021 5
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Unsupervised hierarchical clustering (UHC) revealed five

distinct cell clusters: Eya1+/Osr1+/Wt1+/Sall1+ mouse PIM

(mPIM)/ECE (Figures 2C and S2A–S2C) (James et al., 2006; Sa-

jithlal et al., 2005; Taguchi et al., 2014), Gata4+/Nr5a1+/Lhx9+

mouse GPCs (mGPCs) (Birk et al., 2000; Hu et al., 2013; Luo

et al., 1994), Maf+/Tcf21+/Col6a2+ mouse gonadal stroma

(mST) (Stévant et al., 2018, 2019), Rspo1+/Wnt4+/Runx1+ mouse

pregranulosa early (mpGrE) and mouse pregranulosa late

(mpGrL) (Niu and Spradling, 2020; Stévant et al., 2019) (Figures

4A–4C). Principal-component analyses (PCAs) revealed contin-

uous lineage trajectories of these distinct clusters. The PIM/

ECE first transitioned into mGPCs by increasing the principal

component (PC)3 scores (Figures 4B and S4D). During this tran-

sition, mPIM/ECE genes (e.g.,Osr1, Eya1, andSall1) were down-

regulated, and genes involved in early gonadogenesis (e.g.,

Nr5a1, Gata4, Lhx9, and Zfpm2) were upregulated (Figures 4C

and S4H). After specification of mGPCs, the lineage bifurcated

and became either mST or pregranulosa lineages (mpGrE and

mpGrL) (Figures 4B and S4D). The transcriptomes of mGPCs

were closer to those of mST than mpGrE (Figure S4F), and

mGPCs had already started to show upregulation of many stro-

mal markers (e.g.,Maf, Tcf21, and Col6a2), thus suggesting that

GPC specification may accompany EMT-like changes (Figures

4A, 4C, and S4H). For mST lineage progression, we identified

279 genes with significantly positive scores for PC1 loading

(SD > 2) (mST genes) that were enriched in Gene Ontology

(GO) terms such as ‘‘proteinaceous extracellular matrix’’ and

‘‘male gonad development’’ (Figure 4D). For pregranulosa line-

ages that progressed from the PIM/ECE toward mpGrL via

mGPCs, we found 391 genes with significantly positive scores

for PC1 loading (pregranulosa genes) that were enriched in GO

terms such as ‘‘lipid metabolic process’’ or ‘‘epithelial differenti-

ation,’’ in agreement with previous studies (Figure 4E) (Niu and

Spradling, 2020; Stévant et al., 2019).

The 726 differentially expressed genes (DEGs) upregulated in

mPIM/ECE included Hox genes and genes involved in WNT

signaling (Figure S4G; Table S1). The 366 DEGs upregulated in

mGPCs were enriched in GO terms such as ‘‘cell division,’’
Figure 3. Lineage tracing of WT1+ descendants

(A) Scheme for lineage tracing of WT1+ descendants.

(B) Bright-field and fluorescence images for tdTomato in embryos at E15.5 after lin

(embryos n = 10, 5, 4, 5), as illustrated in (A). Scale bar, 1 mm.

(C) Bright-field and fluorescence images of testes/ovaries (with attachedmesonep

1, 5, 2 [male]; 5, 3, 3, 3, 2 [female]). As a control, oil was injected at E8.5 (embryo

(D) IF images of sections for ovaries and testes at E15.5 after lineage tracing forWT

(embryos n = 5, 2, 1, 5, 2 [male]; 5, 3, 3, 3, 2 [female]). Markers of Sertoli cells (AMH

(white), are shown. The anterior portions of gonads are shown for embryos with

(E) IF images of ovaries and testes at E15.5, as shown in (D), highlighting the diff

(F) Percentage of tdTomato-positive cells in the indicated cell types at E15.5; 4OH

Figure 1J were used.

(G) Images of E10.5 embryos; 4OHT was injected at E8.5 to trace the lineage of W

merged with a bright-field image (top center), and the transverse sections at the

shown. Low-magnification images of coelomic angles at level A for tdTomato (re

images at level A for NR5A1 (green) and tdTomato (red) merged with DAPI are sh

with DAPI at levels A, P, and MM are shown at the bottom, with the percentage

indicate wolffian duct and coelomic surface, respectively. Ao, aorta; Co, coelom

ureteric bud. Scale bar, 100 mm.

(H) Model for AP regionalization of PIM derivatives.

See also Figure S3.
thereby suggesting that mGPCs are highly proliferative (Figures

S4G and S4H; Table S1). Overall, these data revealed the tran-

scriptional properties of mGPCs and delineated the lineage pro-

gression of mGPCs and their derivatives from mPIM/ECE.

The ontogeny of GPCs in primates
We next explored the spatial and temporal dynamics of GPC

specification in primates. To this end, we first used human

induced pluripotent stem cell (hiPSC)-based induction of MM

(Taguchi et al., 2014), which appears to share early mesodermal

ancestry with GPCs (Figures 1E, 1K, 3C, 3F, and S1G). OSR1-

EGFP knockin hiPSCs showed gradual downregulation of

POU5F1, a marker of pluripotency, and sequential upregulation

of T (day 3), OSR1 (day 5), and WT1 (day 7) (Figures 5A and

5B), thus suggesting that the specification of WT1+ PIM may

be conserved between mice and humans.

We next set out to determine the spatial and temporal dy-

namics of WT1+ PIM specification in vivo using cynomolgus

monkey embryos. Serial sections of a E23 embryo (Carnegie

stage [CS] 10) revealed a distinct cluster of cells, which were

diffusely LHX1+ and focally PAX2+ (Figures S5A and S5B) but

WT1� (Figure 5C) and therefore represented cynomolgus mon-

key AIM (cAIM). Notably, the cells were FOXF1�, in contrast to

the LPM, thus suggesting the segregation of the AIM from the

LPM both morphologically and immunophenotypically at this

stage (Figure S5B).

WT1+ PIM first emerged at E24 (n = 2, CS11) as an anatomi-

cally distinct structure between the PM and the LPM (Figure 5C).

The PIM was distinguishable from the AIM by no/very weak

expression of AIM markers (Figure S5C). Similar to the AIM,

the PIM was clearly demarcated from the FOXF1+ LPM (Fig-

ure S5C). Serial transverse sections revealed that the AIM was

localized anteriorly and the PIM was localized posteriorly with

some overlap at the center, where the AIM was lateral to the

PIM (Figure 5D). At E26 (n = 2, CS11, CS12), the AIM and PIM

ran in parallel along the AP axis, probably as a result of the pos-

terior extension of the AIM (Figure S5D) (Grote et al., 2006). At

this stage, the AIM acquired the epithelial marker CDH1, thereby
eage tracing of WT1+ descendants with 4OHT injection at the indicated stages

hros) or kidneys/adrenal glands at E15.5, as illustrated in (A) (embryos n = 5, 2,

s n = 3 [male]; 2 [female]). Scale bar, 1 mm.

1+ descendants, as illustrated in (A). 4OHTwas injected at the indicated stages

) or pregranulosa cells (FOXL2) (green), merged with tdTomato (red) and DAPI

4OHT injection at E8.5. Scale bar, 50 mm.

use tdTomato expression in FOXL2� surface (coelomic) epithelium.

T was injected at the indicated time point. To identify cell types, the markers in

T1+ descendants (embryos n = 2). Fluorescence images for tdTomato (top left),

indicated levels (A, anterior; P, posterior; MM, metanephric mesenchyme) are

d) merged with DAPI (white) are shown at the top right, and high-magnification

own in the second row. IF images for WT1 (green) and tdTomato (red) merged

of tdTomato+ cells among WT1+ cells indicated. Arrowheads and dotted lines

; Me, dorsal mesentery; MM, metanephric mesenchyme; NT, neural tube; UB,
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Figure 4. Transcriptomic changes accompanying mGPC specification from mPIM/ECE

(A) UHC (log2[RPM{reads per million-mapped reads}+1] R 6 in at least one sample among 128 cells, 14,288 genes) and a heatmap of the levels of selected

marker genes. Color bars under the dendrogram indicate embryonic days (top) and cell types (bottom). mPIM/ECE, mouse posterior intermediate mesoderm/

early coelomic epithelium; mGPCs, mouse GR progenitor cells; mST, mouse gonadal stroma; mpGrE, mouse pregranulosa early; mpGrL, mouse pregranulosa

late.

