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Abstract. The production of gametes from pluripotent stem cells in culture, also known as in vitro gametogenesis, will 
make an important contribution to reproductive biology and regenerative medicine, both as a unique tool for understanding 
germ cell development and as an alternative source of gametes for reproduction. In vitro gametogenesis was developed 
using mouse pluripotent stem cells but is increasingly being applied in other mammalian species, including humans. In 
principle, the entire process of germ cell development is nearly reconstitutable in culture using mouse pluripotent stem 
cells, although the fidelity of differentiation processes and the quality of resultant gametes remain to be refined. The 
methodology in the mouse system is only partially applicable to other species, and thus it must be optimised for each 
species. In this review, we update the current status of in vitro gametogenesis in mice, humans and other animals, and 
discuss challenges for further development of this technology.
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Outline of mammalian germ cell development in vivo

The germ cell lineage constitutes a cycle, in which a zygote

becomes another zygote through several intermediates (Fig. 1).

In mammalian development, the totipotent zygote first segre-

gates into a pluripotent cell lineage and trophectoderm cell

lineage, which become the embryo proper and the placental

tissue respectively. The mammalian germ lineage emerges from

the former cell lineage at an early stage of embryogenesis.

Although several species differences exist, in principle the first

sign of germ cell differentiation in mammals emerges upon

gastrulation. In mice, primordial germ cells (PGCs) are induced

in the pluripotent epiblast, a derivative of the inner cell mass of

the blastocyst, at Embryonic Day (E) 6.5 in response to bone

morphogenetic protein (BMP) 4 secreted from the adjacent

extra-embryonic ectoderm (Lawson and Hage 1994; Tam and

Zhou 1996; Lawson et al. 1999). PGC specification is governed

by a set of transcription factors, including PR/SET Domain 1

(Prdm1), PR/SET Domain 14 (Prdm14), Transcription Factor

AP-2 Gamma (Tfap2c) and Nanog homeobox (Nanog), that

activate downstream germ cell genes, repress somatic genes and

modulate genes involved in epigenetic modifications (Ohinata

et al. 2005; Yamaji et al. 2008; Weber et al. 2010; Nakaki et al.

2013; Murakami et al. 2016). Once PGCs are specified, they

undergo a unique series of differentiation events, including

expression of germ cell-specific genes, such as Deleted In

Azoospermia Like (Dazl) and (DEAD-BoxHelicase 4 (Ddx4), a

mouse homologue of Drosophila Vasa (Vas)), and sex-

dependent differentiation (see below). Aside from the role

played by BMP4, knockout studies have revealed that WNT

signalling plays an essential role in the induction of the meso-

derm and PGCs (Liu et al. 1999; Ben-Haim et al. 2006; Aramaki

et al. 2013), yet the details of the cross-talk between BMP and

WNT signalling remain elusive. Once specified in the posterior

end of the embryo, PGCs start to migrate towards the embryonic

gonads, the precursor of the testis or ovary, while proliferating.

Proliferation of PGCs entails a genome-wide reorganisation of

epigenetic modifications (epigenetic reprogramming) that is

represented by massive DNA demethylation (Hajkova et al.

2002; Seisenberger et al. 2012) and conversion of histone H3

lysine 9 di- or tri-methylation (H3K9 me2/3) to histone H3

lysine 27 trimethylation (H3K27 me3) (Seki et al. 2005; Haj-

kova et al. 2008). This genomic reprograming is associated with
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subsequent germ cell differentiation and acquisition of devel-

opmental potency in gametes.

After reaching the gonads, the PGCs undergo a sex-

dependent differentiation process (i.e. spermatogenesis in males

and oogenesis in females). In the testis, PGCs continue to

proliferate by around E15 and then arrest their cell cycle at G1

to become prospermatogonia. During G1 arrest, male-specific

epigenetic modifications (i.e. de novo DNA methylation on the

regulatory element controlling genomic imprinting) are accom-

plished in the spermatogonia (Seisenberger et al. 2012; Kobaya-

shi et al. 2013; Kubo et al. 2015). In the ovaries, in contrast,

PGCs cease proliferation and enter intomeiosis, thereby becom-

ing primary oocytes (McLaren and Southee 1997; Bowles et al.

