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Abstract

In vitro oogenesis is key to elucidating the mechanism of human
female germ-cell development and its anomalies. Accordingly,
pluripotent stem cells have been induced into primordial germ
cell-like cells and into oogonia with epigenetic reprogramming, yet
further reconstitutions remain a challenge. Here, we demonstrate
ex vivo reconstitution of fetal oocyte development in both humans
and cynomolgus monkeys (Macaca fascicularis). With an optimized
culture of fetal ovary reaggregates over three months, human and
monkey oogonia enter and complete the first meiotic prophase to
differentiate into diplotene oocytes that form primordial follicles,
the source for oogenesis in adults. The cytological and transcrip-
tomic progressions of fetal oocyte development in vitro closely
recapitulate those in vivo. A comparison of single-cell transcrip-
tomes among humans, monkeys, and mice unravels primate-
specific and conserved programs driving fetal oocyte development,
the former including a distinct transcriptomic transformation upon
oogonia-to-oocyte transition and the latter including two active
X chromosomes with little X-chromosome upregulation. Our study
provides a critical step forward for realizing human in vitro oogen-
esis and uncovers salient characteristics of fetal oocyte develop-
ment in primates.
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Introduction

Germ cells differentiate either into oocytes or into spermatozoa,
which unite to form zygotes with full developmental potential,
thereby perpetuating and diversifying the genetic information across
generations. An impairment in germ-cell development leads to criti-
cal consequences, including infertility and genetic and epigenetic
disorders of offspring. Understanding the mechanism of germ-cell
development is therefore a fundamental goal in both biology and
medicine.

In mammals, germ cells arise as primordial germ cells (PGCs)
early during embryonic development (Tang et al, 2016; Saitou &
Hayashi, 2021). PGCs undergo migration and colonize the embry-
onic gonads, where they differentiate into oogonia in females or
gonocytes in males. A key event that occurs in PGCs is epigenetic
reprogramming, which leads to imprint erasure and X-chromosome
reactivation in females (Tang et al, 2016; Wen & Tang, 2019;
Saitou & Hayashi, 2021). Consequently, oogonia and gonocytes
show similar genetic and epigenetic properties until they start overt
sexual differentiation, except that oogonia acquire two active X
chromosomes, whereas gonocytes have one active X and one Y
chromosome (Tang et al, 2016, Wen & Tang, 2019, Saitou &
Hayashi, 2021) (see Conserved activities of X chromosomes sec-
tion). In females, in response to cues from the embryonic ovaries,
particularly from pre-granulosa cells, oogonia differentiate into
oocytes with an immediate entry into the first prophase of meiosis,
and the oocytes that complete the meiotic prophase I are
ensheathed by a single layer of granulosa cells to form primordial
follicles, which serve as the source for oogenesis. In contrast, in
males, in response to cues from the embryonic testes, particularly
from Sertoli cells, gonocytes differentiate into pro-spermatogonia
and then into spermatogonia/spermatogonial stem cells (SSCs),
which serve as the source for spermatogenesis (Griswold, 2016;
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Spiller et al, 2017; Wen & Tang, 2019; Saitou & Hayashi, 2021).
The mechanism for mammalian germ-cell development has been
studied intensively using the mouse as a model organism, and
based on such knowledge as well as the advancement of pluripo-
tent stem cell (PSC) and reproductive technologies, the whole pro-
cess of both female and male germ-cell development in mice has
been reconstituted in vitro using mouse PSCs (mPSCs) as a starting
material (Hayashi et al, 2011, 2012; Hikabe et al, 2016; Ishikura
et al, 2016, 2021), establishing the proof of concept of mammalian
in vitro gametogenesis (IVG) research (Saitou & Hayashi, 2021).

The concept and strategy for mouse IVG have been progres-
sively translated into the IVG research in other mammals, particu-
larly humans (Irie et al, 2015; Sasaki et al, 2015; Yamashiro
et al, 2018; Hwang et al, 2020), as human IVG serves as a foun-
dation to explore the mechanism of human germ-cell develop-
ment, including the diseased states, which will provide salient
information for disease etiologies and create novel possibilities in
reproductive medicine (Saitou & Hayashi, 2021). With regard to
the human oogenic pathway, human PSCs (hPSCs) are induced
into human PGC-like cells (hPGCLCs), which, upon aggregation
culture with mouse embryonic ovarian somatic cells, differentiate
into oogonia-like cells with epigenetic reprogramming and then
into early oocyte-like cells at the outset of meiotic prophase I
(Yamashiro et al, 2018, 2020). A key next step will therefore be
to induce primordial follicles, that is, to differentiate oogonia- or
early oocyte-like cells into oocyte-like cells that complete the mei-
otic prophase I and reach the diplotene stage by culturing them
with human embryonic ovarian somatic cells or their in vitro
counterparts induced from hPSCs (Yoshino et al, 2021). To attain
such a goal, based on the history of mouse IVG research, we con-
sider it an essential prerequisite to identify a condition that allows
the in vitro maturation of human fetal ovaries containing mainly
oogonia into those bearing primordial follicles.

Toward this end, we first used cynomolgus monkeys (cy:
Macaca fascicularis), a primate closely related to humans and
amenable for reproductive experimentations (Yamasaki et al,
2011), to screen for such an in vitro culture condition. We
adopted ovary dissociation/reaggregation steps, as the dissociation
of ovaries into single cells allows: (1) generation of their frozen
stocks with an appropriate cell number, making a systematic
exploration of their culture conditions feasible; (2) selective isola-
tion/removal of specific cell populations by cell sorting; and (3)
application to the reaggregation with oogonia-like cells induced
from PSCs. We then applied the condition identified with
cynomolgus monkeys to humans to demonstrate that human fetal
ovary reaggregates mainly with oogonia can also be matured into
those with primordial follicles in vitro. We performed detailed
cytological and single-cell RNA sequence (scRNA-seq) analysis not
only to show that cy and human fetal oocyte development in vitro
are an appropriate reconstitution of those in vivo, but also to
identify evolutionarily conserved and primate-specific pathways
driving fetal oocyte development, including the progression of
meijotic prophase I, among humans, monkeys, and mice. Our
study creates a robust foundation for further promoting human
IVG research as well as for exploring the mechanism of fetal
oocyte development and meiotic prophase in diverse mammalian
species.
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Results
Cy fetal oocyte development

Cy PGCs are specified in the nascent amnion from around embryo-
nic day (E) 11, migrate through the developing hindgut endoderm
and mesentery, and colonize the incipient embryonic gonads from
around E30 (Sasaki et al, 2016). In female embryos, embryonic
gonads increase their size progressively and are specified into
ovaries by around E40, whereas cyPGCs continue to colonize the
developing gonads and also increase their numbers mitotically as
oogonia (Sasaki et al, 2016, 2021). Thereafter, fetal oocyte develop-
ment ensues in fetal ovaries (Fig 1A). To create a benchmark for the
in vitro reconstitution of cy fetal oocyte development, we performed
a careful characterization of cy fetal oocyte development in vivo
from 8 weeks post-fertilization (8 wpf: at E56-58) to 18 wpf (at
E127 and 128) at two-week intervals (Figs 1B and EV1A). The gesta-
tion period of cynomolgus monkeys is around 22 weeks.

Histological analysis

At 8 wpf, the ovaries exhibited a relatively uniform histology with
abundant oogonia and no clear differentiation of ovarian cortex and
medulla (Fig 1C). Oogonia were large in size (~ 12 pm in diame-
ter), bore a round nucleus with pale hematoxylin staining and a
prominent eosinophilic nucleolus, and formed anastomosing cord-
like structures intercalated by relatively small cells with densely
stained nuclei and a large nuclear—cytoplasmic ratio (Fig 1C). The
interstitial stromal cells were evident, showed a spindle shape with
a large nuclear—cytoplasmic ratio, and were embedded in loose con-
nective tissues presumably synthesized by themselves (Fig 1C).
Immunofluorescence (IF) analyses revealed that all oogonia
expressed DDX4, an RNA-binding protein expressed in oogonia and
oocytes (Toyooka et al, 2000), whereas small, intercalated cells
expressed FOXL2, a key transcription factor (TF) for granulosa-cell
development (Crisponi et al, 2001), demonstrating their granulosa-
cell identity (Fig EV1B). At 10 wpf, the ovaries grew in size with the
acquisition of a kidney-like shape, developing medulla consisting
mainly of interstitial cells (Fig 1B). The cortex was populated with
abundant oogonia, and the outer and inner cortexes, which
extended over ~ 450 um, did not show overt histological differ-
ences (Figs 1D and EVIC). At 12 wpf, while oogonia were still
abundant, germ cells with larger nuclei with condensed, thread-like
chromatin became apparent, particularly in the inner cortex
(Figs 1D and EV1C), indicating that oogonia enter into the meiotic
prophase I to differentiate into oocytes. At 14 wpf, oocytes at mei-
otic prophase I became dominant even in the outer cortex, and rela-
tively large oocytes delineated by granulosa cells, that is, primordial
follicles, began to be observed in the inner cortex (Figs 1D and
EV1C). At 16 wpf, primordial follicles were observed in the outer
cortex as well, and at 18 wpf, they became dominant both in the
outer and in the inner cortexes (Figs 1D and EV1C). On the con-
trary, even at 18 wpf, oogonia-like cells with no apparent sign of
meiotic entry were observed in the outer cortex (Figs 1D and
EV1C), demonstrating a substantial asynchrony in cy oocyte devel-
opment. We measured the (pre-)granulosa: germ-cell ratio (FOXL2-
positive™: DDX4" cell ratio) to find that it was ~ 2 at 8 wpf,
dropped to and remained ~ 1 at 10 and 12 wpf, and increased
sharply after 14 wpf, particularly in the inner cortex, reaching ~ 6
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Figure 1. Fetal ovary development in cynomolgus monkeys.

A Scheme of female germ-cell development in cynomolgus monkeys. Wpf, weeks post-fertilization; PGCs, primordial germ cells.

B Gross appearances of developing cy ovaries at 8-18 wpf. Scale bar = 1 mm.

C Hematoxylin and eosin (H&E) staining of a cy fetal ovary at 8 wpf. Arrows indicate oogonia. M, mesonephros. Scale bars = 100 pum (top), 40 pm (bottom).

D H&E staining of the ovarian cortex in cy fetuses at 10-18 wpf. The ovarian cortex was divided into the outer and inner cortex at the line bisecting the ovarian cortex.
Black arrows, oocytes bearing a large nucleus with condensed, thread-like chromatin; white arrows, primordial follicles. Scale bar = 50 pum.

E Immunofluorescence (IF) analysis for oogonia (POUSF1 and TFAP2C), RA responsive (ZGLP1 and STRA8), meiotic (yH2AX and SYCP1), and oogenic (ZP3 and TP63)
markers during cy fetal ovary development. Representative images for each marker are shown. Germ cells were marked with DDX4 (magenta). Nuclear DAPI staining
is shown in white. The upper-right magnified images of each panel show the expression of key markers (green) co-stained with DDX4 (magenta). The lower-right
magnified images of each panel show DDX4 expression (magenta) co-stained with DAPI (white). The numbers written in the upper-left corner indicate the stage (wpf)
of the fetus. Scale bar = 20 um.

F  Representative images of germ cells immunostained for SYCP3 (green), DMC1 (red), and DDX4 (magenta) at each meiotic substage. Nuclear DAPI staining is shown in
white. The substages of meiosis were defined based on the staining patterns of SYCP3, DMC1, and DAPI as described in Materials and Methods. Scale bar = 10 pm.

G

Percentages of germ cells at each meiotic substage as defined in Fig 1F. The average percentages in the outer or inner ovarian cortex on each meiotic substage were
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calculated from at least three fetal ovaries [8 wpf (n = 4), 10/12/14/16/18 wpf (n = 3)]. The color-coding is as indicated.

and ~ 3 at 18 wpf in the inner and outer cortexes, respectively
(Fig EV1D). This finding is consistent with the idea that germ cells
increase their number by mitotic expansion of oogonia at least until
10 wpf and then their number decreases dramatically after 14 wpf,
presumably due to apoptosis associated with meiotic prophase (see
below), whereas granulosa cells maintain their number relatively
constantly or proliferate slowly after their specification.

Key-marker expression

An scRNA-seq analysis classified human female fetal germ cells into
four cell types: “mitotic” (oogonia), “retinoic acid (RA)-responsive,”
“meiotic,” and “oogenesis (hereafter, we call them “oogenic”)” (Li
et al, 2017). Accordingly, we evaluated the cy fetal oocyte develop-
ment with the expression of key markers of the four cell types. At 8
wpf, a vast majority of DDX4" cells expressed markers for oogonia:
Nearly all DDX4" cells were positive for PDPN, and around 80%
were positive for POUSF1, TFAP2C, and NANOG, whereas only a
minority (~ 10%) in the inner cortex expressed ZGLP1, a determi-
nant for the oogenic fate and a marker for RA-responsive cells
(Figs 1E and EVI1E and F) (Li et al, 2017; Nagaoka et al, 2020). At
10 wpf, despite their histological similarity to the cells at 8 wpf,
germ cells expressing oogonia markers decreased dramatically, par-
ticularly in the inner cortex; on the contrary, those expressing mark-
ers for RA-responsive cells increased (ZGLP1: ~ 40-50%; STRAS:
~ 10-20%), and some (~ 10-20%) expressed SYCP3 (Figs 1E and
EV1F), an axial component of the synaptonemal complex (SC) that
initiates characteristic expression from the pre-leptotene stage of
meiosis (Yuan et al, 2000, 2002) (see below). While the oogonia
markers, NANOG, POUS5F1, and TFAP2C, showed a uniform distri-
bution across oogonia nuclei, the RA-responsive cell markers,
ZGLP1 and STRAS8, exhibited a granular distribution (Figs 1E and
EV1E). At 12 wpf, germ cells expressing oogonia markers continued
to decrease and those expressing markers for RA-responsive and
meiotic cells (SYCP3, DMC1, yH2AX, and SYCP1) continued to
increase, and at 14 wpf, oogonia became minor (~ 5%), meiotic
cells became predominant (~ 50%), and cells expressing oogenic
markers (ZP3 and TP63) appeared in both the outer (~ 10%) and
the inner (~ 30%) cortexes (Figs 1E and EV1F). yH2AX, a marker
for double-strand breaks (DSBs) upon meiotic recombination
(Fernandez-Capetillo et al, 2003), exhibited a dotted distribution in
meiotic nuclei, while SYCP1, another axial component of SC
(Meuwissen et al, 1992), showed a typical thread-like distribution
along synapsed homologous chromosomes in nuclei corresponding
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to the late zygotene or pachytene stage of the meiotic prophase I
(see below). At 16 and 18 wpf, the oogenic cells (oocytes at the
diplotene stage in the primordial follicles) (see below) were domi-
nant in the inner cortex, and the meiotic cells were abundant in the
outer cortex (Figs 1E and EV1F). In the oogenic cells, ZP3 was local-
ized on the plasma membrane or in the extracellular space between
oocytes and surrounding granulosa cells, indicating the formation of
an incipient zona pellucida (ZP) (Fig 1E). TP63, FIGLA, and
NOBOX, TFs critical for oogenesis (Liang et al, 1997; Suzumori
et al, 2002; Suh et al, 2006), all showed a uniform localization in
the nucleoplasm, except in the nucleolus, of the oocytes, whereas
NLRP5, a maternal effect protein essential for early embryonic
development (Tong et al, 2000), exhibited punctate localization
throughout the cytoplasm (Figs 1E and EV1E). LAMININ, a marker
for the basement membrane, delineated the basal side of the squa-
mous granulosa cells composing primordial follicles, marking both
single and sometimes multiple primordial follicles (Fig EV1E).