(B) PCA of all cells, as in (A). The cells (color coded as in A: left, cell types; right, embryonic days) are plotted in two-dimensional space defined by PC1 and PC2.

(C) Violin plots showing the expression of knownmarkers of the indicated cell types/process (top) or genes upregulated in the indicated cell types, compared with

others, as revealed by DEG analysis in Figure S4G.

(D and E) PCA showing the lineage trajectory for the stromal lineage (D) or pregranulosa lineage (E) (top), and heatmap of the expression of genes defined as highly

contributing to the PC1 axis for each PCA plot (PC1 > 2 SD) (bottom). Cells in the heatmap were ordered by scores for PC1 loading. Representative genes and key

GO enrichments are shown (bottom right).

See also Figure S4.
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Figure 5. The ontogeny of GPCs in primates

(A) Induction of MM from hiPSCs by 3D spheres. Induction schemes (top) and the percentage of OSR1-EGFP+ cells as detected by flow cytometry on the

indicated days. Representative plots of two biological replicates are shown.

(B) Quantitative PCR (qPCR) analysis of the expression of key genes in cDNA generated from bulk spheres at the indicated time point during MM induction, as in

(A). DCt values were calculated by subtraction of the raw Ct values of each gene (mean value of two biological replicates) from the averaged Ct values of the

housekeeping genes ARBP and PPIA.

(C) Schematic of IF of cynomolgus monkey embryo sections (upper left) and transverse sections obtained from cynomolgus monkey embryos at the indicated

stages (embryonic days and Carnegie stages, embryos n = 1 [E23], 2 [E24], 2 [E26], 2 [E30]). WT1 (green) merged with DAPI (white) is shown. For the E30 section,

magnified IF images of the dotted regions further merged with GATA4 (red) are shown. Scale bar, 20 mm.

(legend continued on next page)
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suggesting that differentiation into the WD had occurred (Fig-

ure S5E) (Grote et al., 2006). The anterior regions (CS11) or

midsections (CS12) of E26 embryos showed the PIM extending

ventrolaterally and forming ECE, similar to the findings in mice

at E9.5 (Figures 5C, S5D, and S5F). Likewise, within the same

embryos at E26, differences in PIM maturation were observed;

more anterior sections showed increased lateral ECE extension

(Figures S5D and S5F). The posterior ends of embryos at E26

showed a T+ caudal eminence (Figure S5F) corresponding to

the posterior growth zone in mice (Figure 1B) (M€uller and O’Ra-

hilly, 2004), thus suggesting ongoing mesodermal specification.

By E28, WT1+ cells formed mesospheric stroma, mesonephric

tubules connected to WDs, and CE entirely covering the urogen-

ital ridge (Figure 5E). CE with early gonadal features first emerged

asWT1+GATA4+NR5A1� cells at E30 (CS14) (Figures 5C and 5D).

At E31 (CS15), more mature WT1+GATA4+NR5A+ cells emerged

within the WT1+GATA4+ CE at anterior cross sections (approxi-

mately two SMs beneath the forelimb bud) (Figure S5G). The for-

mation of histologically recognizable GRs started focally in one

embryo at E31 (CS15) (Figure 5H) and more diffusely in all em-

bryos at E32 (CS16) (Figures 5E–5G and 5J), as revealed by nu-

clear overlapping and fragmentation of basement membranes

suggestive of EMT-like changes (Figures 5G–5J). Interestingly,

we observed expression of KRT19 (an intermediate filament and

epithelial marker) throughout GPC development; KRT19 was ex-

pressed somewhat weakly in the PIM (E24) and strongly in CE/

GPCs during E30–E32 (Figures S5H and S5I). Further IF profiling

of GPCs at E31/E32 revealed that GPCs also expressed KRT18

(an epithelial marker) and VIM (a mesenchymal marker). CDH1,

a canonical epithelial marker, was not expressed in GPCs, CE,

or PIM (Figures S5H and S5I). Altogether, our results indicated

that GPCs acquired an epithelial-mesenchymal hybrid state

through EMT-like morphogenetic changes.

Lineage trajectory of cGPCs
We next sought to understand the lineage trajectory of cynomol-

gus monkey GPCs (cGPCs) and the accompanying transcrip-

tional changes. We focused on GPC specification and therefore

used only female embryos. Female-specific gene expression, as

marked by FOXL2 (Georges et al., 2013), started �E40 (CS19)

(Figure S6A); consequently, we used embryos at E28 (CS13),

E31 (CS14), and E37 (CS18) for the collection of cGPCs and/or

cynomolgus monkey CE (cCE) and E24 embryos for the collec-

tion of cynomolgus monkey PIM (cPIM)/ECE (Figures S6A–

S6D; STAR Methods).
(D) (Top) Bright-field image of a cynomolgus monkey embryo at E24 (CS11) (lef

sections were obtained (embryos n = 2). Scale bar, 1 mm. (Bottom) Transverse

GATA3 (red) and with DAPI (white) (left), and schematic showing the regions with

(E) IF images of the coelomic angles (E28–E32) or the ovaries (E51) at the indicat

(white) (embryos n = 2, 2, 2, 2, 1). Scale bar, 100 mm.

(F) IF of E32 GR stained for LHX9 (green) and NR5A1 (red) merged with DAPI (wh

(G) H&E-stained sections showing the coelomic angles of cynomolgus monkey e

(H) IF image of nascent GR at E31 for WT1 (green) and GATA4 (red) merged w

WT1+GATA4+ GPCs (embryos n = 2). Scale bar, 50 mm.

(I) IF image of the coelomic angle at E28, with staining for laminin (green) and DAP

basement membranes of the coelomic epithelium. Co, coelom; MT, mesonephri

(J) IF image of GR at E32 for laminin (green) andNR5A1 (red) mergedwith DAPI (wh

disruption. Scale bar, 100 mm. See also Figure S5.
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Of the �27,585 cells for which transcriptomes were available,

27,156 cells remained for downstream analysis after removal of

low-quality cells (Figures S6D and S6E). By profiling the expres-

sion of knownmarker genes in a uniformmanifold approximation

andprojection (UMAP) plot, we identified 13clusters (Figures 6A–

6C; TableS2). Clusters 6–10were tight and continuous, thus sug-

gesting a close ontological relationship (Figure 6A). All clusters

except cluster 6were strongly positive forWT1 and consequently

appeared to be derivatives/close kin of WT1+ PIM (Figure 6B).

Accordingly, cluster 9 expressed OSR1, EYA1, and HOXA9,

markers of mPIM/ECE (Figures 4A and S4H), and consisted pre-

dominantly of cells fromE24/E28; consequently it was annotated

as cPIM/ECE (Figures 6A–6C). To the left of cPIM/ECE, three

clusters were identified (Figure 6A). Cluster 6 expressed

CALB1, LHX1, and GATA3, markers of the AIM (Figures S2B

and S5A–S5E); consequently, it was annotated as cAIM/WD.

Cluster 7 expressed HES4, JAG1, and DLL1, markers of renal

vesicle/S-shaped bodies, and cluster 8 expressed NPHS2 and

PODXL, markers of podocytes; therefore, these clusters were

termed cynomolgus monkey mesonephric early progenitors

(cMS-EPs) and cynomolgus monkey mesonephric podocytes

(cMS-PODs), respectively (Figures 6B and 6C). To the right of

cluster 9, cluster 10 contained cells expressing LHX9, TBX18,

and NFIA, indicative of CE/gonadal differentiation, and were

tentatively annotated as cPIM derivatives (cPIM-Der) for further

in-depth analyses, as described later (Figures 6A–6C).