2006; Koubova et al. 2006). Around birth, prospermatogonia

locate on the basement membrane of the seminiferous tubule

and resume mitosis, thereby becoming spermatogonia. Some of

the spermatogonia become spermatogonial stem cells that

sustain, for almost their entire lives, a capacity for both self-

renewal and differentiation towards spermatozoa that is accom-

plished through meiosis and dynamic morphological changes,

called spermiogenesis. In oogenesis, primary oocytes form a

syncytium, in which each oocyte is interconnected via intercel-

lular bridges. At the perinatal stage, the majority (up to 70%) of

primary oocytes are eliminated by apoptosis accompanied by

fragmentation of the syncytium (Pepling and Spradling 2001;

Malki et al. 2014). The remaining oocytes form primordial

follicles with the surrounding squamous pregranulosa cells.

After puberty begins, some of the primordial follicles are

periodically activated and the oocytes then undergo oocyte

growth, which entails storage of a vast amount of maternal
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Fig. 1. Schematic representation of the germ cell cycle in mice. After fertilisation, followed by several cleavages, the egg

forms the blastocyst including the pluripotent cell population, called the preimplantation epiblast. Primordial germ cells (PGCs)

are specified from the postimplantation epiblast at around Embryonic Day (E) 6 and then start to migrate towards the gonads. In

response to signals from the gonadal somatic cells, PGCs either enter meiosis in the female or differentiate into presperma-

togonia in the male. After sex determination, oogenesis and spermatogenesis take place in the ovary and testis respectively.

Finally, mature gametes (MII oocytes and spermatozoa) are fertilised, thereby completing the germ cell cycle.
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proteins and RNAs in their cytoplasm and female-specific

epigenetic modification (i.e. de novo DNA methylation on the

regulatory element controlling genomic imprinting; Smallwood

et al. 2011; Kobayashi et al. 2013; Shirane et al. 2013). During

oocyte growth, oocytes have a characteristic large nucleus

called a germinal vesicle (GV). When oocyte growth reaches

a plateau, the oocytes resume meiosis, accompanied by GV

breakdown (GVBD) followed by first polar body extrusion, and

then arrest again at MII. Upon fertilisation, they become

zygotes, thereby completing the germline cycle.

Basic concept of in vitro gametogenesis using pluripotent
stem cells

Given that pluripotent stem cells, such as embryonic stem cells

(ESCs) and induced pluripotent stem cells (iPSCs), are capable

of differentiating into all tissues of the embryo proper, including

the germ cell lineage, the cells would be expected to reproduce

their germ cell differentiation process under appropriate con-

ditions in culture. Indeed, reconstitution of the germ cell lineage

using ESCs or iPSCs, a process known as in vitro gametogen-

esis, has been successful in mice and adapted to several mam-

malian species, including humans (see below). The entire

process of in vitro gametogenesis can be largely divided into two

phases: one is the production of PGCs, the precursors of

gametes, which differentiate in a sex-independent manner, and

the other is the production of oocytes and spermatozoa, which

differentiate in a sex-dependent manner. Below are updates of

recent findings on each process of in vitro gametogenesis.

Reconstitution of PGC specification in mice

The first step in reconstituting germ cell differentiation is PGC

specification from ESCs or iPSCs. In early studies, the pro-

duction of PGCs from mouse (m) ESCs relied on spontaneous,

or somewhat directional, differentiation in embryoid bodies

(Hübner et al. 2003; Toyooka et al. 2003; Geijsen et al. 2004).

However, the yield of PGCs using this method was insufficient

in terms of both quality and quantity. Importantly, functionality,

which is the most stringent criterion of their quality (i.e. whether

the PGC-like cells can differentiate into fertile eggs and

spermatozoa) was not tested. In addition, the time course of the

germ cell differentiation from ESCs was not compatible with

that in vivo, which suggests that these systems are insufficient to

serve as a model of germ cell development.

With increased knowledge of PGC specification in vivo and

the nature of the pluripotent state, reconstitution of PGC specifi-

cation in vitro has become feasible. A key finding was derived

from an ex vivo culture experiment that determined a set of

growth factors sufficient for the induction of PGCs from the

postimplantation epiblast around E6 (Ohinata et al. 2009): when

cultured with BMP4, BMP8b, leukaemia inhibitory factor (LIF),

epidermal growth factor (EGF) and Stem cell factor (SCF),

epiblasts efficiently differentiated into PGCs that had the ability

to give rise to functional spermatozoa upon transplantation into

testes. Because ESCs did not differentiate to PGCs in response to

this set of growth factors, the question arose as to how to confer

the appropriate responsiveness to the growth factors, termed

‘PGC competence’ (Hayashi et al. 2011), to pluripotent stem

cells. The solution came from the identification of two distinct

pluripotent states, namely the naı̈ve and primed pluripotent

states. The former corresponds to the E4.5 epiblast and is

maintained by culture with LIF and chemical inhibitors of

glycogen synthase kinase (GSK) 3b and mitogen-activated

protein kinase kinase (MEK), whereas the latter corresponds to

the E6.5 or later epiblast and is maintained by culture with basic

fibroblast growth factor (bFGF) and activin A (Brons et al. 2007;