We next examined the expression of Ki67, a marker for cell pro-
liferation (Gerdes et al, 1983), and the expressions of cleaved poly
ADP-ribose polymerase (cPARP) and CASPASE 3 (cCAS3), markers
for apoptosis (Lazebnik et al, 1994; Tewari et al, 1995). At 8 wpf, a
majority of oogonia (~ 70%) expressed Ki67, which was localized
mainly around the nucleolus (Fig EV1E and F). Although germ cells
expressing oogonia markers decreased dramatically after 10 wpf, we
observed Ki67" cells throughout the stages we examined (~ 40%)
(Fig EV1F); these cells would have represented RA-responsive and
meiotic cells at an early stage of meiosis (see below). We did not
detect germ cells with apoptotic markers at 8 wpf, but from 10 to 14
wpf with the onset and progression of meiotic prophase, and at 16
and 18 wpf with the formation of primordial follicles, ~ 10% and
~ 15% of germ cells, respectively, showed apoptotic markers
(Fig EV1E and F). The apoptotic primordial follicles showed cCAS3,
but not cPARP (Fig EV1F).

Progression of the meiotic prophase |

We determined the progression of the meiotic prophase I based on
the chromatin architecture visualized by DAPI staining and the
expression/localization of SYCP3 and DMCI, the latter being
involved in single-strand invasion for homologous recombination
(Bishop et al, 1992; Fig 1F): Mitotic oogonia did not show overt
signs of chromosome condensation, expressing neither SYCP3
nor DMCL1. The pre-leptotene oocytes initiated chromosome conden-
sation and expressed SYCP3, which was localized around the
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nucleolus, but did not show DMC1. The leptotene oocytes exhibited
further chromosome condensation and expressed SYCP3, which was
localized both around the nucleolus and condensing chromosomes,
in addition to DMC1, which was localized on condensing chromo-
somes. The zygotene oocytes exhibited signs of chromosome pairing
and expressed SYCP3 and DMCI, which were localized on the
paired chromosomes, with DMC1 showing multiple strongly stained
foci. The early pachytene oocytes exhibited robust chromosome
pairing with a clear axial structure, and expressed SYCP3 and
DMC1, which showed co-localization on multiple strongly stained
foci, most likely crossover recombination sites of homologous chro-
mosomes. The late pachytene oocytes were similar to the early
pachytene oocytes, except that the former no longer expressed
DMCI1. The diplotene oocytes were larger in size, exhibited signs of
diakinesis, and repressed both SYCP3 and DMC1. With this classifi-
cation, a majority of germ cells were categorized as mitotic until 10
wpf, and it was demonstrated that the meiotic prophase I initiates in
the inner cortex at 10 wpf and gradually proceeds during cy fetal
development, with diplotene oocytes that complete the prophase
appearing from 14 wpf onwards (Fig 1G). Collectively, these data
update the classical observations in rhesus monkeys (Macaca
Mulatta) (Baker, 1966) and create a cytological basis for the pro-
gression of cy fetal oocyte development, demonstrating that initia-
tion of meiotic prophase I and overt morphological changes require
around 2 weeks from the repression of oogonia markers and that
the meiotic prophase I takes 4-6 weeks to complete.

Cy fetal oocyte development in xenotransplanted cy rOvaries

We next examined whether cy fetal oocyte development proceeds
upon xenotransplantation of cy reaggregated ovaries (cy rOvaries)
into immunodeficient mice (Fig 2A). We isolated cy fetal ovaries at
8 wpf, dissociated them into single cells (~ 6.0 x 10° cells per
ovary), reaggregated ~ 50,000 cells (approximately 5,000 germ
cells and 45,000 somatic cells) under a floating condition for 2 days
to generate cy rOvaries, transplanted them under the surface epithe-
lium of a kidney of immunodeficient mice, and analyzed the cy
oocyte development at 3-week intervals.

At 3-week post-transplantation (3 w-ptp), cy rOvaries bore an
integrated structure, and although they did not exhibit overt outer/
inner cortex stratification, germ cells reconstructed anastomosing
cords intercalated with granulosa cells and interspersed with

The EMBO Journal

stromal cells (Figs 2B and EV1G). A majority of germ cells showed
an immature morphology representing oogonia, while some exhib-
ited larger nuclei with condensed chromatin, indicative of meiotic
entry (Fig 2B). Consistent with these findings, ~ 40% of germ cells
expressed oogonia markers (NANOG, POUSF1, TFAP2C, and
PDPN), while ~ 50% expressed ZGLP1, ~ 30% expressed SYCP3,
and ~ 10% expressed meiotic markers (DMC1, yH2AX, and
SYCP1) (Fig 2C and D). At 6 w-ptp, oocyte development progressed
further in cy rOvaries, with a majority of germ cells showing the
nuclear morphology in the meiotic prophase I, including that of the
pachytene stage with synapsed chromosome pairs (< 10% positive
for oogonia markers, ~ 60% positive for SYCP3, and ~ 30% posi-
tive for DMC1, YH2AX, and SYCP1), but there were no cells express-
ing the oogenic markers (Figs 2B—D and EV1G). From 9 w-ptp
onwards, there were differentiated primordial follicle-like complexes
with an oocyte expressing ZP3 and TP63 surrounded by a single
layer of squamous granulosa cells expressing FOXL2, and by 15 w-
ptp, such complexes became dominant (Fig 2B—D). These findings
demonstrate that, upon xenotransplantation into mice, cy fetal
oocyte development and the meiotic prophase I proceed apparently
normally, although the developmental progression seemed some-
what slower compared to that in vivo. We examined cy rOvaries at
21 w-ptp and found that although they maintained a distinct struc-
ture, only granulosa and stromal cells survived, and essentially, all
oocytes were degenerated (Fig 2E), indicating that further follicle
growth does not proceed under the current xenotransplantation con-
dition.

Reconstitution of cy fetal oocyte development in vitro

We next explored whether an in vitro culture would promote appro-
priate cy fetal oocyte development in cy rOvaries. We first examined
an air-liquid interface culture that supports the development of both
mouse embryonic ovaries and rOvaries (Hikabe et al, 2016; Moro-
haku et al, 2016). We generated cy rOvaries with ~ 50,000 ovarian
cells at 8 wpf, and cultured them on the Transwell-COL membrane
insert (Fig 3A). Initially, cy rOvaries on the Transwell-COL mem-
brane showed an integrated structure, but unlike in mouse rOvaries,
some cells began to spread out from cy rOvaries from as early as
1 week of in vitro culture (1 w-ivc), and at 3 w-ivc, many cells had
migrated out, leaving the cy rOvaries smaller and flattened (Figs 3B
and EV2A). The cell spreading continued thereafter, and at 6 w-ivc,

Figure 2. Derivation of cy ovarian follicles from fetal gonadal cells by xenotransplantation.

A Scheme of the xenotransplantation experiment. The cy rOvaries generated from in vivo ovarian cells at 8 wpf were transplanted beneath the kidney capsule of

immunodeficient KSN/Slc mice (see Materials and Methods).

B Gross appearances (a), H&E staining (b), and IF for FOXL2/DDX4/DAPI (c) of transplanted cy rOvaries at 3-/6-/9-/12-/15-week posttransplantation (w-ptp). The primor-
dial follicle-like complexes surrounded with FOXL2* granulosa cells were observed inside the rOvaries at 12- and 15-w ptp. Arrows indicate the rOvaries. FOXL2, granu-

losa cell marker; DDX4, germ cell marker. Scale bars = 1 mm (a), 40 um (b and c).

C IF for oogonia (POUSF1 and TFAP2C), meiotic (SYCP3 and SYCP1), and oogenic (ZP3, TP63) markers in the transplanted cy rOvaries. Germ cells and nuclei were marked
with DDX4 (magenta) and DAPI (white), respectively. The upper-right magnified images of each panel show the expression of each marker (green) co-stained with
DDX4 (magenta). The lower-right magnified images of each panel show DDX4 expression (magenta) co-stained with DAPI (white). The numbers written in the upper-

left corner indicate weeks after transplantation (w-ptp). Scale bar = 20 um.

D Percentages of cells positive for individual markers among DDX4* germ cells from the IF of cy rOvaries at 3-15 w-ptp [3 w-ptp (n = 3), 6/9/12 w-ptp (n = 4), 15 w-ptp

(n = 6)]. The average values with SDs are shown.

E H&E staining of transplanted cy rOvaries at 21-w ptp. Dashed lines indicate the transplanted cy rOvaries beneath the kidney capsule of KSN/Slc mice. K, mouse kidney.

Scale bars = 200 pum (left) and 100 um (right).
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the cy rOvaries were much diminished compared to their original
sizes (Figs 3B and EV2A). Histological and IF analyses revealed that
at 3 w-ive, cy rOvaries bore ovarian cords, but such areas were lim-
ited with a small number of germ cells, and at 6 w-ivc, although
FOXL2" granulosa cells formed some clusters, there remained only a
few germ cells with degenerating morphology (Fig 3B). We exam-
ined whether cy rOvaries can be maintained on a culture membrane
coated with various extracellular matrix components, including col-
lagen (type I, III, IV, V, VI), fibronectin, laminins, and their combi-
nations (Fig EV2A). Under some conditions, such as on the
membrane coated with collagen type [, III, IV, V, and VI, or iMatrix
(laminin 511), cy rOvaries maintained their integrity up to 5 w-ivc,
but thereafter, they began to collapse, that is, some cells migrated
out, and under all conditions examined, cy rOvaries were flattened
out by 12 w-ivc (Fig EV2A). These findings indicate that cy rOvaries
require a condition distinct from that of mouse rOvaries for appro-
priate in vitro development.

We therefore explored whether cy rOvaries can be maintained
for the long-term under a floating condition (Fig 3A). When grown
by floating culture in aMEM+10% fetal bovine serum (FBS), a basal
condition for mouse rOvary culture (Hikabe et al, 2016, Morohaku
et al, 2016), at 6 w-ivc, cy rOvaries showed an integrated appear-
ance outlined by a few layers of squamous epithelial cells, although
their central areas appeared somewhat necrotic, and a relatively
large number of DDX4" germ cells survived with intercalating
FOXL2" granulosa cells (Fig EV2B). We examined 13 different basal
media including oMEM («MEM, GMEM, DMEM, KO DMEM,
Advanced MEM, DMEM/F-12, Waymouth’s, McCoy’s 5A, CMRL,
IMDM, Advanced RPMI, StemPro 34, MesenPRO RS) and found that
Advanced MEM gave the best outcome regarding the size and histol-
ogy of cy rOvaries at 6 w-ivc (Fig EV2B). Cy rOvaries reduced their
size at the outset of culture, possibly due to ongoing compaction of
the aggregates, but they gradually regained their size after 1 w-ivc
(Fig 3C). The size of cy rOvaries cultured in Advanced MEM+10%
FBS was consistently larger than that in uMEM+10% FBS during the
15-week culture period (Fig 3C). We therefore analyzed cy fetal
oocyte development in cy rOvaries cultured in Advanced
MEM+10% FBS under the floating condition at 3-week intervals
(Fig 3D). At 3 w-ivc, much as at 3 w-ptp, although cy rOvaries did
not show outer/inner cortex stratification, they exhibited anasto-
mosing cord-like structures with germ cells intercalated with granu-
losa cells, which were encapsulated by stromal cells
(Appendix Fig S1). Most germ cells (~ 50%) were oogonia
expressing NANOG, POUSF1, TFAP2C, and PDPN, while ~ 30%
and ~ 10% progressed to the RA-responsive (ZGLP1"/STRA8") and
meiotic (DMC1*/yH2AX"/SYCP1") stages, respectively (Figs 3E and
F, and EV2C). Thereafter, oogonia decreased in number, while mei-
otic cells increased, albeit with slower kinetics compared to that
in vivo and in xenotransplantation; nonetheless, oocytes expressing
oogenic markers (ZP3, TP63, FIGLA, NOBOX, and NLRPS) in pri-
mordial follicle-like structures differentiated from 12 w-ivc onward
(Figs 3E and F, and EV2C). The morphology of oogonia, and of RA-
responsive, meiotic, oogenic, and granulosa cells and the expres-
sion/subcellular localization of key markers in these cells in cy
rOvaries in vitro were similar to those of the corresponding cell
types in vivo (Figs 3E and EV2C and D). We examined the progres-
sion of the meiotic prophase using the criteria defined in Fig 1F,
which revealed slow but steady progression of the meiotic prophase

© 2022 The Authors
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in cy rOvaries in vitro (Fig 3G). We noted that a relatively large
fraction of germ cells remained in the pre-leptotene stage from 6 w-
ivc to 15 w-ive (Fig 3G), suggesting that under the current condi-
tion, the pre-leptotene to leptotene transition may be a rate-limiting
step. These findings demonstrate that cy fetal oocyte development
proceeds in vitro, with mitotic oogonia differentiating into oocytes
that complete the first meiotic prophase in the primordial follicle-
like structures over a period of 12 weeks.