To delineate the lineage progression of cGPCs, we focused

our analyses on clusters 9 and 10. Re-clustering of these two

clusters revealed KRT19+ and KRT19� populations (Figure 6E;

Table S2). Among the KRT19� clusters, cluster 9/10-3 ex-

pressed the nephrogenic stromal markers TGFBI and FOXD1

(Combes et al., 2019; Li et al., 2014) and therefore likely

represented mesonephric stroma; this cluster was named cyno-

molgus monkey mesonephric stroma (cMS-ST). Another

KRT19� cluster, 9/10-4, strongly expressed STAR, a marker of

the adrenal gland lineage, and consequently was named cyno-

molgus monkey fetal adrenal gland (cAD). Given our IF results

showing that GPCs and their ancestries were KRT19+, we

focused on KRT19+ clusters (9/10-1 and 9/10-2) for further anal-

ysis. Re-clustering analysis of the KRT19+ population revealed a

continuous lineage trajectory (Figure 6F). One end of the trajec-

tory was cluster 1/2-1, which expressed OSR1, EYA1, and

HOXB9, and consequently was (re)annotated as cPIM/ECE. On

the opposite end of the trajectory was cluster 1/2-3, which ex-

pressed GATA4, GATA6, and LHX9, suggestive of a GPC
t, posterior; right, anterior) indicating the approximate planes (a–f) where the

sections of the embryos at the indicated planes, stained for WT1 (green) and

the AIM and/or PIM present (right). Scale bar, 100 mm.

ed stages for WT1 (green), NR5A1 (red), and GATA4 (cyan) merged with DAPI

ite) (embryos n = 1). Scale bar, 100 mm.

mbryos at the indicated stages (n = 1 for each stage). Scale bar, 50 mm.

ith bright-field images, highlighting the crowding and pseudostratification of

I (white) (embryos n = 2). Laminin is thin and somewhat irregularly outlines the

c tubule; WD, Wolffian duct. Scale bar, 100 mm.

ite) (embryos n = 2). Arrowheads indicate the regions with basementmembrane
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identity, and consequently was annotated as cGPCs (Figure 6G).

The presence of cGPCs bearing these marker genes in E36

ovaries was confirmed by qPCR and single-cell mRNA 3-prime

end sequencing (SC3-seq) (Nakamura et al., 2015) (Figure S6F).

Between cPIM/ECE and cGPCs was cluster 1/2-2, which ex-

pressed KRT19 and gradually lost cPIM/ECE markers and

gained cGPC markers along the trajectory (Figures 6F–6I).

Because KRT19 is specifically expressed in CE or GPCs, but

not in mesonephric tubules or stroma, particularly at and after

E28 (Figures S5H and S5I), we annotated these cells as cCE (Fig-

ures 6I, S7A, and S8E). These analyses revealed the identities

and developmental connection of various lineages, particularly

the progression of cGPCs from cPIM/ECE, as supported by

pseudotime analysis and UHC (Figures S7B–S7D and S8A).

Distinct HOX genes dictate the regionalization of IM
along the AP axis in cynomolgus monkey embryos
To identify the genetic determinants of IM regionalization along

the AP axis in cynomolgusmonkey embryos, we performed pair-

wise DEG analysis on cAIM/WD and cPIM/ECE. This analysis

identified unique gene sets between these cell types, along

with known and novel markers (Figure 6D; Table S3). Interest-

ingly, several HOX genes were differentially expressed between

cPIM/ECE and cAIM/WD (Figure 6D). HOX genes confer posi-

tional information, the HOX code, to emerging embryonic axial

tissues through a timed activation sequence of clustered HOX

genes from the 30 to 50 direction when mesodermal cells migrate

from the posterior growth zone (Deschamps and Duboule, 2017;

Neijts et al., 2014). Accordingly, the anterior/early progenitor

population relays an early number of (anterior) HOX genes,

whereas the posterior/late progenitor population transmits pro-

gressively later numbers of (posterior) HOX genes, along with

earlier HOX genes, to their descendants. Previous studies have

suggested that the MM has posterior HOX codes, such as
Figure 6. Lineage trajectory of cGPCs

(A) UMAP plot of all cells based on computationally aggregated scRNA-seq d

according to 13 clusters identified by Seurat clustering analysis (left) or by embr

(B) UMAP feature plots of marker genes characteristic of the 13 clusters defined

(C) Heatmap showing the averaged expression pattern of the top 100 DEGs (by fo

[FDR] < 0.01, fold change > 1 comparedwith other cell types) among cell types, rep

analyses in (A)–(C). cLPM, cynomolgus monkey lateral plate mesoderm; cPM/SM

cynomolgusmonkey neural tube; cNC, cynomolgusmonkey neural crest; cSEC, c

intermediate mesoderm/WD; cMS-EP, cynomolgus monkey mesonephric epithe

ECE, cynomolgus monkey posterior intermediate mesoderm/early coelomic ep

derivative; cET, cynomolgus monkey endothelium; cRBC, cynomolgus monkey r

(D) Scatterplot comparison (left) and heatmap (middle) of the averaged values of D

pink, 142 genes higher in cPIM/ECE (more than 4-fold differences [flanking diagon

GO enrichments for DEGs are shown at the right.

(E) Re-clustering of clusters 9 and 10, defined in (A), projected on the T-distributed

genes (right).

(F and G) Re-clustering of clusters 9/10-1 and 9/10-2, defined in (E) and projected o

1/2-3) identified by Seurat clustering analysis (F, left) or embryonic days (F, right);

respectively, on the basis of expression of marker genes projected on the tSNE

(H) Scatterplot showing the DEGs between cPIM/ECE and cGPCs. Genes upregu

with the colors in (A) and (F). Key genes are shown.

(I) Heatmap of the averaged expression of DEGs defined in (H) (432 and 157 genes

defined in (F).

(J) GO analysis of DEGs (>4-fold differences, FDR < 0.05), as defined in (H).

See also Figures S6–S8.
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HOX11 genes (Lindström et al., 2018; Patterson et al., 2001; Ta-

guchi et al., 2014). Therefore, we next explored the HOX codes of

the cPIM/ECE-cGPC lineages to gauge the timing of the exit

from the PS in ancestral cells compared with cAIM/WD or kidney

cells. We found that cGPCs retained HOX gene expression,

albeit with generally lower levels than cPIM/ECE (Figures 6H,

6J, and S8B). HOX1–HOX9 were generally expressed in both

cAIM/WD and cPIM/ECE-cGPCs. However, HOX10-expressing

cells were less common in cAIM/WD than in cPIM/ECE-cGPCs,

and HOX11 genes were essentially not expressed in cAIM/WD,

thus suggesting that HOX9–HOX10 is the posterior boundary

of the AIM/WD (Figures S8B and S8C). In contrast, some

cPIM/ECE-cGPCs expressed HOX11 (Figures S8B and S8C),

but none of them expressed HOX12 (data not shown), thus sug-

gesting that HOX11 is the posterior boundary of cPIM/ECE-

cGPCs, which appears to overlap with the anterior boundary of

the kidneys. Importantly, HOX11+ GPCs were a minority among

cGPCs (�10%), which nonetheless expressed cGPC marker

genes similarly to HOX11� cGPCs (Figure S8D). These results

also support the findings of a prior mouse lineage tracing study

for T revealing that the posterior gonads and the kidneys are

both derived from the posterior PS (Figures 1E, 1K, and 3H).

cGPC programs are highly conserved betweenmice and
monkeys
We next explored the genetic pathways accompanying cGPC

specification from cPIM/ECE. Pairwise/multigroup DEG and

pseudotime analyses revealed genes uniquely regulated be-

tween stages (Figures 6H, 6I, S7A, S7C, and S7D; Table S3). A

heatmap of these DEGs showed a gradual transition from

cPIM/ECE to cGPCs via cCE (Figures 6I and S7A). Genes upre-

gulated in cGPCs—cGPC genes (Figures 6I, 6J, and S7A)

or group 3 genes (Figure S7D)—were enriched in GO terms

such as ‘‘proteinaceous extracellular matrix’’ or ‘‘female gonad
ata obtained from four samples (E24, E28, E31, and E37). Cells are colored

yonic days (right).

in (A).

ld-change value) identified from a multigroup comparison (false discovery rate

resentative DEGs (markers), and identities of cell types annotated according to

, cynomolgus monkey paraxial mesoderm (PM)/somitic mesoderm (SM); cNT,

ynomolgusmonkey surface ectoderm; cAIM/WD, cynomolgusmonkey anterior

lial progenitor; cMS-POD, cynomolgus monkey mesonephric podocyte; cPIM/

ithelium; cPIM-Der, cynomolgus monkey posterior intermediate mesoderm

ed blood cell; cMF, cynomolgus monkey macrophage.