Tesar et al. 2007; Ying et al. 2008). These two states are

interchangeable depending on the growth factors used in the

culture (Bao et al. 2009; Guo et al. 2009). Importantly, although

the typical primed pluripotent stem cells had little PGC compe-

tence, cells at the transient state between naı̈ve and primed states

had a robust PGC competence (Hayashi and Surani 2009;

Hayashi et al. 2011). In particular, ESCs and iPSCs transformed

swiftly into cells highly resembling E5.5 epiblast cells by

culturing with bFGF and activin A for 2 days and efficiently

differentiated into PGC-like cells (PGCLCs) in response to the

above set of growth factors. Importantly, PGCLCs were also

found to give rise to functional spermatozoa and oocytes upon

transplantation into testes and ovaries respectively (Hayashi et al.

2011, 2012). This proof-of-concept paved a new path for the

production of gametes from ESCs and iPSCs, in addition to

providing a unique platform to improve our understanding of the

molecular mechanisms underlying germ cell development. The

latter is especially useful in understanding the nature of nascent

PGCs, because the culture system can bypass the scarcity of the

cells in vivo. Indeed, details of the transcriptional network and

epigenetic landscape were comprehensively revealed using the

culture system (Aramaki et al. 2013; Nakaki et al. 2013;

Kurimoto et al. 2015;Murakami et al. 2016; Shirane et al. 2016).

Reconstitution of oogenesis in mice

As described above, PGC differentiation is an asexual process

that allocates a founder population of germ cells and erases the

parental epigenetic modifications. For sexual differentiation of

germ cells, signals from surrounding somatic cells are essential.

Therefore, reconstitution of the somatic cell environment is

required for further differentiation of PGCLCs. This was

achieved by coculture of PGCLCs with embryonic gonadal

somatic cells. In coculture with female gonadal somatic cells,

collectively termed the ‘reconstituted ovary’ (rOvary), PGCLCs

swiftly started to express marker genes of late PGCs, such as

Dazl and Ddx4, and to proliferate with incomplete cytokinesis,

thereby forming germline cysts as observed in vivo (Hayashi

et al. 2012; Hikabe et al. 2016). Importantly, PGCLCs entered

meiosis in rOvaries, thereby becoming primary oocytes.

Oogenesis in the rOvary further proceeded under the culture

conditions determined by the preceding studies of organ culture

of fetal and neonatal ovaries (Eppig and O’Brien 1996; Mor-

ohaku et al. 2016). Briefly, rOvaries were placed onto a

collagen-coated membrane and then cultured under three con-

ditions, namely in vitro differentiation (IVDi), in vitro growth

(IVG) and in vitro maturation (IVM), in which oogenesis pro-

ceeds to primary oocytes in secondary follicles, fully grown

GV oocytes andMII oocytes respectively (Fig. 1). The resulting

MII oocytes were capable of fertilisation with wild-type
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spermatozoa and the fertilised eggs gave rise to pups. The pups

were apparently healthy because they grew to adulthood with a

frequency comparable to that of wild-type mice and were fertile

(Hikabe et al. 2016). Of note, the system allowed us to produce

functional oocytes from iPSCs reprogrammed from tail tip

fibroblasts, making it theoretically possible to produce oocytes

from any kind of somatic cell.

Despite the successful reconstitution of oogenesis, the qual-

ity of the in vitro-produced oocytes was far inferior to that of

in vivo oocytes, as shown by the fact that the birth rate of pups

from 2-cell embryos derived from in vitro oocytes was 20-fold

lower than that from 2-cell embryos in vivo. This inferior

potential was already observed in the low fertilisation rate

(,50%) and blastocyst formation rate (,20% of fertilised eggs;

Hikabe et al. 2016). This was attributable, at least in part, to the

frequent mispairing of homologous chromosomes in themeiotic

prophase I, the precocious resumption of meiosis and the

aberrant gene expression during oocyte growth and maturation.