Transcriptome dynamics for cy fetal ovary development in vivo,
in xenotransplantation, and in vitro

To define cy fetal ovary development in vivo as well as in xeno-
transplantation and under in vitro culture in a comprehensive man-
ner, we performed single-cell RNA-sequence (scRNA-seq) analysis
of cy fetal ovaries and cy rOvaries (Datasets EV1 and EV2). First,
we processed a total of 35,141 single cells isolated from cy fetal
ovaries at 8, 10, 12, 16, and 18 wpf for single-cell cDNA preparation
using the 10X Chromium platform, and with sequencing, 29,127
cells passed key quality filters [number of genes detected (nGene),
total unique molecular identifier (UMI) count, and % mitochondrial
gene count] and processing with Scrublet [doublets/multiplets
removal algorithm (Wolock et al, 2019)] for subsequent analysis
(Dataset EV1). Batch-effect removal from the principal component
analysis (PCA) subspace by the fast mutual nearest neighbor
(fastMNN) algorithm followed by graph-based clustering using the
Louvain algorithm classified these cells into five cell types: DDX4"
germ cells (2,283 cells), WTI" pre-granulosa cells (11,986 cells),
TCF21" stromal cells (14,028 cells), PECAMI* endothelial cells (673
cells), and TYROBP' blood cells (157 cells) (Fig 4A—C). In all
stages, larger numbers of genes were detected in germ cells than in
somatic cells (Fig EV3A). We isolated germ cells and reanalyzed
them with PCA, fastMNN, and Louvain clustering, which classified
them into 11 clusters after manual removal of putative dou-
blets/multiplets. Based on the expression of key markers, we anno-
tated them as mitotic 1/2/3, pre-leptotene 1/2/3, leptotene,
zygotene, pachytene 1/2, and some of the pachytene 2 cells were
manually classified as diplotene (Figs 4D and EV3B). The unclassi-
fied cells most likely represented apoptotic pre-leptotene/leptotene
cells, as they showed significantly lower levels of nUMI and nGene
(Fig EV3C), and exhibited gene expression profiles highly correlated
with those of pre-leptotene/leptotene cells (see below for Fig 4I).
The distributions of the cells annotated by scRNA-seq across devel-
opmental stages were essentially consistent with those annotated by
the IF analysis, except that there were only a few diplotene cells
(Figs 4D and EV3B), which would at least in part be due to an
incompatibility of diplotene cells with the 10X platform because of
their large size. The numbers of genes detected and total UMI counts
were relatively constant from mitotic to zygotene cells (on average,
~ 7,000 and 50,000, respectively) but were somewhat decreased
and more variable in pachytene cells (Fig EV3C).

Mitotic 1/2/3 cells expressed key oogonia markers, including
POUSF1, TFAP2C, PDPN, and PRDM1, and consisted predominantly
of cells at 8 wpf, but included some cells from all developmental
stages (Figs 4D and E, and F, and EV3B and D). Mitotic 1/2/3 cells
were considered to represent cells in the G1, S, G2/M phases of the
cell cycle, respectively (Fig EV3E). Pre-leptotene 1 cells weakly
expressed POUSFI and ZGLPI, but did not show typical meiotic
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Figure 3. In vitro culture system for inducing cy ovarian follicles from fetal gonadal cells.

A Scheme of the in vitro culture system for inducing cy ovarian follicles. The cy rOvaries generated from fetal gonadal cells at 8 wpf were cultured in either an air—

liquid interface or a floating condition (see Materials and Methods).

B Gross appearance (a), H&E staining (b and c), and IF for FOXL2/DAZL/DAPI (d) of cy rOvaries cultured in the air-liquid interface condition at 3 and 6 weeks of in vitro
culture (w-ivc). FOXL2, granulosa-cell marker; DAZL, germ-cell marker; DAPI, nucleus. Scale bars = 200 pum (a), 100 pum (b), and 40 um (c and d).

C Quantitative analysis for the size of cy rOvaries cultured in Advanced MEM or aMEM as the basal media of P-IVD medium. The mean values from more than three
biological replicates are shown with SDs except for the rOvary in «MEM at 15 w-ivc [0/1/2/3/6/9/12/15 w-ivc (xMEM, n = 26/23/14/23/20/9/4/1; Advanced MEM,

n = 14/14/14/14/9/8/7/4)]. **P < 0.01, Welch’s T-test.

D Gross appearance (a) and H&E staining (b) images of cy rOvaries cultured with the P-IVD medium at 3/6/9/12/15 w-ivc. Arrowheads indicate primordial follicle-like

structures. Scale bars = 200 pm (a) and 40 pm (b).

E IF analyses of key markers as described in Fig 1E in the cultured cy rOvaries. Germ cells and nuclei were marked with DDX4 (magenta) and DAPI (white), respectively.
The upper-right magnified images of each panel show the expression of key markers (green) co-stained with DDX4 (magenta). The lower-right magnified images of
each panel show DDX4 expression (magenta) co-stained with DAPI (white). The numbers written in the upper-left corner indicate the period of IVC (w-ivc). Scale

bar =20 pm.

F Percentages of cells positive for individual markers among DDX4" germ cells from the IF of cy rOvaries at 3-15 w-ivc [3/6/9/12 w-ivc (n = 3), 15 w-ivc (n = 3 or 4)]. The

average values with SDs are shown.

G Percentages of germ cells at each meiotic substage as defined in Fig 1F (see also Materials and Methods). The average percentages of each meiotic substage were

determined from at least three cy rOvaries [3/6/9/12 w-ivc (n = 3), 15 w-ivc (n = 4)].

markers such as DMCI, PRDM9, and SYCPI, and consisted of cells
from 8, 10, 12, and 16 wpf. They were in the G1 phase of the cell
cycle (Figs 4D and F, and EV3D and E). Pre-leptotene 2/3 cells
expressed ZGLP1, REC8, and SYCP3, but were negative/very weak
for DMC1, PRDMY9, and SYCPI, consisted of cells from all develop-
mental stages, and were in the S and G2 phases of the cell cycle,
respectively (Figs 4D and F, and EV3D and E). Thus, pre-leptotene 2
cells are those undergoing meiotic DNA replication. Leptotene and
zygotene cells consisted of cells mainly after 12 wpf, and expressed
RECS8, SYCP2, and SYCP3 at a higher level than pre-leptotene cells,
with zygotene cells upregulating DMCI, PRDM9, and SYCPI
(Figs 4D and F, and EV3D). Pachytene 1/2 cells also consisted of
cells mainly after 12 wpf, repressed ZGLP1 and RECS8, and expressed
SYCP1/2/3, DMCI, and PRDM9, with pachytene 2 cells initiating the
downregulation of these genes and upregulation of FIGLA (Figs 4D
and F, and EV3D). Diplotene cells (ZP3"/GDF9" /NOBOX" cells) con-
sisted of cells at 16 and 18 wpf, downregulated meiotic markers,
and expressed key genes for oocyte development, such as FIGLA
and NLRPS (Figs 4D and F, and EV3D). A pseudotime analysis for
developmental trajectory by Monocle 3 (Cao et al, 2019) and a cell-
cycle phase prediction based on a widely used method (Tirosh
et al, 2016) gave an outcome consistent with the above results
(Fig 4G and Appendix Fig S2A—C).

We identified highly variable genes (HVGs) among the 11 clus-
ters [top 2,000 HVGs minus genes with low-expression levels (clus-
ter average expression log (ssUMI+1) <0.5): 1,481 genes]
(Dataset EV3). Unsupervised hierarchical clustering (UHC) classi-
fied such genes into 8 clusters (Fig 4H): the cluster 1 genes were
expressed highly in mitotic 1/2/3 cells and downregulated acutely
after the pre-leptotene 1 stage, and were enriched in genes with
gene ontology (GO) functional terms for “somatic stem cell popula-
tion maintenance” and “developmental process involved in repro-
duction.” The cluster 2 genes showed an expression profile
associated with cell-cycle progression (expressed in mitotic 2/3, pre-
leptotene 2/3) and were indeed enriched for “mitotic cell cycle” and
“meiotic cell cycle process” (Figs 4H and EV3E). The cluster 3 genes
were expressed from pre-leptotene 1 to zygotene and were enriched
for “regulation of transcription, DNA-templated,” and interestingly,
“pattern specification process.” The cluster 4 genes were gradually
upregulated from pre-leptotene 1 onwards and were enriched for

© 2022 The Authors

“meiotic cell cycle” and “reproductive system development.” The
cluster 3 and 4 genes, particularly those expressed in pre-leptotene
1/2, would include the oogenic fate determinant. The cluster 5 and
6 genes were expressed from leptotene to pachytene 2 (cluster 5) or
diplotene (cluster 6), and included key genes for meiotic recombina-
tion [“synapsis/double-strand break repair/reciprocal DNA recombi-
nation/meiotic cell cycle”]. The cluster 7 and 8 genes were strongly
upregulated in diplotene and were enriched for “reproductive pro-
cess” and “oogenesis.” The correlation analysis using the same
genes revealed that the 11 clusters can be classified into 4 groups
with higher correlations [mitotic 1-to-pre-leptotene 1, pre-leptotene
1-to-zygotene (corresponding to RA-responsive), zygotene-to-
pachytene 2 (corresponding to meiotic), pachytene 2-to-diplotene
(corresponding to oogenic)], with 3 clusters (pre-leptotene 1, zygo-
tene, pachytene 2) playing a transitional role between the groups
(Fig 4I), providing high-resolution transcriptome categorization for
primate fetal oocyte development. We confirmed that the pseudo-
temporal expression patterns of these HVGs as well as those of the
HVGs defined based on the Moran’s I statistic using the Monocle 3
package gave a consistent outcome (Appendix Fig S3A and B).

We generated 937 quality-filtered single-cell transcriptomes from
cy rOvaries at 12 and 15 w-ivc with 10X Chromium (73 germ cells,
702 (pre-)granulosa cells, and 118 stromal cells) and compared
them with those of cy fetal ovarian cells in vivo. PCA and fastMNN
followed by Louvain clustering revealed that cy germ cells in cy
rOvaries in vitro exhibited transcriptomes concordant with those of
cy oocytes ranging from the pre-leptotene to pachytene stage
(Fig 4J). To gain further insights into the transcriptome dynamics
associated with cy fetal oocyte development in cy rOvaries, we
manually picked up single cells with germ-cell appearance dissoci-
ated from cy rOvaries at 3/6/9/12/15 w-ivc and w-ptp as well as
from cy ovaries at 12/16/18 wpf and in adult individuals, and per-
formed scRNA-seq analysis with single-cell mRNA 3-prime end
sequencing (SC3-seq), a highly sensitive scRNA-seq method that
allows a quantitative comparison of single-cell gene expression pro-
files with a few (~ 4-8) cells (Nakamura et al, 2015) (Fig 4K and
L; Appendix Fig S4A, Dataset EV2) (the cells analyzed for the xeno-
transplantation experiment were small in number, in part due to a
difficulty in dissociating transplanted cy rOvaries into single cells).
UHC and PCA classified 172 quality-filtered DDX4" single cells
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Figure 4. Single-cell RNA-seq analyses of cy ovarian cells in vivo and in rOvaries.

A

K, L

Analyses for cy germ cells by 10X scRNA-seq. (A) Uniform manifold approximation and projection (UMAP) plot of cy fetal ovarian cells in vivo, colored by five compu-
tationally assigned major clusters based on the expression of cell-type-specific markers. The color-coding is as indicated. (B) UMAP plot shown in Fig 4A, highlight-
ing the cells for each fetal stage. (C) Feature plots for the expression of key marker genes for cy in vivo germ cells (DDX4), granulosa cells (WT1), stromal cells
(TCF21), endothelial cells (PECAM1I), and blood cells (TYROBP) overlaid on the UMAP plot in Fig 4A. (D) UMAP plot of cy in vivo germ cells shown with the clustering
of meiotic substages. The color-coding is as indicated. M, mitotic; PL, pre-leptotene; L, leptotene; Z, zygotene; P, pachytene; D, diplotene; U, unclassified. (E) UMAP
plot of cy in vivo germ cells colored by the fetal stage. The color-coding is as indicated. (F) Feature plots for oogonia (POU5F1 and TFAP2C), RA-responsive (ZGLP1
and STRAS), meiotic (SYCP3 and SYCP1), oogenic (ZP3), and germ-cell (DDX4) markers during cy in vivo germ-cell development. (G) UMAP plot of cy in vivo germ cells
with the trajectory graph (red lines). Cells were colored by pseudotime. (H) (Left) Heatmap of the standardized expression of highly variable genes (HVGs, 1,481
genes) among in vivo cy germ-cell clusters ordered by unsupervised hierarchical clustering (UHC); eight gene clusters were defined according to the UHC dendro-
gram. Key genes for female germ-cell development are shown in black, and 10 genes transiently upregulated in the PL cluster are shown in orange. (Right) Repre-
sentative genes and key gene ontology (GO) enrichments are shown. (I) Heatmap of the Pearson’s correlation coefficients of the average expression levels of the
1,481 HVGs among the meiotic substages in cy in vivo germ cells. The asterisk indicates an unclassified cluster. The color-coding is as indicated. (J) (a) UMAP plot
for germ cells from cy in vivo fetal ovaries and in vitro cultured cy rOvaries, shown with the meiotic substages. The color-coding is as indicated. (b) UMAP plot high-
lighting cells from in vitro cultured cy rOvaries at 12 and 15 w-ivc. (c) UMAP plot with the trajectory graph (red lines). Cells were colored by pseudotime.

Analyses for cy germ cells by SC3-seq. (K) UHC for cy germ cells in vivo and in rOvaries with all expressed genes (19,747 genes) and a heatmap of the expression
levels of selected markers that differentially label mitotic, RA-responsive, meiotic, and oogenic cells. Color bars under the dendrogram show the in vivo stage (1st
bar), the period of xenotransplantation (2nd bar), the period of IVC (3rd bar), and the cell type (4th bar). The heatmap color-coding is as indicated. The color-coding
of bars is as indicated in Fig 4L. (L) Principal component analysis (PCA) of cy germ cells in vivo and in rOvaries performed by SC3-seq. The cells were plotted in the
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two-dimensional plane defined by PC1 and PC2 values. The color-coding is as indicated.

(including 19 germ cells at 6/7 wpf in (Okamoto et al, 2021)) into
four major groups corresponding to mitotic, RA-responsive, meiotic,
and oogenic cells, and in vivo, xenotransplanted, and in vitro cells
were included in all groups, with intermingling transcriptome pro-
files within the groups (Fig 4K and L). The pseudo-temporal expres-
sion patterns of the HVGs in Fig 4H during in vivo and in vitro
oocyte development were consistent between the 10X scRNA-seq
and SC3-seq datasets (Appendix Fig S3 and S4B). Accordingly, we
found that the correlation coefficients between in vivo and in vitro
RA-responsive/meiotic/oogenic cells were 0.968/0.968/0.982,
respectively (Appendix Fig S5A), and the differentially expressed
genes (DEGs) between in vivo and in vitro RA-responsive/meiotic/
oogenic cells were few in number (Appendix Fig S5A, Dataset EV4).
On the contrary, the DEGs included some key genes for oocyte
development, including ZGLP1, REC8 (RA-responsive), SOHLHI,
NOBOX (meiotic), NLRP4, and ZP4 (oogenic) (Appendix Fig S5A,
Dataset EV4), and their pseudo-temporal expression profiles sug-
gested that while the differential expression of SOHLHI, NOBOX
(meiotic), NLRP4, and ZP4 (oogenic) may result from a difference in
meiotic/oogenic stages in the compared cell populations, the differ-
ential expression of ZGLPland REC8 (RA-responsive) may reflect a
significant difference (Appendix Fig S5B), which could explain why
the pre-leptotene to leptotene transition may be rate-limiting under
the current culture condition (Fig 3G). Collectively, these results led
us to conclude that cy fetal germ cells undergo appropriate overall
transcriptome maturation in cy rOvaries in vitro, while the upregu-
lation of key genes for the pre-leptotene to leptotene transition may
not be optimal under the current condition.