EGs between cAIM/WD and cPIM/ECE. Brown, 533 genes higher in cAIM/WD;

al lines], FDR < 0.05). Key genes are annotated. Representative genes and their

Stochastic Neighbor Embedding (tSNE) plot (left) and expression of keymarker

n the tSNE plot. Cells are colored according to three clusters (1/2-1, 1/2-2, and

clusters 1/2-1, 1/2-2, and 1/2-3 are annotated as cPIM/ECE, cCE, and cGPCs,

plot (G).

lated by more than 4-fold (FDR < 0.05) in the indicated cell clusters are plotted

upregulated in cPIM/ECE and cGPCs, respectively) in the indicated cell types
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development,’’ thereby suggesting that gene programs similar

to mGPCs are operative in cGPCs (Figures 4D, 6J, S4H, S7A,

and S7D).

Plotting the average expression values of mouse and cyno-

molgus monkey cell types on a PCA space revealed the separa-

tion of the two species according to PC1 values. However, when

these cell types were viewed through the PC2/PC3 plane, trajec-

tories from the PIM/ECE toGPCs appeared highly conserved be-

tween species, with cCE situated between c/mPIM/ECE and c/

mGPCs (Figure 7A). Projection of the DEGs between GPCs

and PIM/ECE from one species to the other also revealed high

conservation (Figures 7B and 7C). For example, many known

and previously poorly characterized GPC markers were upregu-

lated in both mGPCs and cGPCs, including LHX9, GATA4,

TCF21, SHISA3, NFIA, ZFPM2, and COL1A1, which were en-

riched in GO terms such as ‘‘female gonad development’’ or

‘‘extracellular matrix’’ (Figures 7B and 7D; Table S4). Many

mesenchymal genes that were upregulated asGPCs progressed

from c/mPIM/ECE, and this was accompanied by the upregula-

tion of key EMT transcription factor genes, such asSNAI2, ZEB2,

or TWIST2, supporting an EMT-like change (Dong et al., 2018;

Skrypek et al., 2017). Many epithelial markers were also ex-

pressed in the PIM/ECE and were generally maintained during

the course of GPC progression from the PIM/ECE (Figures 7F–

7H). Moreover, CDH1 (E-cadherin), a prototypical marker of

epithelial cells, remained unexpressed throughout GPC progres-

sion (Figure 7F). Altogether, these observations suggest that

GPC specification in both mice and primates involves the acqui-

sition of an epithelial-mesenchymal hybrid state that differs from

canonical EMT, in which the acquisition of mesenchymal fea-

tures is accompanied by a loss of epithelial features.

We also observed species-specific differences in the GPC

program. For example, some genes involved in fatty-acid oxidi-

zation or carbohydrate metabolism were mGPC specific, a

finding that might have evolutionary importance (Figure 7D). In

contrast, cGPC-specific genes were enriched in the GO term

‘‘intermediate filament,’’ thus reflecting the expression of KRT8

or KRT19 in cGPCs (Figure 7D). This analysis also revealed a

set of transcription factors with conserved or divergent expres-
Figure 7. cGPC programs are highly conserved between mice and mo

(A) PCA of averaged transcriptome values for cell types defined in Figures 4A an

analyses.

(B) Scatterplots comparing the averaged gene expression levels between mPIM

cGPCs (black) and cPIM/ECE (pink), as defined in Figure 6H (4-fold differences,

mGPCs (purple) and mPIM/ECE (blue), as defined in Figure S4H (4-fold differen

shown.

(C) Violin plots of the expression values of 146 genes (cGPCs > cPIM/ECE, 4-fol

ferences, FDR < 0.05) (right) in the indicated mouse and cynomolgus monkey cel

and cynomolgus monkeys were used (Table S6).

(D) Representative genes upregulated in GPCs compared with PIM/ECE in both

cynomolgus monkeys only (middle, c-specific GPC genes, 63 genes), or mice on

terms (left). Violin plots for the expression of representative genes in mouse and

(E) Overlap between mouse and cynomolgus monkey transcription factors upreg

(F) Heatmap showing the averaged expression ofmesenchymal and epithelial mar

and cynomolgus monkeys.

(G) Expression of key epithelial (EZR and PVRL2) or mesenchymal markers (COL

(H) Boxplot showing the averaged expression of epithelial markers as in (F) in cP

(I) Model of GPC specification.

See also Figures S6–S8.
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sion patterns between species (Figure 7E). Among them,

MYRF has been identified as a candidate gene for some disor-

ders of sex development (DSD) cases, but its function in murine

gonadogenesis has not been addressed (Hamanaka et al.,

2019). Collectively, these findings suggest that although the

overall GPC program is highly conserved, some species-specific

gene expression exists.

Early adrenal gland fate determination accompanies a
gene expression program
The adrenal glands are closely related to GPCs (Figures 1E, 3C,

3H, and S1G). DEGs upregulated in cAD included genes en-

riched in GO terms such as ‘‘cholesterol metabolic process’’

and ‘‘adrenal gland development’’ (Figures S8E and S8F; Table

S3) (del Valle et al., 2017), or Jensen Diseases terms such as

‘‘congenital adrenal gland insufficiency,’’ thereby suggesting

functional importance in human adrenal gland development (Fig-

ure S8G). Pairwise DEGs between cAD and cPIM/ECE revealed

95 gene, that were upregulated in cGPCs, but not cAD

(compared with cPIM/ECE), including LHX9, GATA4, and WT1

(Figures S8H and S8I; Table S3), thus suggesting that loss of

these key transcription factors might influence the segregation

of the adrenal glands from the gonadal lineage (Bandiera et al.,

2013). In addition, the gene expression of cAD was most highly

correlated with cCE rather than cPIM/ECE or cGPCs (Fig-

ure S8J), thus raising the possibility that cAD might be segre-

gated from gonadal lineages before cGPCs are specified.

DISCUSSION

In this study, we spatially and temporally mapped the develop-

mental connections of various IM lineages. We found that ante-

riorly located IMderivatives (UB, adrenal glands, and anterior go-

nads/mesonephros) exit the PS (marked by loss of T) and

activate IM markers earlier than posteriorly located IM deriva-

tives (MM and posterior gonads/mesonephros) (Figure 3H).

The observation that gonads/mesonephros are derived from

both early and late PS derivatives is reflected by their long, nar-

row structure along the AP axis (Harikae et al., 2013). The
nkeys

d 6F. Genes annotated in both mice and cynomolgus monkeys were used for

/ECE and mGPCs (left) or cPIM/ECE and cGPCs (right). Genes upregulated in

FDR < 0.05), are projected on the scatterplot at the left. Genes upregulated in

ces, FDR < 0.01), are projected on the scatterplot at the right. Key genes are

d differences, FDR < 0.05) (left) or 358 genes (cGPCs < cPIM/ECE, 4-fold dif-

l types. Among the DEGs defined in Figure 6H, genes annotated for both mice

mice and cynomolgus monkeys (top, m/c-conserved GPC genes, 65 genes),

ly (bottom, m-specific GPC genes, 196 genes), with their over-represented GO

cynomolgus monkey cell types, colored as in Figures 4A and 6F.

ulated in GPCs compared with the PIM/ECE (>2-fold differences, p < 0.05).

ker genes or EMT-related transcription factors in the indicated cell types inmice

1A2) projected on the tSNE plot shown in Figure 6F.

IM/ECE (derived from E24 or E28–E37 embryos) and cCE (from all embryos).
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morphology of the gonads is a conserved feature acrossmultiple

taxa and might confer some advantages in reproductive fitness,

e.g., ensuring receipt of migrating primordial germ cells (PGCs),

which are widely scattered throughout the hindgut.

Using lineage tracing, IF, and transcriptomics, we determined

that gonads originate fromWT1+ PIM (Figure 7I). The anterior end

of the WT1+ region at E9.0 and most WT1+ regions at E9.5

showed WT1+ ECE as a continuous structure abutting the PIM

(Figures 2D and S2D). We believe that the ECE is an early PIM

descendant rather than a tissue of different origin, partly because

it is (1) seen only in the anterior (more mature) region, (2) anatom-

ically contiguous with the PIM, and (3)WT1+FOXF1� (Figures 2D,

S2A, and S2D). Importantly, WT1+ cells randomly isolated from

E9.5 embryos on the basis of WT1+/OSR1+ status revealed a

highly homogeneous cell cluster in scRNA-seq, without readily

identifiable subclusters (Figures 4A, 4B, S4D, and S4E). More-

over, PCA showed that this cluster seamlessly transitioned into

the GPC cluster (Figures 4B and S4D). These observations sug-

gest that thePIMandECEare highly similar or identical transcrip-

tionally, despite some morphologic distinctions.