These observations clearly indicate that the culture conditions of

the current in vitro gametogenesis are suboptimal and will

require further refinement. In addition, for the assessment of

in vitro-produced oocytes, much attention should be paid to

genetic and epigenetic mutations in in vitro oocytes. Although

the pups derived from in vitro oocytes were apparently healthy,

it is possible that they inherited an aberrant epigenome from the

oocytes. In fact, this is likely, because even IVF, which has a

much shorter, simpler manipulation process in culture than the

culture series for in vitro gametogenesis, causes placental

defects, possibly due to epimutation(s) (Bloise et al. 2012; de

Waal et al. 2015). Indeed, the placentas derived from in vitro-

produced oocytes were heavier than those from oocytes in vivo

(Hikabe et al. 2016). Clearly, close attention should be paid

when using iPSCs, because genetic and epigenetic mutations are

carried into iPSCs from the parental somatic cells (Kim et al.

2010; Young et al. 2012). To standardise the process of in vitro

gametogenesis, rigorous assessment of the resultant gametes

and offspring will be essential in the future.

Reconstitution of spermatogenesis in mice

Similar to the reconstitution of oogenesis in rOvaries, sper-

matogenesis is also partially reconstituted by coculture with

male gonadal somatic cells, generating the so-called ‘recon-

stituted testis’ (rTestis; Ishikura et al. 2016). In the rTestis, the

seminiferous tubules are self-organised while incorporating

PGCLCs. In the reconstituted seminiferous tubules, ESC-

derived PGCLCs differentiated into prospermatogonia and

then eventually into spermatogonia that expressed promyelo-

cytic leukaemia zinc-finger (PLZF), amarker of spermatogonial

stem cells. Along with the differentiation of spermatogonia, the

Sertoli cells also positioned themselves properly in the semi-

niferous tubules. However, despite the histological normality,

spermatogenesis was arrested by spermatocytes and none of

them completed meiosis in rTestes. Although the arrest of

spermatogenesis was not resolved, the potential of PGCLC-

derived spermatogonia was made evident by the successful

derivation of germline stem cells (GSCs), a primary spermato-

gonial stem cell line that has the capacity for self-renewal and

spermatogenesis (Kanatsu-Shinohara et al. 2003). PGCLC-

derived germline stem-like cells (GSCLCs) propagated indefi-

nitely and had the capacity to differentiate into spermatozoa

upon transplantation into the testes. The resultant spermatozoa

were used for fertilisation by intracytoplasmic sperm injection

(ICSI) and the fertilised eggs developed to grossly normal pups,

thus demonstrating that ESCs differentiated into functional

GSCLCs in the rTestis system. Conversely, at least some of the

GSCLCs were far inferior to the GSCs derived from sper-

matogonia in vivo. Of note, GSCLCs bore hypermethylation in

regulatory regions driving genes involved in meiosis and sper-

matogenesis and in the differentially methylated region (DMR)

of maternally imprinted genes (Ishikura et al. 2016). These

aberrant DNA methylations may have been due to insufficient

DNA demethylation in PGCLCs and excessive de novo DNA

methylation during GSCLC derivation. Both are likely, because

genome-wide DNA demethylation in PGCLCs was not com-

pleted at the stage before integration into the rTestis (Shirane

et al. 2016; Ohta et al. 2017) and genome-wide de novo meth-

ylation occurring in prospermatogonia (Seisenberger et al.

2012; Kobayashi et al. 2013; Kubo et al. 2015) was susceptible

to in vitro culture (Lee et al. 2009). Therefore, with the criteria

set above, further refinement of the culture conditions will be

essential in order to complete the reconstitution.

Another ground-breaking work in the reconstitution of sper-

matogenesis was reported in mice (Zhou et al. 2016). In that

study, ESC-derived PGCLCs were reaggregated with c-kit

mutant (W/Wv) neonatal testicular cells and cultured with

cytokines and hormones. Under the culture conditions used,

PGCLCs differentiated into spermatid-like cells within 2 weeks

of culture. By round spermatid injection (ROSI), the resultant

spermatid-like cells contributed to zygotes that developed to

2-cell embryos at a high rate (85–92%). The 2-cell embryos fully

developed to term, although the developmental rate was lower

(2–5%) than the control using round spermatids in vivo (9.5%).