We also examined the development of WTI" cy pre-granulosa
cells in vivo and in vitro. Using the same analysis as for germ
cells, cy (pre-)granulosa cells in vivo were classified into 12 clus-
ters after of putative doublets/multiplets
(Fig EV4A). Analysis of the cluster distributions across develop-
mental stages showed that most clusters (clusters 1, 2, 3, 4, 5, 6,
7,9, 11, and 12) were present as early as 8 wpf, while clusters 8
and 10 emerged from 10 and 16 wpf onwards, respectively
(Fig EVAA—C). We identified genes with highly variable expression
among the 12 clusters [top 1,500 HVGs minus genes with low-

manual removal

© 2022 The Authors

expression levels (cluster average expression log (ssUMI+1) < 0.5):
788 genes] (Dataset EVS). UHC using these genes revealed that
cells in clusters 2 and 3 were pre-granulosa cells in the S phase of
the cell cycle, while those in cluster 1 were in the G2/M phase;
moreover, the cells in cluster 1 were abundant in the early stages
(8/10/12 wpf) and, like the cells in cluster 4, were enriched with
genes for “cell migration” and “cytoskeleton organization”
(Fig EV4AA—-D). Cells in clusters 11 and 12 were also abundant in
the early stages (8/10/12 wpf) and expressed genes for “steroid
biosynthetic process” and “reproductive system development,” and
thereby represented a unique pre-granulosa cell subtype
(Fig EVAA—D). The RNA velocity calculation (Bergen et al, 2020)
and partition-based graph abstraction (PAGA) (Wolf et al, 2019)
suggested that pre-granulosa cell differentiation proceeded from
cluster 4 to 5 to 7 to 9 to 10 or from 4 to 5 to 6 to 8 to 10
(Fig EV4A and B), and cells in cluster 10, which emerged from 16
wpf onwards, were enriched with genes for “extracellular matrix
organization” and “Notch signaling pathway,” and would therefore
represent granulosa cells composing primordial follicles (Fig EV4D
and E) (Li et al, 2017). Combined analysis of the transcriptomes of
WTI" pre-granulosa cells in cy rOvaries in vitro revealed that the
WTI" cells at 12 and 15 w-ivc formed two major clusters: one
smaller cluster (cluster d) including a subset of granulosa cells at
16 wpf and one larger cluster (cluster 1) close to/merged with a
cluster of follicular granulosa cells at 16 and 18 wpf (cluster 10 in
Fig EV4A), indicating that pre-granulosa cells at 8 wpf underwent
appropriate differentiation, including maturation into follicular
granulosa cells, although the identity of cluster d, whose HVGs
were enriched with genes for “extracellular matrix organization,”
“angiogenesis,” and “cell-cell adhesion,” requires further investi-
gations (Appendix Fig S6A—C). We noted, however, that follicular
granulosa cells in vitro (cluster 1) showed a signature for activated
granulosa cells, including ID2/3/4 upregulation (i.e., activation of
BMP signaling) and HEY2 upregulation and HEYI1/HEYL downreg-
ulation  (i.e., regulation of JAGI-NOTCH2/3  signaling)
(Appendix Fig S6D) (Vanorny & Mayo, 2017; Zhang et al, 2018),
suggesting a possibility that granulosa-cell development in culture
proceeds to an activated primary follicle stage.
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Figure 5. Derivation of human ovarian follicles from oogonia in vitro.

A

B,C

E F

Gross appearance (a), H&E staining (b), and IF (c) for FOXL2/DDX4/DAPI of the human in vivo female gonads (11 W, left column) and the cultured rOvaries at 7 and
14 w-ivc. FOXL2, granulosa-cell marker; DDX4, germ-cell marker; DAPI, nucleus. Scale bars = 1 mm (a, left), 200 um (a, middle/right), 50 um (b), and 20 um (c). g.a.,
gestational age.

IF for oogonia (POUSF1), cell proliferation (Ki67), meiotic (SYCP3, DMC1, yH2AX, and SYCP1), and oogenic (ZP3 and TP63) markers for human in vivo female gonad
(11 w, B) and human in vitro cultured rOvaries at 14 w-ivc (C). Germ cells and nuclei were marked with DDX4 (magenta) and DAPI (white), respectively. The upper-
right magnified images of each panel show the expression of key markers (green) co-stained with DDX4 (magenta). The lower-right magnified images of each panel
show DDX4 expression (magenta) co-stained with DAPI (white). Scale bars = 20 pm.

Percentages of cells positive for individual markers among DDX4" germ cells from the IF of human in vivo female gonads (11 W) and human cultured rOvaries at 7
and 14 w-ivc. The mean values from two biological replicates are shown.

Analyses for human germ cells by SC3-seq. (E) UHC for human germ cells in vivo and in rOvaries with all expressed genes (20,048 genes) and a heatmap of the
expression levels of selected marker genes. Color bars under the dendrogram show the in vivo stage (1st bar), the period of IVC (2nd bar), and the cell type (3rd
bar). The heatmap color-coding is as indicated. The color coding in bars is as indicated in Fig 5F. (F) PCA of human germ cells in vivo and in rOvaries performed by
SC3-seq. The cells are plotted in the two-dimensional plane defined by PC1 and PC2 values. The color-coding is as indicated.

PCA plot of all cy and human SC3-seq data merged by canonical correlation analysis (CCA). Cell types were defined after CCA followed by Louvain clustering. The

The EMBO Journal

color and shape coding are as indicated.

Reconstitution of human fetal oocyte development in vitro

Having vestablished a condition for cy fetal oocyte development
in vitro, we explored whether human fetal oocyte development
can also be reconstituted in vitro. We were able to obtain two
aborted human female fetuses at 11 weeks of gestation (11 W),
and we isolated their gonads and processed them for histological
analysis, human rOvary formation, and single-cell transcriptome
analysis. In addition, we isolated primordial follicles from a
human adult ovary and processed their oocytes for single-cell tran-
scriptome analysis. All human samples were obtained upon appro-
priate informed consent (see Materials and Methods). Consistent
with previous reports (Li et al, 2017), human fetal ovaries at
11 W were abundant with oogonia bearing a round nucleus with
pale hematoxylin staining and a prominent nucleolus, but were
also populated with cells with a larger nucleus with a more con-
densed chromatin appearance (Fig 5A). Accordingly, ~ 85% of
DDX4" germ cells were POUSF1" and a small fraction of them
(~ 3%) showed expression of early meiotic markers such as
SYCP3, yH2AX, and DMC1, but no cells expressed SYCP1 (Fig 5B
and D), demonstrating that most germ cells in human ovaries at
11 W are oogonia.

Under the air-liquid interface condition, cells migrated out of
human rOvaries (~ 50,000 ovarian cells) and human rOvaries
became flattened out and collapsed over an extended culture period;
this was similar to the findings in cy rOvaries, but dissimilar to
mouse rOvaries (Appendix Fig S7A). We therefore cultured human
rOvaries under the floating condition defined for cy rOvaries and
examined their properties at 7/8 and 14 w-ivc. At 7 w-ivc, human
rOvaries showed an integrated structure, although like cy rOvaries,
the central areas exhibited a necrotic appearance (Fig 5A). Histolog-
ical sections revealed that the cortical areas were full of germ cells
bearing oogonia-like or early meiotic oocyte-like morphology
(Fig 5A). In good agreement with this result, ~ 30% of DDX4"
germ cells were POUSF1", ~ 50% were SYCP3", and ~ 30% were
YH2AX"/DMC1", while only ~ 2% were SYCP1" (Fig 5C and D). At
14 w-ivc, human rOvaries remained integrated and their cortexes
were abundant with germ cells bearing a large nucleus with con-
densed, thread-like chromatin and, remarkably, a number of pri-
mordial follicle-like structures (Fig 5A). Consistent with these
observations, the ratio of DDX4'/POUSF1' cells decreased to

© 2022 The Authors

~ 10%, while ~ 30% became SYCP1" and ~ 3% were ZP3"/
TP63"* (Fig 5C and D). The morphology of meiotic and primordial
follicle-like cells and the expression/subcellular localization of key
markers in these cells were similar to those of corresponding in vivo
cell types in cynomolgus monkeys and humans (Figs 1E and 5C;
Baker, 1963).

Single-cell transcriptome analysis by SC3-seq of 120 quality-
filtered single cells (human fetal ovaries at 11 W: 33 cells; human
adult ovaries: 4 cells; human rOvaries at 8 w-ivc: 39 cells; human
rOvaries at 14 w-ivc: 44 cells) classified them into four cell types:
mitotic, RA-responsive, meiotic, and oogenic cells (Fig 5E and F,
Dataset EV2). Consistent with the histological and IF analyses,
most single cells picked up from dissociated human fetal ovaries
at 11 W were mitotic oogonia expressing NANOG, POUSFI,
TFAP2C, and PRDMI1 (19/33) or RA-responsive cells expressing
ANHX, RECS8, and ASB9 (14/33), whereas those from human
rOvaries at 8 w-ivc contained all four cell types (mitotic: 16/39;
RA-responsive: 13/39; meiotic: 7/39; oogenic: 3/39) and those at
14 w-ivc were predominantly meiotic cells expressing DMCI,
RADSIAP2, and SYCPI or oogenic cells with ZP3, NLRP5, TP63,
and NOBOX (mitotic: 0/44; RA-responsive: 3/44; meiotic: 21/44;
oogenic: 20/44; Fig 5E and F). Notably, the oogenic cells isolated
from human rOvaries were clustered closely with adult oocytes in
the primordial follicles (Fig SE and F), indicating a proper progres-
sion of human oocyte development in human rOvaries in vitro. To
substantiate this point further and complement the lack of human
fetal ovary samples at later stages, we merged SC3-seq data of
human and cy germ cells by canonical correlation analysis (CCA)
(Stuart et al, 2019) and performed PCA, which revealed a highly
parallel transcriptomic progression of human oocytes in human
rOvaries in vitro, and in cy oocytes in vivo and cy rOvaries
in vitro (Fig 5G). In addition, we examined the pseudo-temporal
expression patterns of the human orthologues of cy fetal oocyte
HVGs (Fig 4H) during human fetal oocyte development in vivo
and in vitro, and found consistent gene expression changes
between cy/h fetal oocyte development and between in vivo/
in vitro human fetal oocyte development (Appendix Fig S4B and
S7B). Taken together, these results indicated that human oocyte
development can also be reconstituted in vitro, at least up to the
oocytes that complete the meiotic prophase I in the primordial fol-
licles.
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Primate-specific program for fetal oocyte development

In mammals, germ-cell development proceeds with conserved cellu-
lar events, which include PGC specification from pluripotent embry-
onic precursors, epigenetic reprogramming, germ-cell sex
determination, and epigenetic programming coupled with (in
females) or followed by (in males) meiotic divisions to generate sex-
ually dimorphic haploid gametes. On the contrary, the precise cellu-
lar dynamics and molecular mechanisms underlying such conserved
events appear to vary widely among species (Saitou &
Hayashi, 2021). To gain insight into the primate-specific program
associated with fetal oocyte development, we went on to compare
relevant transcriptome datasets among mice, monkeys, and
humans. We merged our cynomolgus monkey and human datasets
with four public datasets [one for humans (Chitiashvili et al, 2020)
and three for mice (Niu & Spradling, 2020; Zhao et al, 2020; Ge
et al, 2021)] using CCA, performed Louvain clustering, and defined
the fetal oocyte developmental stage of the 15 clusters across the
three species based on the expression of the relevant genes (mitotic
1-4, pre-leptotene 1-3, leptotene 1-3, zygotene 1/2, pachytene 1/2,
diplotene) (Fig 6A; Dataset EV1). The distributions of the cells with
defined developmental stages in each developmental time point
were in accord with previous observations (Fig 6B and C;
Appendix Fig S8) (Chitiashvili et al, 2020) (Niu & Spradling, 2020,
Zhao et al, 2020, Ge et al, 2021).

Pseudotime analysis by Monocle 3 revealed that in humans and
monkeys, the mitotic to pre-leptotene transition, that is, the entry
into meiosis, produced relatively large transcriptomic alterations,
whereas in all mouse datasets, such transition involved minor
change, but the subsequent transitions gave rise to major alterations
(Fig 6D; Appendix Fig S9A). We identified HVGs during fetal oocyte
development in each species, among which 237 genes were ortholo-
gous and common to all three species. The correlation analysis of
their expression in each developmental stage revealed a major dis-
tinction between the mitotic and pre-leptotene cells in humans and
monkeys, but not in mice (Fig 6E; Appendix Fig S9B). Furthermore,
the expression properties of each cluster were relatively well con-
served between humans and monkeys but were divergent in mice
(Fig 6E). A previous study has shown that during the meiotic
prophase for spermatogenesis in humans, monkeys, and mice, as
meiosis progresses, the contribution to the overall expression of
one-to-one-to-one (1-1-1) orthologous genes declines, whereas that
of species-specific genes increases in humans and mice (no clear
conclusion was reached for monkeys due to the low level of gene
annotation), arguing for species-specific specialization for male mei-
otic prophase I (Lau et al, 2020). We performed the same analysis
for female meiotic prophase I. In clear contrast to the findings in
males, as meiosis progressed in females, the contribution to the
overall expression of 1-1-1 orthologues gradually increased,
whereas that of the species-specific genes was consistently low
(Appendix Fig S10). Thus, during oogenesis, in humans and mon-
keys, the mitotic-to-meiotic transition involves more drastic tran-
scriptomic changes than in mice, and overall transcriptomic
divergence among the three species derives from the distinct usage
of orthologous genes.