By E10.0–E10.5, the PIM/ECE further expands and forms the

mesonephros and overlying CE containing GPCs (Figures 2C–

2E). The timing and mechanisms of segregation between the

mesonephros and the GPC remain unknown. We demonstrated

that a portion of the PIM expresses SIX2 and partially contributes

to mesonephros, but not the gonads, according to lineage

tracing analysis (Figures S3E and S3F). Although lineage segre-

gation likely starts within the PIM, our comprehensive analysis

provides only a snapshot within the continuous progression of

GPC specification. Fortunately, the emergence of the PIM to

GPC specification occurs within �1 day in mice; therefore,

time-lapse imaging of slice cultures might enable visualization

of the lineage segregation of GPCs and mesonephros within

the PIM at high resolution in the future.

Recent studies have highlighted the importance of fetal

gonadal somatic cells for in vitro gametogenesis, because in

both mice and humans, an oogonia/spermatogonia-like state

can be induced from pluripotent stem cells if germ-cell-like cells

arecultured in thepresenceof fetal gonadal somatic cells (Hikabe

et al., 2016; Hwang et al., 2020; Ishikura et al., 2016; Morohaku

et al., 2016; Yamashiro et al., 2018). The induction of gonadal so-

matic cells from hiPSCs would enable the induction of human

gametes in a scalable and clinically applicable manner. Accord-

ingly, the spatial and temporal dynamics of theGPCspecification

process illustrated at high resolution in this study should provide

critical reference information for the directional induction of

gonadal lineages in vitro. Moreover, our comparative transcrip-

tomics should provide resources for identifying the mechanisms

of early gonadogenesis and diagnosis and treatment of DSD.
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Antibodies

AlexaFluor 488 conjugated donkey anti-rabbit IgG Life Technologies A21206; RRID:AB_2535792

AlexaFluor 488 conjugated donkey anti-rat IgG Life Technologies A21208; RRID:AB_2535794

AlexaFluor 488 conjugated donkey anti-mouse IgG Life Technologies A32766; RRID:AB_2762823

AlexaFluor 568 conjugated donkey anti-mouse IgG Life Technologies A10037; RRID:AB_2534013

AlexaFluor 568 conjugated donkey anti-rabbit IgG Life Technologies A10042; RRID:AB_2534017

AlexaFluor 647 conjugated donkey anti-goat IgG Life Technologies A32849; RRID:AB_2762840

AlexaFluor 647 conjugated donkey anti-rabbit IgG Life Technologies A31573; RRID:AB_2536183

Goat anti-FOXF1 R&D Systems AF4798; RRID:AB_2105588

Goat anti-FOXL2 Novus Biologicals NB100-1277; RRID:AB_2106188

Goat anti-GATA4 Santa Cruz Biotechnology sc-1237; RRID:AB_2108747

Goat anti-LHX9 Santa Cruz Biotechnology sc-19348; RRID:AB_2135970

Goat anti-AMH Santa Cruz Biotechnology sc-6886; RRID:AB_649207

Mouse anti-COUP-TFII/NR2F2 R&D Systems PP-H7147-00; RRID:AB_2155627

Mouse anti-DDX4 Abcam ab27591; RRID:AB_11139638

Mouse anti-GATA3 Biocare Medical CM405A; RRID:AB_10895444

Mouse anti-NR5A1 Perseus Proteomics PP-N1665; RRID:AB_1962633

Mouse anti-LHX1 DSHB 4F2; RRID:AB_531784

Mouse anti-KRT5/6 DAKO M723729-2

Mouse anti-Pan Cytokeratin (AE1/AE3) Biocare Medical ACR011A

Mouse anti-SALL1 R&D Systems PP-K9814-00; RRID:AB_2183228

Mouse anti-SALL4 Biocare Medical CM384A; RRID:AB_10582500

Mouse anti-VIM Thermofisher Scientific 14-9897-82; RRID:AB_10597910

Rabbit anti-CDH1 Cell Signaling 3195S; RRID:AB_2291471

Rabbit anti-HSD3B1 Cosmo Bio KAL-KO607; RRID:AB_2722746

Rabbit anti-LAMININ Abcam ab11575; RRID:AB_298179

Rabbit anti-SIX2 proteintech 11562-1-AP; RRID:AB_2189084

Rabbit anti-mouse T Abcam ab209665; RRID:AB_2750925

Rabbit anti-human T Santa Cruz Biotechnology sc-20109; RRID:AB_2255702

Rabbit anti-WT1 Abcam ab89901; RRID:AB_2043201

Rabbit anti-KRT18 Abcam ab133263; RRID:AB_11155892

Rabbit anti-KRT19 Abcam ab52625; RRID:AB_2281020

Rabbit anti-DDX4 Abcam ab13840; RRID:AB_443012

Rabbit anti-PAX2 Biolegend 901002; RRID:AB_2734656

Rat anti-KRT8 DSHB TROMA-1

Rat anti-GFP Nacalai Tesque 04404-26

Biological samples

Cynomolgus fetal samples Shiga University of Medical Science N/A

Human embryo sample Daigo Watanabe Clinic N/A

Chemicals, peptides, and recombinant proteins

iMatrix-511 (recombinant laminin-511 E8) Nippi 892 012

Y-27632 Wako Pure Chemical Industries 259-00613

CHIR99021 Biovision 1677-5

(Continued on next page)
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Retinoic acid Sigma R2625

Recombinant human FGF9 R&D Systems 273-F9

Recombinant human/murine/rat Activin-A Peprotech 120-14

Recombinant human BMP4 HumanZyme HZ-1078

Critical commercial assays

Chromium Single Cell 30 Library & Gel Bead Kit v2 10X genomics 120267

Deposited data

Cynomolgus embryo 10X Genomics

scRNA-seq data

This paper GEO: GSE160043

Cynomolgus embryo SC3-seq data This paper GEO: GSE160049

Mouse embryo SC3-seq data This paper GEO: GSE160049

Experimental models: Cell lines

3D45 (OSR1-EGFP knock-in hiPSCs (Mae et al., 2013) N/A

Experimental Models: Organisms/Strains

Osr1Egfp/+ mice Dr. Ryuichi Nishinakamura

(Kumamoto University)

N/A

TnEGFP-CreERT2/+ mice Dr. Hiroshi Sasaki (Osaka University) Acc. No. CB0604K

Dppa3-Ecfp transgenic mice Ohinata et al., 2008 N/A

Osr1tm1(EGFP/cre/ERT2)Amc mice Jackson Laboratory 009061

Six2tm3(EGFP/cre/ERT2)Amc mice Jackson Laboratory 009600

Wt1CreERT2/+ mice Jackson Laboratory 010912

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze mice Jackson Laboratory 007909

Oligonucleotides

See Table S5 for primers used in this study This paper Table S5

Software and algorithms

FACSDiva software BD Biosciences N/A

ImageJ / Fiji National Institutes of Health (NIH) N/A

Cell Ranger v3.1.0 10X Genomics, https://support.10xgenomics.

com/single-cell-gene-expression/software/

downloads/latest

N/A

R (v3.6.1) https://www.R-project.org N/A
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Lead contact
Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the lead contact, Kotaro

Sasaki (ksasaki@upenn.edu).