Although no follow-up study has been reported, it appears that

the differentiation period was shorter than the equivalent differ-

entiation process in vivo, which takes at least 4 weeks. There-

fore, in addition to the reproducibility of the culture system,

rigorous assessment of the process of spermatogenesis, espe-

cially meiosis, during the 2 weeks would provide valuable

information to standardise this method. Nevertheless, there is

no study that has completed the entire process of spermatogene-

sis. Particularly in spermiogenesis, dynamic morphological

changes are highly dependent on Sertoli cells, which, for

example, phagocytose residual bodies shed from the cyto-

plasmic portion of the elongating spermatid (Kerr and deKretser

1974; Pineau et al. 1991; Maeda et al. 2002). In addition,

sustainable spermatogenesis is supported by the flow of seminal

fluid in the seminiferous tubules (Fawcett and Hoffer 1979; Abe

et al. 1982), which was not reproduced in the closed structure of

the rTestis. To complete spermatogenesis in culture, such

environmental factors may need to be considered.

Reconstitution of PGC specification in humans

In early studies using human (h) ESCs, the germ cell lineage

could be induced from hESCs by spontaneous differentiation or

94 Reproduction, Fertility and Development K. Hayashi et al.



somewhat directional differentiation in response to BMP4

(Clark et al. 2004; Kee et al. 2006; Park et al. 2009). Although

these induced germ cells were not well characterised, these

studies suggested that germ cells could be directly derived from

self-renewing hESCs in response to BMP4, suggesting that,

unlike mESCs, hESCs somehow have PGC competence.

Meanwhile, in other studies, the culture conditions were refined

to place hESCs and hiPSCs in a naı̈ve pluripotent state (Chan

et al. 2013; Gafni et al. 2013; Takashima et al. 2014; Theunissen

et al. 2014). Using some of these culture conditions, a robust

differentiation of PGCLCs from hESCs and hiPSCs was

achieved. When hESCs and hiPSCs were maintained under a

‘4i’ condition that included inhibitors for GSK3b, MEK, c-Jun

N-terminal kinase (JNK) and p38, hESCs and hiPSCs enhanced

PGC competence immediately or after culturing with trans-

forming growth factor-b (or activin A) and bFGF for 2 days

(Gafni et al. 2013; Irie et al. 2015). Under these culture condi-

tions, hESCs and hiPSCs efficiently differentiated into

hPGCLCs in response toBMP4, SCF, LIF andEGF,which is the

same as the set of growth factors used for the induction of

mPGCLCs. hPGCLCs shared similar profiles of gene expres-

sion and epigenetic genome modification with hPGCs in vivo

(Tang et al. 2015). In another method, hiPSCs that were main-

tained under a conventional condition with bFGF developed

enhanced PGC competence by culturing with activin A and a

GSK3b inhibitor for 2 days (Sasaki et al. 2015). The resulting

cells, called incipient mesodermal cells (iMeLCs), efficiently

differentiated into hPGCLCs in response to BMP4, SCF, LIF

and EGF (Fig. 2a). Much as in the iMeLC method, the hESCs

and hiPSCs differentiated into mesodermal-like cells with

activin, bFGF and a low (5 ng mL�1) concentration of BMP4,

and then hPGCLCs were induced from the mesodermal-like

cells with a high (100 ng mL�1) concentration of BMP4

(Sugawa et al. 2015). The requirement for the preinduction

culture period suggests that PGC competence is conferred to

hESCs and hiPSCs at a specific pluripotent state different from

the naı̈ve or primed state. Supporting this idea, transcriptome

analysis indicates that hESCs and hiPSCs under the 4i condition,

which can differentiate directly to PGCs in response to the

cytokines, have a distinct pluripotent state from the naı̈ve plu-

ripotent state (Nakamura et al. 2016). The PGC-competent state

could be equivalent to the formative state that is currently per-

ceived as an intermediate state between the naı̈ve and primed

pluripotent states, inwhich pluripotent cells acquire competence

for multilineage induction entailing a distinct responsiveness to

external cues (Kalkan and Smith 2014; Kalkan et al. 2017).

Although functional assessment of hPGCLCs is not easy, the

culture system provides a unique platform that greatly facilitates

the genetic analysis of PGC specification. Knockout studies

using hESCs and hiPSCs identified genes involved in PGC

specification in humans. For example, it was found thatPRDM1,

which is essential for mouse PGC specification, was also

essential for hPGCLC differentiation (Irie et al. 2015; Kojima

et al. 2017); during hPGCLC differentiation, PRDM1-knockout

hESC- and hiPSC-derivatives failed to repress somatic genes

and to upregulate germ cell genes (Irie et al. 2015; Kojima et al.