We went on to identify primate-specific genes that exhibit
dynamic changes during fetal oocyte development. Based on the
SC3-seq analysis in Fig 5G, we identified differentially expressed 1-
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1 orthologues between the two successive cell types [log, (normal-
ized read counts +1) > 3, fold-change > 2], extracted the common
genes in humans and monkeys (397 genes), and examined their
expression changes in the 10X datasets in fetal oocyte developmen-
tal stages as defined in Fig 6A (Dataset EV6). The expression pro-
files of 130 of the 397 genes were well conserved among the three
species, and a notable trend was observed: Genes expressed in
mitotic cells continued to be expressed in pre-leptotene/leptotene
cells, and those expressed in meiotic cells showed upregulation in
relatively late stages in mice (Fig EV5A; Appendix Fig S11A,
Dataset EV6). These genes included well-known genes involved in
fetal oocyte development, including PRDM1, TFAP2C, NANOS3 (mi-
totic), HORMADI1, REC8, STAG3 (leptotene~), SYCPI, MEIOC,
SPO11 (zygotene~), NPM2, ZP2, NOBOX (pachytene 3/diplotene)
(Fig EV5A; Appendix Fig S11A, Dataset EV6). On the contrary, 83
genes showed specific expression changes in humans and monkeys
but not in mice, and these included, among other genes, THY1,
SOX17, TFCP2L1 (mitotic), PBXI, PAX6, MORC4 (pre-leptotene/
leptotene), DMRTBI, CLGN, GSAP (leptotene ~ ), CSFIR, TMEM]163,
and LMOD3 (pachytene 2/diplotene) (Figs 6F and EV5B;
Appendix Fig S11B, Dataset EV6). Among these, we verified the
expression of PAX6, a homeobox TF involved in key cell-fate specifi-
cation processes including eye development (Walther &
Gruss, 1991; Jordan et al, 1992), CLGN, a chaperone that is specifi-
cally expressed in the endoplasmic reticulum (ER) of spermatogenic
cells and plays a key role in sperm binding to ZP (Ikawa
et al, 1997), and LMOD3, an actin filament-nucleating protein
expressed in skeletal and cardiac muscle (Yuen et al, 2014). IF anal-
ysis revealed that PAX6 showed specific and strong expression in
TFAP2C™ germ cells at an early stage of the meiotic prophase in
cynomolgus monkeys and human rOvaries (Fig 6G and H); CLGN
was expressed and localized in the cytoplasm, most likely in the ER,
in TFAP2C™ germ cells in cynomolgus monkeys and human
rOvaries, and in human juvenile primordial follicles (Fig 6G—I); and
LMOD3 exhibited specific expression in primordial follicles in both
cynomolgus monkeys and humans, with meshwork-like localization
in the cytoplasm (Fig EV5C). Interestingly, LMOD3 showed higher
enrichment in the cytoplasm facing toward the ovarian medulla in
primordial follicles in human juveniles (Fig EV5C).

Conserved activities of X chromosomes

In mammals, females bear two X chromosomes (Xs), while males
have one X and one Y chromosome. In females, one X is inactivated
(Xi) in a random manner in early post-implantation embryos
(X-chromosome inactivation: XCI) to compensate for the X-linked
gene dosage with males (Lyon, 1961; Zylicz & Heard, 2020). In
somatic cells, one active X chromosome (Xa) is hyperactivated to
compensate for the X chromosome: autosome (X:A) gene dosage
(X-chromosome upregulation: XCU) in both females and males
(Ohno, 1967; Deng et al, 2014). On the contrary, in female germ
cells, Xi is reactivated (X-chromosome reactivation: XCR) (Monk &
McLaren, 1981; Sugimoto & Abe, 2007; Guo et al, 2015; Tang
et al, 2015; Vertesy et al, 2018; Chitiashvili et al, 2020; Okamoto
et al, 2021), and it has been shown that germ cells exhibit a non-
canonical X-chromosome dosage compensation in mice and humans
(Sangrithi et al, 2017), although another study reached a different
conclusion (Chitiashvili et al, 2020).

© 2022 The Authors
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Figure 6. Cross-species comparison analysis of fetal female germ-cell development in vivo in humans, monkeys, and mice.

A-F  Analyses performed by 10X scRNA-seq. (A) UMAP plot of germ cells from six 10X scRNA-seq datasets (two for humans [this study and (Chitiashvili et al, 2020)], one
for monkeys [this study], and three for mice [(Niu & Spradling, 2020, Zhao et al, 2020, Ge et al, 2021)]) integrated by CCA. Meiotic substages were defined after
CCA followed by Louvain clustering. Colors indicate the computationally assigned meiotic substages defined by the expression levels of key meiotic markers con-
served in all three species (see Materials and Methods). The color-coding is as indicated. M, mitotic; PL, pre-leptotene; L, leptotene; Z, zygotene; P, pachytene;

D, diplotene. (B) The UMAP plot highlighting cells from each dataset. The color-coding for each developmental stage is as indicated. (C) Percentages of germ cells
belonging to each meiotic substage. The color-coding for the germ-cell stage is as indicated in Fig 6A. (D) Distribution of germ cells along the individually calcu-
lated species-specific pseudotime trajectories (Monocle 3). The color-coding for the germ-cell stage is as indicated in Fig 6A. (E) Heatmap of the Pearson’s correla-
tion coefficients of the average expression levels of 237 HVGs (1-1-1 orthologues) among the meiotic substages in humans, monkeys, and mice (see Materials and
Methods). The color-coding for the germ-cell stage is as indicated. (F) Heatmap of the standardized expression levels of selected genes using 10X scRNA-seq data
in all three species. Genes showing specific expression changes in humans and monkeys, but not in mice, during female germ-cell development were manually
selected from the list of DEGs acquired from the SC3-seq analysis for cy/human in vitro cultured rOvaries (Dataset EV6). The heatmap color-coding is as indicated.

The color-coding for the germ-cell cluster is as indicated in Fig 6E.

G, H If analyses of PAX6 and CLGN with TFAP2C (oogonia marker) and DDX4 (germ-cell marker) in cy in vivo fetal ovaries at 12 wpf (G) and human cultured rOvaries at

7 w-ivc (H). Nuclear DAPI staining is shown in white. Scale bars = 20 pm.

| If analyses of CLGN with TP63 (oogenic marker) and DDX4 (germ-cell marker) in a 13-year-old human oocyte of a primordial follicle. Nuclear DAPI staining is shown

in white. Scale bar = 20 pm.

We therefore sought to compare the X chromosome activities
during fetal oocyte development in the three species. We first exam-
ined the X:A ratio of gene expression levels during mouse germ-cell
development based on bulk RNA-seq data, which ensure high quan-
titative performance (Dataset EV7). In gonadal somatic cells, the X:
A ratio was slightly below 1 (~ 0.9), indicating that XCU occurs, if
not fully, on a single Xa (Fig 7A; Dataset EV8). In female germ cells,
the X:A ratio was below 1 (~ 0.9) until E12.5 during their mitotic
expansion, exceeded 1 (~ 1.1) from E13.5 to E18.5 during the pro-
gression of meiotic prophase I, and was downregulated to ~ 1 at
postnatal day (P) 0 and 1 in the primordial follicles (Fig 7A;
Dataset EV8). Given that both X chromosomes are progressively
activated in germ cells by E14.5 (Sugimoto & Abe, 2007), this indi-
cates a mild XCU during the meiotic prophase and its erasure in the
primordial follicles. In male germ cells, the X:A ratio was ~ 0.83 at
E11.5, and it decreased to ~ 0.65 at E12.5 and remained at ~ 0.7
in the mitotic arrest phase (Fig 7A; Dataset EV8), indicating that
XCU erasure also occurs in males. Interestingly, we detected a mild
upregulation of Xist (X inactive specific transcript), the long noncod-
ing RNA inducing a cascade of repressive events for XCI in mice
(Brockdorff et al, 1992; Penny et al, 1996; Marahrens et al, 1997),
in the primordial follicles, while it was essentially repressed in male
germ cells (Fig 7A; Dataset EV8). The timing of the onset and era-
sure of a mild XCU in females was different from, but that of the
XCU erasure in males was consistent with, a previous study
(Sangrithi et al, 2017). We reanalyzed the datasets by Sangrithi
et al (2017) using our pipeline and noted that the datasets by
Sangrithi et al (2017) were somewhat variable in quality: For exam-
ple, for gonadal somatic cells, the Chr3:A ratio ranged from ~ 1.0
to 1.5, the X:A ratio ranged from ~ 0.76 to 1.6, and the Xist expres-
sion levels ranged from ~ 1.3 to 3.8 [log,(ssFPKM+1) value]
(Appendix Fig S12). However, a relatively small number of repli-
cates (2-5) was sampled for germ cells at each stage: For example,
the X:A ratios of two datasets of germ cells at E12.5 were ~ 0.9,
while those of the other two were ~ 1.2 (Appendix Fig S12).

We next examined the X:A ratio during cy and human fetal
oocyte development in vivo, in Xenotransplantation, and in vitro
based on the SC3-seq datasets. During female cy embryonic devel-
opment, XCI occurs coincidentally with XCU in somatic cells, and cy
germ cells initiate XCR upon their specification and complete it by
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~ E50 (Okamoto et al, 2021). We found that in vivo, despite XCR,
the X:A ratio was below 1 in mitotic and RA-responsive cells
(~ 0.90 and ~ 0.68, respectively), increased to ~ 1 in meiotic
cells, and then decreased below 1 (~ 0.71) in oogenic cells (Fig 7B;
Dataset EV8). XIST was expressed at a high level in mitotic germ
cells, was repressed in RA-responsive cells, exhibited an upregula-
tion in meiotic cells, and was repressed again in oogenic cells
(Fig 7B; Dataset EV8). The dynamics of the X:A ratio and XIST
expression were similar in fetal oocyte development in xenotrans-
plantation and in vitro as well as during human fetal oocyte devel-
opment in vivo and in vitro (Fig 7B and C; Dataset EV8). We then
analyzed the X:A ratio dynamics in the three species based on the
10X datasets, which revealed that although the dynamic range was
narrower, the three species exhibited similar X:A ratio dynamics:
The ratio was below 1 in mitotic and early meiotic (pre-leptotene)
oocytes, increased to ~ 1 in late meiotic (zygotene/pachytene)
oocytes, and decreased below 1 in oocytes in the primordial follicles
(diplotene oocytes) (Figs 7D and EV5D; Dataset EV8). XIST showed
a similar expression profile in humans and monkeys: It was
expressed at a significant level in mitotic cells (similar to that in
gonadal somatic cells) and then downregulated thereafter, whereas
in mice, it was essentially repressed in mitotic and meiotic cells and
showed a mild upregulation in diplotene oocytes (Figs 7D and
EV5D; Dataset EV8). These findings are in agreement with the find-
ings by Chitiashvili et al (2020), who reported the X:A dynamics
during human fetal oocyte development (Chitiashvili et al, 2020),
but are distinct from those of Sangrithi et al (2017), who reported a
mild XCU in human mitotic oogonia (Sangrithi et al, 2017). Based
on our collective data, we conclude that although there exist some
levels of quantitative variability depending on the measurement
methodology, on the whole, the X-linked gene dosage is regulated in
a similar manner in humans, monkeys, and mice, and fetal oocyte
development proceeds with two Xa and with little, if any, XCU.

Discussion

In mammals, female embryonic germ-cell development culminates
in the generation of primordial follicles, which consist of oocytes
arrested at the diplotene stage of the meiotic prophase I and a single

© 2022 The Authors
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Figure 7. X:A ratios and XIST expression during germ-cell development in humans, monkeys, and mice.

A The Chr.3:A and X:A ratios (top), and Xist expression (bottom) in mouse fetal/neonatal gonadal cells analyzed by bulk RNA-seq. Dot, each datum; bar, mean. Samples
at E9.5/10.5 include germ cells from male and female embryos (mix). E, embryonic day; P, postnatal day; Soma, gonadal somatic cells.

B The Chr.15:A and X:A ratios (top), and XIST expression (bottom) in cy female germ cells in vivo and in cultured/transplanted rOvaries analyzed by SC3-seq. The Chr.15:
A/X:A ratio transitions in the embryonic and hypoblast lineages reported in (Okamoto et al, 2021) are also shown. ESC, embryonic stem cell; ICM, inner cell mass;
Pre_EPI, preimplantation epiblast; PostE_EPI, post-implantation early epiblast; PostL_EPI, post-implantation late epiblast; Gast, gastrulating cells; ePGC, early primor-
dial germ cells. Data with small sample size (n = 3) are indicated with dots (each datum) and bars (mean).

C The Chr.10:A and X:A ratios (top), and XIST expression (bottom) in human female germ cells in vivo and in cultured rOvaries analyzed by SC3-seq.

D The autosome:A and X:A ratios (top), and XIST/Xist expression transitions (bottom) during female germ-cell development in vivo in all three species analyzed by 10X

SCRNA-seq.

Data information: In the boxplots, the central bands represent the median values; the lower/upper hinges represent the 25th/75th percentiles, respectively; the upper
limits of the whiskers represent the largest values no further than 1.5 IQR (interquartile range) from the upper hinges; the lower limits of the whiskers represent the
smallest values no further than 1.5 IQR from the lower hinges; the dots represent the outliers.

layer of squamous granulosa cells that support subsequent oocyte
growth and maturation (McGee & Hsueh, 2000; Edson et al, 2009).
In humans, primordial follicles are a source for oogenesis that
begins upon puberty and continues to provide mature oocytes
across the nearly forty-year reproductive lifecycle in females (McGee
& Hsueh, 2000, Edson et al, 2009). Anomalies in primordial follicles
or their exhaustion are a primary cause of infertility in females
(McGee & Hsueh, 2000, Edson et al, 2009). Accordingly, induction
of primordial follicles from hPSCs would be a major milestone of
human IVG research. We have shown that both human and cy
mitotic oogonia enter into and complete the meiotic prophase I to
form primordial follicle-like structures in rOvaries, providing a criti-
cal step toward realizing this milestone.

A notable finding is that, unlike mouse embryonic ovaries and
rOvaries (Hikabe et al, 2016; Morohaku et al, 2016), both human
and cy rOvaries failed to maintain their structural integrity on mem-
brane inserts under air-liquid interface culture conditions, with
ovarian cells, including germ cells, progressively spreading out on
the membrane and rOvaries eventually flattening out (Figs 3B and
EV2A and E). This difference would be a reflection of the different
biophysical properties between mouse and primate ovarian somatic
cells, the clarification of which requires further investigations. A key
advantage of the air-liquid interface culture is the improved aera-
tion and oxygen supply for cultured tissues, but it is unclear
whether such a condition mimics embryonic ovary development
and physiology in vivo. Indeed, it has been shown that the recruit-
ment of primordial follicles requires a hypoxic condition (Shi-
mamoto et al, 2019). Thus, the air-liquid interface culture that has
been used successfully in mice may not be an essential requirement
for mammalian rOvary culture in general.