Materials availability
cDNAs generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability
Accession numbers generated in this study are GSE160049 (SC3-seq data for mouse embryos and cynomolgusmonkey GRs at E36)

and GSE160043 (10x Chromium scRNA-seq data for cynomolgus monkey embryos). The codes used for pseudotime analysis are

available at GitHub repository: https://doi.org/10.5281/zenodo.4632324.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Animal procedures were conducted in compliance with the ethical guidelines of Kyoto University and Shiga University of

Medical Science. Osr1Egfp/+ mice were obtained from Dr. Ryuichi Nishinakamura (Kumamoto University) (Taguchi et al., 2014).
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TnEGFP-CreERT2/+ (referred to as TcreERT2/+) mice were obtained from Dr. Hiroshi Sasaki (Osaka University, Acc. No. CB0604K) (Imuta

et al., 2013).Osr1tm1(EGFP/cre/ERT2)Amc (referred to asOsr1creERT2/+) mice (Mugford et al., 2008), Six2tm3(EGFP/cre/ERT2)Amc (referred to as

Six2creERT2/+) mice (Kobayashi et al., 2008), Wt1CreERT2/+ mice (Zhou et al., 2008), and Gt(ROSA)26Sortm9(CAG-tdTomato)Hze

(referred to asRosa26-LTL-tdTomato) mice were purchased from the Jackson Laboratory.Dppa3-Ecfp transgenic mice were gener-

ated as described previously (Ohinata et al., 2008). All mice were maintained on a largely C57BL/6 background. For lineage tracing

experiments, homozygous Rosa26-LTL-tdTomatomice (female, aged 6-16 weeks) were crossed with heterozygous Cre-driver mice

(male, aged 7-18 weeks). To obtain Osr1Egfp/+ or Dppa3-Ecfp transgenic embryos, C57BL6 mice (female, aged 6-16 weeks) were

crossed with heterozygous Osr1Egfp/+ or Dppa3-Ecfp transgenic mice (male, aged 7-18 weeks), respectively.

Mice were housed under a 12:12 h light:dark cycle at 22–26 �C, with a humidity of 40%–60%.

Collection of human embryo samples
Fetal urogenital organs including the ovaries, mesonephros, adrenal glands and kidneys at 8 wks and 3 days of gestation were ob-

tained from a donor undergoing elective abortion at the Daigo Watanabe Clinic. All experimental procedures were approved by the

IRB at Kyoto University (G1047). Informed consent was obtained from all human participants. The sex of the fetus was female, which

was determined by sex-specific PCR on genomic DNA isolated from trunk tissues by using primers for the ZFX/ZFY loci (Table S5)

(Wilson and Erlandsson, 1998). Fetal urogenital organswere dissected en bloc in RPMI-1640 (Roche), and imageswere taken under a

dissection stereomicroscope while maintaining the topological orientation of the organs.

Collection of cynomolgus monkey embryo and fetal samples
Procedures using cynomolgus monkeys were approved by the Animal Care and Use Committee of the Shiga University of Medical

Science. The series of assisted reproductive technologies using cynomolgus monkeys, including oocyte collection, intra-cyto-

plasmic sperm injection, pre-implantation embryo culture and transfer of pre-implantation embryos into foster mothers, were as

reported previously (Yamasaki et al., 2011). The light cycle was 12 h of artificial light from 8 a.m. to 8 p.m. Water was available ad

libitum. Temperature and humidity in the animal rooms were maintained at 23-27 �C and 45%–55%, respectively.

Implanted embryos were scanned with transabdominal ultrasound monitoring and recovered by cesarean section under full anes-

thesia. A total of 28 embryos were harvested ranging in embryonic age from E23 to E51 (embryos n = 8 [male], 18 [female], 2 [un-

known]). The foster mothers were maintained after surgery. The sex of each sampled fetus was determined by sex-specific PCR

with primers targeting the ZFX/ZFY loci (Table S5) (Wilson and Erlandsson, 1998). Embryos were dissected in RPMI-1640 (Roche).

Culture of hiPSCs
OSR1-EGFP hiPSCs (clone 3D45, gift from Dr. Kenji Osafune, Kyoto University) were cultured on plates coated with recombinant

laminin-511 E8 (iMatrix-511, Nippi, Japan) and were maintained under feeder-free conditions in StemFit AK03Nmedium (Ajinomoto,

Japan) at 37�C under an atmosphere of 5% CO2 in air (Mae et al., 2013). Before passaging or induction of differentiation, hiPSC cul-

tures were treated with a 1:1 mixture of TrypLE Select (Life Technologies) and 0.5 mM EDTA/PBS for 12 min at 37�C to dissociate

them into single cells. For 1 day after passaging hiPSCs, 10 mMROCK inhibitor (Y-27632;Wako Pure Chemical Industries) was added

in the culture medium.

METHOD DETAILS

Immunofluorescence (IF) analysis on frozen sections and whole mount IF analysis
For IF analysis of mouse embryos and some cynomolgusmonkey embryos (for laminin), the trunks of embryos posterior to the level of

the heart or isolated organs were fixed with 4% paraformaldehyde in PBS for 2 hr on ice, washed three times with PBS containing

0.2% Tween-20 (PBST), and then successively immersed in 10% and 30% sucrose in PBS overnight at 4�C. The fixed tissues were

embedded in OCT compound (Sakura), frozen and sectioned to 10 mm thickness. The trunks of the embryos and organs were

embedded perpendicularly or en face unless otherwise stated. Sections were placed on glass slides (Platinum Pro, Matsunami)

that were then air-dried and stored at �80�C until use. Air-dried sections were washed three times with PBS, then incubated with

blocking solution for 1 hr. The sections were incubated with primary antibodies in blocking solution for 2 hr at room temperature,

then washed six times with PBS (20 min each). They were subsequently incubated with secondary antibodies and 1 mg/ml DAPI

in blocking solution for 50min at room temperature. After being washed six times with PBS (20min each), the sections weremounted

in Vectashield mounting medium (Vector Laboratories) for confocal laser scanning microscopy analysis (Olympus FV1000 or Zeiss

LSM 780). For whole mount IF, mouse embryos were fixed in 4%PFA in PBS for 1 hr on ice, then washed three times with PBST. The

embryos were then treated with blocking solution (1% donkey serum, 0.2% BSA, 0.2% Tween 20 and 1 3 PBS) overnight at 4�C.
Embryos were subsequently incubated with primary antibodies for 3 days at 4�C, then washed eight times (45 min each) with

PBST. The embryos were then treated with secondary antibodies for 2 days at 4 3 , then washed eight times (45 min each) with

PBST before being mounted in Vectashield mounting medium for confocal laser scanning microscopic analysis.

To quantify the percentage of cells labeled by tdTomato for each cell type stained with specific markers, we captured images from

randomly selected regions (two to five images per section) from two to four sections. The numbers of tdTomato+ cells among each

cell type labeled by specific markers were counted in ImageJ.
e3 Cell Reports 35, 109075, May 4, 2021
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IF analyses on paraffin sections
IF analyses for cynomolgus monkey embryos were performed on paraffin sections, except IF for Laminin. Embryos at E23 and E26

were fixed in toto in 10%buffered formalin (Nacalai Tesque). For embryos at E28 or older, anterior tissues (above the level of the heart)

were removed, and the abdominal ectoderm was incised vertically before fixation to increase the perfusion by formalin. Samples

were incubated overnight at room temperature with gentle rocking. After dehydration, tissues were embedded in paraffin and serially

sectioned at 4 mm thickness with a microtome and placed on glass slides (Platinum Pro). Embryos were carefully oriented perpen-

dicularly to the surface of the mold, and transverse sections were obtained. Paraffin sections were then de-paraffinized with xylene.

Antigens were retrieved by treatment of sections with HistoVT one (Nacalai Tesque) for 35 min at 90�C and then for 15 min at room

temperature. The staining and incubation procedure for paraffin sections was similar to that for frozen sections, with minor modifi-

cations: the primary antibody incubation was performed overnight at 4�C, and slides were washed with PBS six times after each in-

cubation (20 min each). Slides were mounted in Vectashield mounting medium for confocal microscopy analysis.

Mouse mating, 4OHT administration and lineage tracing
The Osr1Egfp/+ mice were mated with wild-type C57BL6 mice to obtain Osr1Egfp/+ embryos. For lineage tracing, TCreERT2/+,

Osr1CreERT2/+, Wt1creERT2/+ and Six2creERT2/+ male mice were mated with Rosa26-LTL-tdTomato females. Times starting at noon

on the day on which a vaginal plug was found were designated as days post-coitum (dpc), e.g., E0.5. The 4-OHT (H6278, Sigma)

was dissolved in sunflower oil (S5007, Sigma) at 5 mg/ml by sonication for 15 min and was stored at 4�C until use (within less

than 1 month) with protection from light. For induction of Cre recombination, dams were injected intraperitoneally with 1.5 mg 4-

OHTper 25 g bodyweight at the designated stages. This low 4OHTdose primarily restricted Cre activity to within 12 hr after treatment

(Cazzulino et al., 2016; Robinson et al., 1991). The mice were sacrificed at E15.5 (E10.5 in some experiments), and embryos were

isolated in PBS. For the control experiments, sunflower oil (oil) was injected at E8.5 or E9.5. All embryos were genotyped for the pres-

ence of Cre driver alleles by PCR. The sex of each sampled fetus was determined by the presence of testes or ovaries. The embryos

were dissected in chilled STO medium (Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 2 mM Glutamax

[35050–061, GIBCO] and 100 U/ml of penicillin/streptomycin [15140–133, GIBCO]). In some experiments, fetal gonads (ovaries and

testes) with attached mesonephros or kidneys with attached adrenal glands were carefully isolated with forceps and washed with

PBS. These organs were inspected for tdTomato fluorescence under a fluorescence dissection microscope (M205C, Leica), and im-

ages were captured with the same exposure time throughout an experiment unless otherwise stated.

Induction of metanephric mesenchyme by three-dimensional culture
MM induction was performed according to a previous report withmodifications (Taguchi et al., 2014). First, 3D45 hiPSCswere aggre-

gated by seeding 13 104 cells/well in 96-well low cell binding V-bottom plates (Thermo, 91100574) in the presence of 10 mMY-27632

and 0.5 ng/ml human BMP4 (R&D Systems). After 24 hr (on day[d] 1), the medium was changed to BC10 medium (1 ng/ml BMP4 and

10 mM CHIR99032). Subsequently, from d3 onward, half the culture medium volume was changed every other day (BC10Y: BC10

plus 10 mM Y-27632). On d7, the medium was switched to ABC3R medium (10 ng/ml Activin-A, 3 ng/ml BMP4, 3 mM CHIR99032,

0.1 mM retinoic acid and 10 mM Y-27632). On d9, the medium was switched to C1F medium (1 mM CHIR99032 and 5 ng/ml

FGF9). The samples at d0 (hiPSCs), d1, d3, d5, d7, d9 and d12 were harvested and dissociated with 0.1% trypsin/EDTA treatment

for 15 min at 37�C with periodic pipetting. After the reaction was quenched by the addition of a half volume of FBS, cells were resus-

pended in FACS buffer (0.1% BSA in PBS) and strained through a 70 mm nylon cell strainer (BD Biosciences) to remove cell clumps;

the cells were then used for flow cytometric analysis. For qPCR analysis, cells were pelleted by centrifugation (500 g for 10 min) and

subsequently lysed for RNA isolation and cDNA preparation.

10x Genomics single-cell RNA-seq library preparation
Fragments of cynomolgus monkey embryos at E24 (CS11), E28 (CS13), E31 (CS14) and E37 (CS18) were used for scRNA-seq with a

Chromium Single Cell 3ʼ Reagent Kit (v2 chemistry). In contrast to mouse embryos, genetic tools to trace or mark specific lineages in

cynomolgus monkey embryos are not available. Therefore, we used anatomic landmarks to manually isolate the regions in which

GPCs and their ancestries were enriched, and removed as much irrelevant tissue as possible. To ensure collection of sufficient

numbers of GPC lineages among contaminated lineages for transcriptome analyses, we used scRNA-seq on the 10x Genomics plat-

form, which has higher throughput than SC3-seq.

For preparation of E24 (CS11) embryos, the yolk sac and amnionwere first carefully trimmedwith forceps and ophthalmic scissors,

and then the heart (and anterior tissues above the heart) and the posterior growth zone including the PS were removed.

At E31, MM condensation around LHX1+ UB, an initial morphologic sign of metanephric kidney formation, was observed at the

regions medial to the hind limb buds (Figure S6B). Anteriorly, a cluster of NR5A1+WT1-GATA4- adrenal glands cells was observed

at the mediodorsal aspect of the nascent GPCs, dorsal to the liver (Figure S6B). Therefore, the heart (and anterior tissues above

the heart), and hindlimb (and tissues beneath the hindlimb) were first removed, and then the urogenital ridge containing the meso-

nephros, CE and a portion of the proximal mesentery were isolated for E28 (CS13) and E31 (CS14) embryos.

ForE37embryos (CS18), similarly toE28/31embryos, after theanterior andposterior tissueswere removed, theurogenital ridgeswere

isolated en bloc. Subsequently, most mesonephros and mesentery were trimmed, and tissues consisting of predominantly GR with an

attached portion of mesonephros, putative adrenal glands and proximal mesentery were used for downstream sample processing.
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Isolated embryonic fragments were washed twice with PBS and then minced with scissors in 500 mL of 0.1% trypsin/EDTA solu-

tion, then incubated for 9 min at 37�C with gentle pipetting every 3 min. After quenching of the reaction by addition of 500 mL of STO

medium, cell suspensions were strained through a 70 mm nylon cell strainer and centrifuged for 220 g for 5 min. Cell pellets were

resuspended in 0.1% BSA in PBS and counted. All samples were stained with trypan blue and confirmed to be > 80% viable. Cells

were loaded into Chromium microfluidic chips and used to generate single cell gelbead emulsions with a Chromium controller (10x

Genomics) according to the manufacturer’s protocol. Gelbead emulsion-RT was performed with a T100 Touch Thermal Cycler (Bio-

Rad). All subsequent cDNA amplification and library construction steps were performed according to the manufacturer’s protocol.

Libraries were sequenced with a NextSeq 500/500 high output kit v2 (150 cycles) (FC-404–2002) on an Illumina NextSeq 550

sequencer.

Mapping reads of 10x Chromium scRNA-seq and data analysis
Raw data were demultiplexed with the mkfastq command in Cell Ranger (v2.1.0) to generate Fastq files. Trimmed sequence files

were mapped to the reference genome for cynomolgus monkeys (MacFas5.0). Read counts were obtained from outputs from

Cell Ranger.

Secondary data analyses were performed in R software version (v.3.6.1) with the Seurat (v.3.1.5), ggplot2 (v.3.3.2), gplots (v.3.0.3),

qvalue (v.2.18.0), maptools (v.0.9-9), genefilter (v.1.68.0), rgl (v.0.100.54), dplyr (v.0.8.3) and matrix (v.1.2-18) packages and Excel

(Microsoft). UMI count tables were first loaded into R by using the Read10x function, and Seurat objects were built from each sample.

Cells with more than 5500 genes or fewer than 1000 genes were filtered out. Mitochondrial content was not used for normalization

since the majority of mitochondrial genes starting with ‘‘MT-’’ were not annotated inMacFas5.0, a reference genome for cynomolgus

monkeys. Sampleswere combined, andUMI countswere normalizedwith theNormalizeData function (method= ’’RC’’; scale factor =

10 M) and then converted to log2 (CP10M+1) values. Combined data were then analyzed with UMAP and tSNE clustering. Clusters

were annotated on the basis of previously characterized marker gene expression by using the FeaturePlot function and the gene

expression matrix file, and cluster annotation was generated for downstream analyses.

For identification of DEGs (marker genes) among groups, p-values for expressed gene (log2[CP10M+1] > 0) were first calculated

with the Kruskal-Wallis test, and FDR values < 0.05 for these genes were obtained post hoc with Storey’s method. The DEGs were

then defined as the genes exhibiting higher expression in one cluster than the remaining clusters with FDR < 0.05. In some analyses,

only the top 100 or 200 DEGs ranked by fold change (compared with other cell types) are shown.

For identification of DEGs in pairwise comparisons, Welch’s t test and the Benjamini-Hochberg method were applied to calculate

the p value and FDR, respectively. Among genes with FDR < 0.05, those with a more than 4-fold difference (2-fold difference in some

analyses) were defined as DEGs and were plotted over the scatterplot of averaged transcriptome values for cell clusters.

For pseudotime analysis, raw counts from single cell RNA-seq were normalized by log2 transformation. Highly variable genes were

identified by getTopHVGs() in R packages scran (Lun et al., 2016). Then, only variable genes with FDR < 0.01 were used to calculate

diffusion components (DC), and diffusion pseudotime (DPT) (Haghverdi et al., 2016).