Accordingly, we have shown that under a floating culture condi-
tion, both human and cy rOvaries maintained their structural integ-
rity, increased their size, albeit to a mild degree, and underwent
appropriate maturation, generating primordial follicle-like structures
over an extended culture period in vitro (humans: ~ 14 weeks;
monkeys: ~ 12 weeks). The morphology, expression/subcellular
localization of key markers, and transcriptome properties of meiotic
cells and oocytes in primordial follicle-like structures in human and
cy rOvaries in vitro were very similar to those of the corresponding
in vivo cell types in humans and cynomolgus monkeys (Figs 3—5),
demonstrating an appropriate progression of fetal oocyte develop-
ment in vitro. On the contrary, the proportion of oogonia that differ-
entiated into oocytes in primordial follicle-like structures appeared
to be lower, with many germ cells arrested at the pre-leptotene stage
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likely due to suboptimal upregulation of key genes for the pre-
leptotene to leptotene transition, and the time required for such
differentiation was longer under the in vitro condition. In addi-
tion, we noted that granulosa cells that contributed to primordial
follicle-like structures acquired activated granulosa cell-like prop-
erties as in the case of mouse rOvary culture, presumably due to
a lack of appropriate rigidity/hydrostatic pressure in the sur-
rounding tissue environments (Appendix Fig S6A and B and D)
(Nagamatsu et al, 2019). Thus, based on our results using the
presented strategy, it is important to further improve the human
and cy rOvary culture condition to increase the efficiency, yield,
and quality of primordial follicle-like structures in a shortened,
more physiologic time frame.

We have performed a detailed comparison of transcriptome
dynamics during fetal oocyte development in humans, monkeys,
and mice, which revealed a number of primate-specific properties.
One such property is that in humans and cynomolgus monkeys, the
mitotic-to-pre-leptotene transition involves a relatively large tran-
scriptomic alteration, whereas in mice, it entails only a minor
change (Fig 6D and E; Appendix Fig S9A and B). The transcriptome
data for cy fetal oocyte development that we generated, which
exhibited the highest quality among the data we used
(Appendix Fig S8B), revealed that, upon such transition, most genes
characterizing mitotic cells, including those associated with early
PGC properties and pluripotency, were extinguished, and key
oogenic genes identified in mice, such as ZGLP1 and STRA8 (Baltus
et al, 2006; Nagaoka et al, 2020), initiated expression after the
extinguishment of the oogonia genes in pre-leptotene 1/2 cells
(Fig 4H), suggesting that a primate-specific mechanism exists that
shuts off the oogonia program prior to the activation of oogenic/
meiotic genes during the 2-week mitotic-to-pre-leptotene transition
period. It is also interesting to note that both in humans and in
cynomolgus monkeys, but not in mice, the activation of the oogenic
program involves upregulation of many genes involved in “pattern
specification process,” including PAX6, HES7, SIX1, TBXS, PBXI,
and the HOX genes (Figs 4H and 6F, and EV5B), and the question of
whether these genes play a key role in the oogenic/meiotic program
warrants future investigations. In addition, we have identified many
genes that exhibited dynamic expression during fetal oocyte devel-
opment in a primate-specific manner (Figs 6F—I and EV5B and C;
Dataset EV6), and nonetheless found that a majority of genes con-
tributing to fetal oocyte development, including those showing
primate-specific dynamic expression, are 1-1-1 orthologues but
not species-specific genes among humans, monkeys, and mice

© 2022 The Authors
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(Appendix Fig S10). This indicates that primate specificity is
brought about by primate-specific usage of orthologous genes, most
likely through unique regulatory wiring acquired during primate
evolution.

An appropriate X-linked gene dosage is critical for fetal oocyte
development both in vivo and in vitro (Ford et al, 1959; Singh &
Carr, 1966; Carr et al, 1968; Burgoyne & Baker, 1985; Hamada
et al, 2020), while how it is precisely regulated during mammalian
oocyte development has not been well understood. One study has
shown that, both in mice and in humans, XCR in the presence of
XCU creates a state with excessive X-linked gene dosage compensa-
tion (X:A ratio > 1) in mitotic oogonia and leptotene/zygotene
oocytes, and subsequent erasure of XCU leads to a properly X-linked
gene-dosage compensated state (X:A ratio =1) in pachytene/diplo-
tene oocytes (Sangrithi et al, 2017), while another has documented
that, in humans, mitotic oogonia and leptotene/zygotene oocytes
exhibit an X:A ratio smaller than that in somatic cells due to X-
chromosome dampening (XCD) (presumable X:A ratio < 1), while
pachytene oocytes show an X:A ratio greater than that in somatic
cells due to XCD erasure (presumable X:A ratio > 1), and diplotene
oocytes again realize an X:A ratio smaller than that in somatic cells,
possibly through a distinct mechanism (presumable X:A ratio < 1)
(Chitiashvili et al, 2020). The different conclusions by these studies
could be due to the different technologies/methodologies used to
determine the X:A ratio and/or the variable quality of the
datasets (Appendix Fig S12). Using several different measurement

Materials and Methods

Reagent Tools table

The EMBO Journal

technologies/methodologies (bulk RNA-seq, SC3-seq, 10X), we have
shown that during fetal oocyte development, the X-linked gene
dosage is regulated in a similar manner in humans, monkeys, and
mice, which is more consistent with the regulation of X-linked gene
dosage reported by Chitiashvili et al (2020) (Figs 7 and EV5D). On
the contrary, throughout fetal oocyte development, the X-linked
gene dosage regulation occurred within a narrow range, with the X:
A ratio fluctuating at around 0.8 to 1.2 with two Xa, and remaining
consistently greater than that in male germ cells (~ 0.7) (Figs 7
and EV5D). Whether the relatively minor X:A ratio change may be a
passive consequence of a unique transcriptional regulation during
the meiotic prophase or involve an active mechanism with func-
tional relevance remains to be determined. In particular, the appro-
priate regulation of X-chromosome activity poses an important
challenge for human in vitro oogenesis from hPSCs, as the X chro-
mosomes are vulnerable to epigenetic dysregulation in hPSCs and
their differentiated progeny (Mekhoubad et al, 2012; Nazor
et al, 2012; Patrat et al, 2020). In conclusion, we have not only
demonstrated an appropriate in vitro maturation of fetal ovaries
mainly with oogonia into those bearing primordial follicles both in
humans and in monkeys, but have also elucidated evolutionarily
conserved as well as primate-specific programs that shape fetal
oocyte development in humans, monkeys, and mice, providing a
critical basis for human in vitro oogenesis research, including PSC-
based reconstitution of human oocyte development, and reproduc-
tive medicine.

Reagent/Resource

Reference or Source

Identifier or Catalog Number

Experimental Models

Slc:ICR (M. musculus) Japan SLC N/A
KSN/Slc (M. musculus) Japan SLC N/A
Vasa-RFP Tg (M. musculus) B6C3(Cg)-Tg(Ddx4-RFP,neo)1Tnc RBRC03449
Dppa3(Stella)-EGFP Tg (M. musculus) Patrat et al (2020), Seki N/A

et al (2007)
Cynomolgus monkey (M. fascicularis) China / Philippines / Vietnam / N/A

Cambodia

Antibodies

Mouse anti-AP-2y/TFAP2C, monoclonal

Santa Cruz Biotechnology

Cat # sc-12762

Rabbit anti-Cleaved Caspase-3, polyclonal

Cell Signaling Technology

Cat # #9661

Rabbit anti-Cleaved PARP, monoclonal

Cell Signaling Technology

Cat # #5625

Rabbit anti-CLGN, polyclonal

Atlas Antibodies

Cat # HPA048761

Mouse anti-DAZL, monoclonal

Santa Cruz Biotechnology

Cat # sc-390929

Mouse anti-DDX4, monoclonal

Abcam

Cat # ab27591

Rabbit anti-DDX4, polyclonal

Abcam

Cat # ab13840

Goat anti-VASA/DDX4, polyclonal

R&D Systems

Cat # AF2030

Mouse anti-Dmc1, monoclonal

Santa Cruz Biotechnology

Cat # sc-53269

Rabbit anti-FIGLA, polyclonal

Abcam

Cat # ab173725

Goat anti-FOXL2, polyclonal

Novus Biologicals

Cat # NB100-1277

Rabbit anti-FOXL2, monoclonal

Abcam

Cat # ab246511

© 2022 The Authors
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Reagent/Resource Reference or Source Identifier or Catalog Number
Rabbit anti-Ki67, polyclonal Abcam Cat # ab15580

Rabbit anti-Laminin, polyclonal Abcam Cat # ab11575

Rabbit anti-Laminin, polyclonal Sigma-Aldrich Cat # 19393

Rabbit anti-Leiomodin-3, polyclonal Abcam Cat # ab122305

Rabbit anti-NALP5/NLRPS, polyclonal Abcam Cat # ab185679

Goat anti-Nanog, polyclonal

R&D Systems

Cat # AF1997

Mouse anti-NOBOX, monoclonal

Novus Biologicals

Cat # NBP2-46193

Mouse anti-p63/TP63, monoclonal Abcam Cat # ab735
Rabbit anti-PAX6, monoclonal Abcam Cat # ab195045
Rat anti-Podoplanin/PDPN, monoclolnal BioLegend Cat # 337001

Mouse anti-Oct3/4/POUSF1, monoclonal

Santa Cruz Biotechnology

Cat # sc-5279

Rabbit anti-SCP1, polyclonal

Novus Biologicals

Cat # NB300-228

Rabbit anti-SCP3, polyclonal

Abcam

Cat # ab15093

Rabbit anti-Stra8, polyclonal

Abcam

Cat # ab217380

Rabbit anti-ZGLP1, polyclonal

Atlas Antibodies

Cat # HPAO49855

Rabbit anti-ZP3, polyclonal

Atlas Antibodies

Cat # HPAO54061

Rabbit anti-gamma H2AX, polyclonal

Novus Biologicals

Cat # NB100-2280

Donkey anti-Rat 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Invitrogen Cat # A21208
Alexa Fluor 488

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Invitrogen Cat # A21206
Antibody, Alexa Fluor 488

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Invitrogen Cat # A21202
Antibody, Alexa Fluor 488

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Invitrogen Cat # A11055
Fluor 488

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Invitrogen Cat # A10042
Antibody, Alexa Fluor 568

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Invitrogen Cat # A10037
Antibody, Alexa Fluor 568

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Invitrogen Cat # A11057
Fluor 568

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Invitrogen Cat # A31573
Antibody, Alexa Fluor 647

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Invitrogen Cat # A31571
Antibody, Alexa Fluor 647

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Invitrogen Cat # A21082
Fluor 633

Oligonucleotides and sequence-based reagents

PCR primers This study Table EV1
Chemicals, enzymes and other reagents

Leuplin for injection 1.88mg. TAKEDA Pharmaceutical N/A

uFSH injection ASKA Pharmaceutical N/A
Gonatropin ASKA Animal Health N/A

DMEM, high glucose, pyruvate, no glutamine GIBCO 10313021
DMEM/F12 GIBCO 11330057
MEM o, nucleosides GIBCO 12571063
Advanced MEM GIBCO 12492013
CMRL Medium, no glutamine GIBCO 11530037
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Reagent/Resource Reference or Source Identifier or Catalog Number
DMEM/F-12, no glutamine GIBCO 21331020
IMDM GIBCO 12440053
KnockOut DMEM GIBCO 10829018
McCoy’s 5A (Modified) Medium GIBCO 16600082
MesenPRO RS Medium GIBCO 12746012
StemPro-34 SFM (1X) GIBCO 10639011
Waymouth’s Medium GIBCO 11220035
Glasgow’s MEM (GMEM) GIBCO 11710035
Advanced RPMI 1640 GIBCO 12633012
Fetal bovine serum GIBCO 10437028
BSA fraction V GIBCO 15260037
Penicillin-Streptomycin (5,000 U/ml) GIBCO 15070063
MEM Non-Essential Amino Acids Solution (100X) GIBCO 11140-050
Sodium Pyruvate (100 mM) GIBCO 11360070
L-Glutamine (200 mM) GIBCO 25030081
L-Ascorbic Acid Sigma-Aldrich A4403
2-Mercaptoethanol GIBCO 21985023
Y-27632 dihydrochloride TOCRIS 1254
Trypsin-EDTA (0.5%), no phenol red GIBCO 15400054
TryPLE Express GIBCO 12604021
Accumax Innovative Cell Technologies AM105
Deoxyribonuclease | MERCK DN25
CELLBANKER 1 plus ZENOGEN PHARMA CB021
Human collagen type | Millipore CC050
Human collagen type Il Corning 354244
Human collagen type IV Corning 354245
Human collagen type V Corning 354246
Human collagen type VI Corning 354261
Human fibronectin Corning 354008
iMatrix Nippi 892014
Laminins (111/121/211/221/411/421/332/521) VERITAS BLA-LNKT-0201
Matrigel Growth Factor Reduced Corning 356230
Paraformaldehyde Sigma-Aldrich 158127
Hematoxylin Fujifilm 131-09665
Eosin Fujifilm 058-00062
OCT Compound Sakura Finetek 4583
HistVT One Nacalai Tesque 06380-76
Bovine serum albumin Sigma-Aldrich A7030
Normal donkey serum Jackson Immuno Research 017-000-121
Laboratories
DAPI Wako 342-07431
VECTASHIELD Vector Laboratories H-1000
Software
FV10-ASW Olympus N/A
FACSDiva BD Biosciences N/A

DAVID (v6.8; GO analysis)

N/A

https://david.ncifcrf.gov/tools.jsp
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Reagent/Resource Reference or Source Identifier or Catalog Number

Cell Ranger (version 5.0.1) N/A https://github.com/10XGenomics/cellranger
R (version 3.6.3) N/A https://www.R-project.org/

Python (version 3.7.7) N/A https://www.python.org

Seurat (version 3.2.2; 10X analysis)

Stuart et al (2019)

https://github.com/satijalab/seurat

SeuratWrappers (Version 0.1.0)

N/A

https://github.com/satijalab/seurat-wrappers/

scran (version 1.14.1)

Lun et al (2016)

https://bioconductor.org/packages/release/bioc/
html/scran.html

Monocle3 (version 0.2.1)

Cao et al (2019)

http://cole-trapnell-lab.github.io/monocle-
release/

ComplexHeatmap (version 2.6.2)

Gu et al (2016)

https://github.com/jokergoo/ComplexHeatmap

LTLA/batchelor (version 1.2.1)

Haghverdi et al (2018)

https://rdrr.io/github/LTLA/batchelor/

Scrublet (version 0.2.1)

Wolock et al (2019)

https://github.com/swolock/scrublet

scVelo (version 0.2.2)

Bergen et al (2020)

https://github.com/theislab/scvelo

Scanpy (version 1.6.0)

Wolf et al (2019)

https://github.com/theislab/scanpy

R (version 4.0.2)