For the GO analyses using the DAVID web tool, because the annotation ofM. fascicularis genes was relatively incomplete, the hu-

man annotation corresponding to that of cynomolgus monkeys was used. The Enrichr web tool was used for the analysis of Jensen

DISEASES enrichment scores (Kuleshov et al., 2016).

Single-cell cDNA preparation and primary transcriptome analysis by SC3-seq
To isolate PIM/ECE cells, we dissected the posterior trunks (below the heart and above the hind limb bud) from E9.5Osr1Egfp/+mouse

embryos. We pooled seven embryos (including both male and female embryos) and FACS-sorted EGFP+ cells. To isolate GPCs and

their derivatives, we isolated GRs from Dppa3Ecfp/+ mouse embryos (E10.5, one female embryo; E11.5, seven embryos [containing

both male and female embryos]; E13.5, one female embryo) by using the accumulation of ECFP signals (representing PGCs) as a

marker of nascent GRs. Embryos from E10.5 and E13.5 were individually genotyped for sex by PCR. Embryos at E11.5 were pooled

without being genotyped and used for downstream processing. In one experiment, GRs were dissected from a cynomolgus monkey

embryo at E36 (CS18) and processed similarly to mouse GRs, as described below.

GRs were dissociated into single cells by incubation with 0.25% trypsin/PBS (T4799, Sigma) for approximately 10 min at 37�C fol-

lowed by repeated pipetting. The resultant single cells were dispersed in 0.1 mg/ml polyvinyl alcohol/PBS (P8136, Sigma) and

processed for the SC3-seq analysis. Single-cell cDNAs (E9.5, 180 cells; E10.5, 60 cells; E11.5, 120 cells; and E13.5 60 cells) were

prepared as described previously (Ishikura et al., 2016; Nakamura et al., 2015). Briefly, cells were picked up manually into the lysis

buffer containing tagged dT primer and ERCC spike-in RNA sequences, which allow to estimate the transcript copy numbers per cell.

After cells were lysed by heating (90 s at 70�C), the reserve transcription buffer was added, and the cDNA strand was synthesized.

The excess amount of tagged dT primers were subsequently digested by exonuclease. Next, the poly A tail was added at the end of

the synthesized cDNA strand by a terminal deoxynucleotidyl transferase reaction. After the second cDNA strandwith another tagwas

synthesized, double strand cDNAs were amplified by PCR using tag sequences. Amplified cDNAs were purified by using a 0.6 x vol-

ume of AMPure XP and eluted in 50 ul of Buffer EB (QIAGEN) and the quality was evaluated by qPCR. Only high quality cDNAs with

high Arbp expression (Ct value < 19 by qPCR) were used for further selection. For cDNAs derived from E9.5 embryos, cells express-

ing Wt1 (Ct value < 23) were selected for scRNA-seq analysis. For cDNAs derived from the remaining embryos, Wt1+Gata4+ (Ct
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value < 23) cells for E10.5 (39 cells), various somatic cells (Wt1+/�Gata4+/�Foxl2+/�Mafb+/�, Ct value < 23 for positive criteria), E11.5

(88 cells) and E13.5 (35 cells) were used for sequencing analyses.

The cDNA libraries for Nextseq550 (Illumina) were constructed as described previously. Briefly, the amplified products were pu-

rified three times with an AxyPrep Mag PCR clean-up kit (Corning, MAGPCR-CL), then fragmented with a Covaris E220 sonicator

(Covaris, E220). The fragmented ends were polished with T4 DNA polymerase and T4 polynucleotide kinase for 30 min, and

subsequently purified with an AxyPrep Mag PCR clean-up kit. After addition of the Rd1SP and Rd2SP adaptors, the samples

were PCR-amplified with the Nextera XT Index 1 (N7XX) and Index 2 (S5XX) primers for 11 cycles, then purified with an AxyPrep

Mag PCR clean-up kit. The quality and quantity of the resultant cDNA libraries were evaluated with LabChip GX analysis (Perkin El-

mer), a Qubit dsDNA HS assay kit (Thermo Fisher, Q32854) and a TaqMan qPCR assay using Thunderbird Probe qPCR mix

(TOYOBO, QPS-101) and a TaqMan probe (Ac04364396; Applied Biosystems). The sequence data were acquired with a NextSeq

500 high output kit v2 (75 cycles) (Illumina, FC-404-2005).

All read data were converted into expression levels as described previously (Nakamura et al., 2015). Briefly, all reads were treated

with cutadapt-1.3 to remove the V1 and V3 adaptor sequences and poly A sequences. The resulting reads of 30-bp and longer were

mapped onto the mm10 genome (for mice) or MacFas5.0 (for cynomolgus monkeys) with tophat1.4.1/bowtie1.0.1 with the ‘‘-no-

coverage-search’’ option. Themapped reads were then converted to expression levels (RPM) with cufflinks-2.2.0 with the ‘‘-compat-

ible-hits-norm,’’ ‘‘-no-length-correction,’’ ‘‘-max-mle-iterations 50000’’ and ‘‘library-type fr-secondstrand’’ options and mm10 refer-

ence gene annotations with up to 10-kb extension at the 30 end.

Secondary analysis of the SC3-seq data
RNA-seq data analysis was performed in R software version (v.1.2.5019) with the ggplot2 (v.3.3.2), gplots (v.3.0.3), qvalue (v.2.18.0),

maptools (v.0.9-9), genefilter (v.1.68.0) and rgl (v.0.100.54) packages, and Excel (Microsoft). Low quality cells (mapped reads on the

sense strand < 0.5 M reads, or 75% quantile gene expression < log2(RPM+1) = 2.5) were further filtered out. For E9.5 and E11.5

mouse embryo samples, female cells (log2 [RPM+1] > 4 for Xist) were selected for downstream analyses. For SC3-seq analysis of

cynomolgus monkey embryos, low quality cells (mapped reads on the sense strand < 0.5 M reads) were filtered out.

UHC was performed with the hclust function with Euclidian distances and Ward distance function (ward.D2) by using genes (pro-

tein-coding genes or non-coding RNA) whose log2(RPM+1) values were > 6 (> 4 for cynomolgus monkey samples) in at least one

sample. PCA was performed with the prcomp function without scaling. For identification of DEGs by multi-group comparison, the

same approach described for 10x Chromium scRNA-seq was followed, except that FDR < 0.01 was used for the statistical signifi-

cance call (multi-group and pairwise comparison), and the minimummean abundance of log2 (RPM+1) > 2 was used (pairwise com-

parison). For the GO analysis, the DAVID webtool with the background list set to ‘‘Musmusculus’’ was used. Only enriched GO terms

with p < 0.05 are shown.

Comparison of gene expression between mice and cynomolgus monkeys
For a comparison between cynomolgus monkeys and mice, first, a mouse-human annotation list was generated, and then the hu-

man-cynomolgus monkey list and mouse–human list were combined by using human gene identifiers, as described previously (Na-

kamura et al., 2016). This process resulted in 15415 genes in the cynomolgus monkey–human–mouse gene list (Table S6). In some

analyses, we performed Z scaling for normalization of expression values betweenmouse andmonkey data using the genescale func-

tion in the ‘genefilter’ package (Figures 7A and 7F). In other analyses, we simply isolated the DEGs between cell types in one platform/

species and evaluated their expression in the other platform/species (Figures 7B–7D) or comparing DEGs between cell types in one

platform to those in the corresponding cell types in the other platform (Figure 7E).

qPCR analysis
qPCR on amplified cDNA used for SC3-seq was performed with Power SYBR Green PCR Master mix (Life Technologies) with a

CFX384 real-time qPCR system (Bio-Rad).

The gene expression levels were examined by calculation ofDCt on log2 scale, normalized to the averaged Ct values of PPIA (Ppia)

and ARBP (Arbp). The primer sequences used are listed in Table S5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in Excel and RStudio (version 1.2.5019, http://www.rproject.org/). The number of biological rep-

licates and the statistical test performed are indicated in the figure legends or elsewhere in the STAR Methods section. A boxplot

shows median (center line), upper and lower quartiles (box limits) and 1.5x interquartile range (whiskers). All fluorescence and histo-

logic images and flow cytometric data were representatives of at least two independent experiments with similar results obtained at

each experiment, unless stated otherwise in figures.
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