N/A

https://www.R-project.org/

dendextend (version 1.15.1)

Galili et al (2015)

https://CRAN.R-project.org/package=dendextend

amap (version 0.8-18)

N/A

https://CRAN.R-project.org/package=amap

pheatmap (version 1.0.12)

N/A

https://CRAN.R-project.org/package=pheatmap

Seurat (version 4.0.4; SC3-Seq analysis)

Stuart et al (2019)

https://github.com/satijalab/seurat

Other

Nunclon Sphera-Treated U-Shaped-Bottom 96-well plates NUNC 174925
Transwell-COL Corning 3495
Preset VECELL VECELL PSVC12-10
QlAamp DNA Mini Kit QIAGEN 51304
Power SYBR Green PCR Master Mix Applied Biosystems 4367659
CFX384 Touch Real-Time PCR Detection System BIO-RAD N/A

DNA High Sensitivity Reagent Kit PerkinElmer CLS760672
Chromium Single Cell 3' GEM, Library & Gel Bead Kit v3 10X Genomics 1000092
Next GEM single cell 3’ Library & Gel beads kit ver 3.1 10X Genomics 1000128
Chromium Single Cell B Chip Kit 10X Genomics 1000074
Chroomium Next GEM single cell G chip kit 10X Genomics 1000120
Mastercycler nexus Eppendorf 6331000033
NucleoSpin RNA XS Macherey-Nagel 740902
NextSeq 500/550 Illumina N/A
NovaSeq 6000 Illumina N/A
NextSeq 500/550 High-Output v2 Kit (75 cycles) Illumina FC-404-2005
NovaSeq 6000 SP Reagent Kit (100 cycles) Illumina 20027464
NovaSeq 6000 S1 Reagent Kit (100 cycles) Illumina 20012865
Microtome Leica CX41
Upright microscope Olympus BX53
Inverted microscope Olympus IX71

CCD camera Olympus DP70
Cryostat Leica CM1850
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Methods and Protocols

Animals

All animal experiments were performed with the ethical approvals
of Kyoto University and Shiga University of Medical Science. ICR
and immunodeficient KSN/Slc mice were purchased from SLC
(Shizuoka, Japan). The C57BL/6N;mvh-RFP™8/8 (VR) and Dppa3
(Stella)-EGFPT®/"8 transgenic mice were established as described pre-
viously (Payer et al, 2006; Seki et al, 2007; Imamura et al, 2010;
Miyauchi et al, 2017). Mice were housed in a specific pathogen-free
animal facility under a 14-h light/10-h dark cycle. For the animal
experiments using cynomolgus monkeys, the procedures for oocyte
collection, intracytoplasmic sperm injection, preimplantation
embryo culture, and embryo transfer into foster mothers were as
described previously (Yamasaki et al, 2011). Pregnancy was
checked by transabdominal fetal echography at 4 wpf, and the blood
plasma of the pregnant monkey was collected followed by the
extraction of fetal cell-free DNA. To minimize the number of cy
fetuses used, cell-free DNA in maternal plasma was purified by a
QIAamp DNA Mini Kit (QIAGEN, 51304), and the sex of fetuses was
determined by real-time PCR targeted for SRY and DYSI4 genes
(Yasmin et al, 2015). For collecting the cy fetuses, cesarean sections
were performed under isoflurane and ketamine-based general anes-
thesia. The sex of the fetus was further confirmed by checking the
gross appearance of its gonads or by PCR for UTX/UTY genes (Ville-
sen & Fredsted, 2006). The light condition for monkeys was a 12-h
light/12-h dark cycle. Temperature and humidity in the animal
rooms were maintained at 25 + 2°C and 50 + 5%, respectively.

Collection of human embryo and ovary samples

Human fetal or adult ovaries were collected after informed consent
from participants undergoing elective abortion or gynecological pro-
cedures. All experimental procedures were approved by the Institu-
tional Review Board at Kyoto University (approval nos. G1047 and
G1192). The sex of the fetus was determined by sex-specific PCR for
the ZFX/ZFY and SRY loci (Josef & Adam, 2003).

Histological analyses

For immunohistochemical analyses, fetal ovaries or rOvaries were
fixed in 4% paraformaldehyde/PBS (Sigma-Aldrich, 158127) at 4°C
for 30 min or overnight, embedded in paraffin wax (Leica,
39601006) or OCT compound (Sakura Finetek, 4583), and sectioned
at a thickness of 5 or 8 um. After deparaffinization, the sections
were pretreated with an antigen retrieval reagent, HistVT One
(Nacalai Tesque, 06380-76), at 90°C for 40 min. Sections were
treated with blocking solution (1% bovine serum albumin (Sigma-
Aldrich, A7030), 5% normal donkey serum (JIR, 017-000-121),
0.1% Tween20, and 1x phosphate buffered saline) for 30 min at
room temperature, and incubated with primary antibodies in block-
ing solution at 4°C overnight. The slides were further incubated
with Alexa Fluor-conjugated secondary antibodies. Fluorescence
images were captured using a laser-scanning confocal microscope
(OLYMPUS, FV1000; ZEISS, LSM780). For the quantitative analysis
of each marker, germ cells marked with DDX4 expression were ana-
lyzed. To define the “inner” and “outer” cortex for fetal ovaries at
10-18 wpf, the ovarian cortex was divided into two at the middle of
the cortex. Hematoxylin and eosin staining were performed using
the standard procedure.

© 2022 The Authors
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Staging of meiosis in ovarian sections

Germ cells expressing DDX4 in fetal ovarian sections were classified
into 7 stages by the pattern of nuclear staining of DAPI, SYCP3, and
DMCI1. The stages were defined as follows. Mitotic: cells without
any SYCP3 and DMCI signal. Pre-leptotene: numerous short nuclear
threads with low SYCP3 signal. Leptotene: numerous short nuclear
threads with low SYCP3 and DMC1 signals. Zygotene: numerous
long thin threads of SYCP3 staining with many DMC1 dots. Early
pachytene: thick threads of SYCP3 staining with many DMC1 foci.
Late pachytene: thick threads of SYCP3 staining with less than one
DMCI1 dot on each chromosome. Diplotene: numerous short nuclear
threads with faint or no SYCP3 signal. Diplotene cells were distin-
guished from pre-leptotene ones by their size and histological mor-

phology.

Dissociation of cy/human fetal ovarian tissues and cy/human
rOvaries

Fetal ovaries collected from cy fetuses at 8-18 wpf were carefully
dissected out in chilled PBS. Fetal ovaries at 8-14 wpf were minced
with scissors in 0.05% trypsin/EDTA/PBS solution (GIBCO,
15400-054), then incubated for 15 min at 37°C with gentle pipet-
ting every 5 min. Dissociation medium [DMEM (GIBCO,
10313021) containing 10% FBS, 2 mM L-glutamine (GIBCO,
25030081), 1X penicillin/streptomycin (GIBCO, 15070063), and
100 pg/mL DNasel (MERCK, DN25)] was added for further dissoci-
ation. Dissociated cells were used for single-cell RNA-seq analyses,
or resuspended in CELLBANKER 1 plus (ZENOGEN PHARMA,
CB021) and stored at —80°C. Human fetal ovaries at 11-week ges-
tation were also dissociated and cryopreserved using the same pro-
cedures.

For fetal ovaries at 16 and 18 wpf, minced tissues were incubated
in Accumax (Innovative Cell Technologies, AM105) for 40 min at
37°C with gentle pipetting every 5 min. Dissociation medium was
added for further dissociation. For SC3-seq analysis, cells were
picked up under the inverted microscope (OLYMPUS, IX71) to
exclude multiplet cells. For 10X experiments, cell suspensions were
further treated with TryPLE Express (1x) (GIBCO, 12604021) for
S min at 37°C to make the single-cell suspension.

For dissociating cy/human rOvaries, tissues were incubated with
TryPLE Express (1x) (GIBCO, 12604021) for 5 min. After adding dis-
sociation medium, cells were processed for single-cell analyses.

In vitro culture of cy/human rOvary under an air-liquid interface
culture condition

i The cy fetal ovarian cells (50,000 cells/well) at 8 wpf were plated
on wells of Nunclon Sphera-Treated U-Shaped-Bottom 96-well
plates (NUNC, 174925).

ii The cells were cultured under a floating condition in «MEM
medium containing 10% FBS, 2 mM L-glutamine (GIBCO,
25030081), 1 x NEAA (GIBCO, 11140050), 1 mM Na pyruvate
(GIBCO, 11360070), 1 x penicillin/streptomycin  (GIBCO,
15070063), 100 uM 2-mercaptoethanol (GIBCO, 21985023), and
10 uM Y-27632 dihydrochloride (TOCRIS, 1254).

iii After 2 days, using a glass capillary, the cy rOvaries were trans-
ferred onto a Transwell-COL membrane insert (Corning, 3495)
soaked in oMEM (GIBCO, 12571063) containing 10% FBS,
2 mM L-glutamine (GIBCO, 25030081), 150 pM ascorbic acid
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(Sigma-Aldrich, A4403), 1x penicillin/streptomycin (GIBCO,
15070063), and 55 pM 2-mercaptoethanol (GIBCO, 21985023).
iv Half the medium was changed every 2 days.

Cy/human rOvaries were cultured at 37°C under an atmosphere
of 5% CO, in air. The human rOvary was generated from human
fetal ovarian cells at 11-week gestation and cultured under the same
conditions, except that Advanced MEM was used as the basal
medium.

To assess the coating condition, Preset VECELL membranes
(VECELL, PSVC12-10) were coated with human collagen type I (Mil-
lipore, CCO050), type III (Corning, 354244), type IV (Corning,
354245), type V (Corning, 354246), and type VI (Corning, 354261),
human fibronectin (Corning, 354008), iMatrix (Nippi, 892014),
laminins (111/121/211/221/411/421/332/521) (VERITAS, BLA-
LNKT-0201), growth factor-reduced Matrigel (Corning, 356230), and
their combinations prior to IVC following the manufacturers’ coat-
ing protocols.

In vitro culture of cy/human rOvaries under the floating condition

i The cy fetal ovarian cells (50,000 cells/well) at 8 wpf were plated
on wells of Nunclon Sphera-Treated U-Shaped-Bottom 96-well
plates (NUNC, 174925).

ii The cells were cultured under a floating condition in Advanced

MEM (GIBCO, 12492013) containing 10% FBS, 2 mM L-gluta-

mine (GIBCO, 25030081), 1x NEAA (GIBCO, 11140050), 1 mM

Na pyruvate (GIBCO, 11360070), 1x penicillin/streptomycin

(GIBCO, 15070063), 100 uM 2-mercaptoethanol (GIBCO,

21985023), and 10 uM Y-27632 dihydrochloride (TOCRIS, 1254).

After 2 days, the cy rOvary was transferred into another well of a U-

bottom culture plate using a glass capillary and cultured under a

floating condition in Advanced MEM (GIBCO, 12492013) containing

10% FBS, 2 mM L-glutamine (GIBCO, 25030081), 150 pM ascorbic

acid (Sigma-Aldrich, A4403), 1x penicillin/streptomycin (GIBCO,

15070063), and 55 pM 2-mercaptoethanol (GIBCO, 21985023)

[in vitro differentiation medium for primates: P-IVD medium].

iv Medium change was performed every 2 days by transferring the
cy rOvary into another well with freshly prepared culture
medium.

v Cy rOvaries were analyzed at 3/6/9/12/15 w-ivc (Day 23/44/65/
86/107).

The human rOvary was generated from human fetal ovarian cells
at 11 weeks of gestation and cultured under the same conditions.

=

ii

Xenotransplantation experiment

Cy rOvaries generated by the culture method described above were
transplanted under the kidney capsule of immunodeficient KSN/Slc
mice. Transplantation procedures were performed under mixed
anesthesia (midazolam, medetomidine, and butorphanol), and the
cy rOvaries were placed beneath the kidney capsule by narrow glass
capillaries. Histological and SC3-seq analyses were performed at 3/
6/9/12/15/21 w-ptp.

Isolation of mouse gonadal/ovarian cells

To isolate mouse gonadal/ovarian cells at embryonic day (E) 11.5
for the bulk RNA-seq analysis, VR females were crossed with the
Dppa3(Stella)-EGFP™ ™8 males. Noon of the day when a copulation
plug was identified was designated as E0.5. The sex of embryos at
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E11.5 was determined by sex-specific PCR for the Ubel locus. To
isolate mouse gonadal/ovarian cells at E12.5-postnatal day (P)1,
ICR females were crossed with the VR males, and the sex of
embryos was determined by the gross appearance. The gonads/
ovaries were dissociated into single cells by incubating with 0.05%
trypsin—~EDTA (GIBCO, 15400-054) for 10 min at 37°C, and were
quenched with an equal volume of DMEM containing 10% FBS.
Large clumps of cells were removed using a nylon cell strainer
(FALCON, 352350), and cells were centrifuged at 200 rcf for 5 min.
The cell pellet was resuspended with DMEM/F12 medium (GIBCO,
1130-082) containing 0.1% BSA fraction V (Gibco, 15260037), and
sorted into VR' germ and VR~ somatic cells with a fluorescence-
activated cell sorter (BD Biosciences, FACS Aria III).

10X genomics single-cell RNA-seq

Dissociated cells from cy fetal ovaries and cultured cy rOvaries were
stained with DRAQ? to distinguish dead cells. All DRAQ7 live cells
were collected using a fluorescence-activated cell sorter (BD Bio-
sciences, FACS Aria III). Subsequent 10X scRNA-seq library prepara-
tion (10X Genomics, Single Cell 3’ Kit v. 3 and v. 3.1) and
sequencing on a NovaSeq 6000 platform (Illumina) were performed
following the manufacturers’ instructions. Raw files were processed
with the “mkfastq” command in Cell Ranger (v. 5.0.1) and mapped
to the cynomolgus monkey reference genome (MacFas5.0 for
cynomolgus monkeys and GRCh38.p12 for humans).

Analysis for cy scRNA-seq data (10X)

The gene-barcode matrices were analyzed with the “Seurat” R pack-
age (v. 3.2.2) (Satija et al, 2015) following the online tutorials
(https://satijalab.org/seurat/index.html). The low-quality cells,
putative doublets/multiplets, and putative stripped nuclei were
excluded for downstream analyses (Dataset EV1). The raw counts
for each cell were divided by their size factors calculated by the
“scran” R package (v. 1.14.1), and then log-transformed [log,(size-
scaled (ss) UMI +1)] for further analyses. Doublet cells were
removed using the “Scrublet” python package (v. 0.2.1) following
the instructions reported in (Wolock et al, 2019). The threshold for
doublet estimation was determined based on the bimodal distribu-
tion calculated by default parameters. Batch correction was then
performed using the “RunFastMNN” function in the Seurat R pack-
age with the default setting. We used the Seurat “RunUMAP” func-
tion to characterize and visualize cell clusters. The resolution of the
“FindClusters” function was set at 0.5 for the overall cell analyses
and 0.8 for germ/granulosa cell analyses. Clusters were annotated
by checking the expression pattern of previously characterized
marker genes in human and mouse fetal ovarian cells. The sources
and identification numbers of other R or Python packages are
described in the Reagents and Tools table.

Analysis for cy germ cells (10X)

Cells in the DDX4" germ-cell cluster were further analyzed and
divided into 13 clusters using the “FindClusters” function. After
removing two small clusters consisting of putative doublets/multi-
plets that co-expressed the markers of other cell types, 11 clusters
were defined by the expression pattern of key germ-cell markers as
“mitotic 1/2/3,” “pre-leptotene 1/2/3,” “leptotene,” “zygotene,”
“pachytene 1/2,” and “unclassified.” Cells expressing GDF9/
NOBOX/ZP3 were manually selected as another cluster defined as

© 2022 The Authors

"TOZ'SYT'9ET'STZ d| WO} #7202 ‘0z Afeniged uo Bio'ssaidoquue mmm//:sdiy woly papeojumod


https://satijalab.org/seurat/index.html

Ken Mizuta et al

“Diplotene.” To identify highly variable genes (HVGs) during cy
female germ-cell development, we performed the “FindVariableFea-
tures (selection.method="“vst,” nfeatures = 2,000)” function in the
Seurat R package across the 11 clusters (mitotic—diplotene) and
detected 2,000 HVGs. Among them, excluding genes with low
expression levels [cluster average of log(ssUMI+1) = 0.5: 519
genes], 1,481 genes were used for heatmap visualization, GO enrich-
ment analysis (see below), and calculation of the correlation coeffi-
cients between each cluster (Fig 4H and I; Dataset EV3).

Cell-cycle scoring and annotation

Cell-cycle annotation of fetal cy germ cells was performed using the
“Cell-Cycle Scoring” function of the Seurat package based on the
scoring strategy described in Tirosh et al (2016). As our dataset
includes oocytes in meiotic prophase I, we used orthologous genes
from the annotation list for meiotic cells used in Shimada
et al (2021) to score the meiotic prophase I. The CCNE2 gene was
excluded due to its presence in both the G2/M and meiotic prophase
[ lists. Cell-Cycle Scores for the S, G2/M, and meiotic prophase I
phases were calculated using the “AddModuleScore” function, and
cells without any of these annotations were assigned to the G1
phase.

Analysis for cy granulosa cells (10X)

Cells in the FOXL2" granulosa-cell cluster were further analyzed.
The count matrices for spliced and unspliced transcripts were cre-
ated by running the commands “count --include-introns” and
“count” in Cell Ranger (v. 5.0.1). The resolution of the “FindClus-
ters” function was set at 0.8, and the cells were divided into 12 clus-
ters after removing two small clusters consisting of putative
doublets/multiplets that co-expressed the markers of other cell
types. RNA velocity analysis was performed using the “scvelo.pp.-
moments(n_pcs = 30, n_neighbors = 30)” and “scvelo.tl.velocity(-
mode = ‘stochastic’)” functions in the scVelo python package
(v. 0.2.0) (Bergen et al, 2020). Partition-based graph abstraction
(PAGA) graph (Wolf et al, 2019) was computed on the clusters
annotated in Fig EV4A using the “scanpy.tl.paga” function from the
Scanpy (v. 1.2.2) in Python (v. 3.7.7) following the online tutorials
(https://scanpy-tutorials.readthedocs.io/en/latest/paga-paul15.html),
and the threshold for connection of clusters was set to 0.03. To iden-
tify HVGs among the 12 clusters, we used the “FindVariableFeatures
(selection.method="“vst,” nfeatures = 1,500)” function in the Seurat
R package and detected 1,500 HVGs. Among them, excluding genes
with low expression levels [cluster average of log(ssUMI+1) = 0.5:
712 genes], 788 genes were used for heatmap visualization and GO
enrichment analysis (see below) (Fig EV4D, Dataset EVS). Cy granu-
losa cells from cultured rOvaries at 12/15 w-ivc were also processed
in the same manner.

SC3-seq for cy/human germ cells

Dissociated germ cells from in vivo cy/human fetal ovaries and cy/
human rOvaries were manually picked up using glass capillaries
under a stereomicroscope (Leica, S8 APO). The following cDNA syn-
thesis and amplification methods were previously described (Kuri-
moto et al, 2006, 2007; Nakamura et al, 2015, 2016). The quality of
the amplified cDNA was measured by a SYBR real-time PCR method
targeting the PPIA, GAPDH, NANOG, DDX4, DAZL, SYCP3, SYCP1,
ZP3, and FOXLZ2 genes. The primer sequences are listed in
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Table EV1. The SC3-seq libraries were constructed as described pre-
viously (Nakamura et al, 2015, 2016; Okamoto et al, 2021), and the
sequencing was performed on the Illumina NextSeq 500/550 plat-
form with a NextSeq 500/550 high output kit v. 2 (75 cycles) (FC-
404-2005; Illumina).

Bulk RNA-seq analysis for mouse gonadal/ovarian cells

The mouse gonadal/ovarian cells were lysed and the total RNAs
were purified using a NucleoSpin RNA XS (Takara Bio, U0902A)
according to the manufacturer’s instructions. 1 ng of total RNAs
from each sample was used for the synthesis and amplification of
cDNAs. The cDNA synthesis and library construction were as
described previously (Nakamura et al, 2015; Ishikura et al, 2016;
Okamoto et al, 2021). The sequencing was performed on the Illu-
mina NextSeq 500/550 platform with a NextSeq 500/550 high out-
put kit v. 2 (75 cycles) (FC-404-2005; Illlumina).

Mapping reads of bulk RNA-seq/SC3-seq and conversion to gene
expression levels

The genome sequence and transcript annotation (GRCm38.p6 for
mice, GRCh38.p12 for humans, and MacFas5.0 for cynomolgus
monkeys) were downloaded from the NCBI ftp site. Bulk RNA-seq/
SC3-seq read only the 3’ end of the transcripts, so that the expres-
sion levels were calculated as genes (Entrez genes) but not mRNAs.
Read trimming, mapping, and estimation of expression levels were
performed as described previously (Ishikura et al, 2016; Nakamura
et al, 2016).

Orthologous genes among three species

For the cross-species comparison analyses for SC3-seq and 10X
scRNA-seq data, we retrieved the lists of orthologous genes among
three species from Ensembl BioMart (Ensembl 97: Jul 2019) as
shown in Dataset EV9. One-to-one (1-1) orthologous genes
between human and cy (16,734 genes) were used for the cross-
species integration of SC3-seq data. One-to-one-to-one (1-1-1)
orthologous genes across three species (15,007 genes) were used
for the cross-species integration of 10X data. As the orthologous
gene list from Ensembl BioMart was relatively incomplete, we
made a genomic coordinate comparison list by using the LiftOver
tool as previously described (Sasaki et al, 2015; Nakamura
et al, 2016) (Dataset EV9).

SC3-seq data analysis for cy/human germ cells

The SC3-seq data analysis was performed using the R software (v.
4.0.2). The read counts were normalized to 200,000 reads, and then
log-transformed (log,(normalized read counts+1)). We defined “all
expressed genes” as genes whose log,(normalized read counts + 1)
values were > 2 [greater than ~ 10-20 copies per cell] in at least
one sample (Nakamura et al, 2015). Unsupervised hierarchical clus-
tering (UHC) was performed using the “hclust” function with Eucli-
dean distances and Ward’s method (ward.D2). The principal
component analysis (PCA) was performed using the “prcomp” func-
tion without scaling.

For the cross-species analysis between monkeys and humans, we
used 1-1 orthologous genes between humans and monkeys, and
processed data with the “Seurat” R package (v. 4.0.4). The cy SC3-
seq dataset was integrated with the human dataset using the Seurat
CCA algorithm, that is, “FindIntegrationAnchors” (parameter
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“anchor.features” = 5,000) and “IntegrateData” functions with the
default settings. Integrated germ cells were divided into four clusters
using the Seurat “FindClusters” function (parameter “resolu-
tion” = 0.4). PCA was performed on the corrected count matrix
obtained after adjusting for species differences. Gene expression
levels were compared between two consecutive clusters, and DEGs
were defined as those with greater than twofold change between
clusters and an average gene expression level [log,(normalized read
counts +1)] greater than 3 (Dataset EV6).

Gene ontology enrichment analysis

Gene ontology (GO) enrichment analysis for HVGs/DEGs was
performed using the DAVID web tool (Huang da et al, 2009). As
the annotation of Macaca fascicularis genes was relatively incom-
plete, human annotation corresponding to that of cynomolgus
monkeys was used for GO analysis. Missing genes in the 1-1
orthologous gene list from Ensembl BioMart were complemented
by the orthologous gene list produced with the LiftOver tool
(Dataset EV9).

Single-cell trajectory analysis for 10X/SC3-seq datasets

The single-cell trajectory analysis was performed using the “Mono-
cle 3” R package (v. 0.2.1). We performed Moran’s I statistical test
using the “graph_test(neighbor_graph = “principal_graph”)” func-
tion to define the variable genes along the pseudotime trajectory.

Cross-species analysis among three animal species using 10X pub-
lic datasets

To perform the cross-species analysis among humans, monkeys,
and mice, we retrieved a 10X scRNA-seq dataset for human
in vivo fetal germ cells (Chitiashvili et al, 2020) and three datasets
for mouse in vivo germ cells (Niu & Spradling, 2020; Zhao
et al, 2020; Ge et al, 2021). Downloaded raw files were processed
with the “mkfastq” command in Cell Ranger and mapped to the
reference genome sequence (GRCm38.p6 for mice and GRCh38.p12
for humans). The low-quality cells and putative doublets were
excluded for downstream analyses. As the thresholds for these
cells depend on the quality of each dataset (e.g., the reagent ver-
sion and the reference genome used), the number of detected
genes, UMIs, and mitochondrial genes in each dataset were finely
assessed to define the thresholds (Dataset EV1). Each dataset was
processed in the same manner as described above for the analysis
of cy 10X scRNA-seq data, and DDX4/Ddx4" germ-cell clusters
were extracted for the following cross-species comparison analysis.
Our cy/human 10X scRNA-seq datasets were integrated with the
four public datasets. Each dataset was size-scaled to 10,000 UMIs
(ss10kUMI) and processed by using the CCA algorithm, that is,
“FindIntegrationAnchors” (parameter “anchor.features” = 2,000)
and “IntegrateData” functions in the “Seurat” R package (v. 3.2.2).
PCA was performed on the corrected count matrix obtained after
adjusting for species differences, and UMAP visualization was per-
formed for 30 dimensions using the “RunUMAP” function. Inte-
grated germ cells were divided into 15 clusters using the Seurat
“FindClusters” function (parameter “resolution” = 0.8). Each clus-
ter was defined by the expression pattern of key germ-cell markers
as “mitotic 1/2/3/4,” “pre-leptotene 1/2/3,” “leptotene 1/2/3,”
“zygotene 1/2,” “pachytene 1/2,” or “diplotene.” To confirm the
accuracy of the merged clusters, we performed a pseudotime
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trajectory analysis on each dataset using the “Monocle 3” R pack-
age (v. 0.2.1). Among 1-1-1 orthologous genes complemented
with the LiftOver tool, we obtained common HVGs (237 genes)
across three datasets/species, and calculated Pearson’s correlation
coefficients of the average HVGs expression levels between the
meiotic substages of the three animal species.

Conserved and primate-specific variable genes during female
meiosis

Among the DEGs identified by the cross-species comparison analysis
with SC3-seq analysis (Dataset EV6) as described above, the com-
monly variable 1-1 orthologous genes were defined as the genes
conserved across humans and monkeys. The clusters defined in the
10X cross-species analysis were used to verify the average expres-
sion levels of these genes in 10X datasets from three animal species.
Genes that varied identically in mice were selected manually as
genes conserved among the three species (130 genes; Fig EVSA,
Dataset EV6), and genes that showed no variation in expression in
mice were selected as genes that varied specifically in primates (83
genes; Fig 6F; Dataset EV6).

Chromosomal expression ratio analysis

For bulk RNA-seq/SC3-seq data, the autosome (chromosome (chr.)
10 for humans, chr. 15 for monkeys, and chr. 3 for mice): total auto-
some ratio and the chr. X: total autosome ratio (X:A ratio) were cal-
culated according to the method described previously (Okamoto
et al, 2021). Briefly, 75th-percentile log,(normalized read counts+1)
values of the expressed genes [the maximum log,(normalized read
counts + 1) values > 2, among the cells analyzed] on the autosomes
and chr. X in individual samples/cells were calculated and used as
representative expression values in the samples/cells. 19,307/811/
728 genes on total autosome/Chr.10/Chr.X for humans, 20,576/
849/841 genes on total autosome/Chr.15/Chr.X for monkeys, and
12,399/618/503 genes on total autosome/Chr.3/Chr.X for mice were
used.

For 10X scRNA-seq data, the average log,(ss10kUMI+1) values
of all expressed genes, which were expressed in more than two
cells, on the autosome (chr. 10 for humans, chr. 15 for monkeys,
and chr. 3 for mice), all autosomes, and chr. X were used for the
calculation of the autosome:A and X:A ratio. 17,190/682/725
genes on total autosome/Chr.10/Chr.X for humans (Chitiashvili
et al, 2020), 18,066/736/791 genes on total autosome/Chr.15/
Chr.X for monkeys, and 17,698/896/744 genes on total autosome/
Chr.3/Chr.X for mice (Niu & Spradling, 2020) were used (see also
Dataset EV8).

Reanalysis of the mouse bulk RNA-seq by Sangrithi et al (2017)
The mouse RNA-seq datasets by Sangrithi et al (2017), which were
acquired by the Smart-Seq2 platform, were mapped to GRCm38.p6
and reanalyzed using the bioinformatics pipeline for our bulk RNA-
seq datasets as described above. For chromosomal expression ratio
analysis, 11,213/568/463 genes on total autosome/Chr.3/Chr.X
were used.

Statistical analysis

All statistical analyses were performed using R software (v. 4.0.2).
The Tukey-Kramer tests and T-tests were performed with the
“TukeyHSD” and “t.test” functions with the default settings.

© 2022 The Authors
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Data availability

The accession numbers for the data in this study: GSE194266 (the
GEO database, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE194266). The R and Python code to reproduce the analyses
and figures are available on request.

Expanded View for this article is available online.
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