2017). This phenotype is similar to that of Prdm1-knockout

mouse embryos (Kurimoto et al. 2008), suggesting that the

function of this gene is conserved between mice and humans.

Conversely, it appeared that SRY (sex determining region Y)-

box 17 (SOX17), which is dispensable for mouse PGC specifi-

cation, was essential for hPGCLC differentiation; SOX17-

knockout hESCs and hiPSCs failed to differentiate into

hPGCLCs (Irie et al. 2015; Kojima et al. 2017). Conversely,

enforced expression of SOX17 and PRDM1 was sufficient for

hPGCLCdifferentiation (Kobayashi et al. 2017), reinforcing the

importance of these transcription factors for human PGC speci-

fication. In addition, Transcription factor AP-2 gamma

(TFAP2C) and Eomesodermin (EOMES) were essential for

hPGCLC differentiation (Kojima et al. 2017); the former is also
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Fig. 2. Reconstitution of the germ cell cycle in culture. Schematic representations show the proceedings of in vitro gametogenesis. In mice, oogenesis can

be fully reconstituted from embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs), but spermatogenesis has not been entirely reconstituted. In

humans, primordial germ cell-like cells (PGCLCs) can be induced from human ESCs or human iPSCs. In the xenoreconstituted ovary system, human

PGCLCs differentiate into oogonia, some of which proceed to primary oocytes. In several other mammalian species, such as the bovine, rabbit and southern

white rhinoceros, ESCs or iPSCs are established and ready to use for in vitro gametogenesis. E12.5, Embryonic Day 12.5; SSCs, spermatogonial stem cells.
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required for mouse PGC specification, whereas the latter is not.

EOMES is a target of WNT signalling during hPGCLC differ-

entiation and triggers SOX17 expression. Inmice, Brachyury, T-

box transcription factor T (T) is a target of WNT signalling

during mPGCLC differentiation and triggers Prdm1 and

Prdm14, which are essential for mouse PGC specification. In

contrast, T is dispensable for hPGCLC differentiation (Kojima

et al. 2017).EOMES and T are transcription factors belonging to

the T-box gene family, which has diverse roles during embryo-

genesis (Showell et al. 2004). The functional redundancy of

these genes on PGC specification is evident from the fact that

enforced expression of Eomes transactivated Prdm1 during

mPGCLC differentiation, although the magnitude of the trans-

activation was lower than that for T (Aramaki et al. 2013). These

findings indicate that the gene responsible forWNT signalling is

altered during evolution. Perhaps, such an alteration may

contribute to speciation in mammalian evolution, because

WNT signalling is critical factor for PGC specification, the

origin of germ cell development. Conversely, two key external

signals, namely BMP andWNT, for PGC specification are well

conserved between mice and humans, suggesting that the first

priority for PGC specification in embryogenesis is to establish

an environmental cue that provides BMP andWNT signalling to

a pluripotent cell population. Supporting this idea, porcine

PGCs are specified in the posterior region of the epiblast in

response to BMP4 and WNT3 (Kobayashi et al. 2017). Cyno-

molgus monkey PGCs were specified in the nascent amnion,

which expresses pluripotent marker genes, and is exposed to

BMP and WNT3A (Sasaki et al. 2016). Collectively, these

findings indicate that the location of PGC specification in the

embryo of each species depends on the differential expression

pattern of BMP and WNT.

Reconstitution of oogenesis in humans

Sex-dependent differentiation of germ cells essentially requires

a proper interaction with the surrounding somatic cells. Based

on studies on in vitro gametogenesis in mice, fetal gonadal

somatic cells have a greater potential to support oogenesis than

adult gonadal somatic cells (K. Hayashi, unpubl. data). This

requirement of fetal gonadal somatic cells has hampered the

development of in vitro gametogenesis in humans. One possible

solution would be to replace the human fetal gonadal somatic

cells with potentially equivalent cells of other species. Such

xenoreconstituted ovaries have been tested using hPGCLCs and

mouse fetal gonadal somatic cells (Yamashiro et al. 2018). In

the xenoreconstituted ovaries, the hPGCLCs were intermingled

with mouse fetal gonadal somatic cells and survived for at least

120 days. The profiles of the transcriptome and DNA methy-

lome in the hPGCLCs were similar to those in hPGCs in vivo.

Strikingly, some PGCLCs entered meiosis, demonstrating that

hiPSCs were transformed into primary oocytes in the xenor-

econstitution system. Although the culture period for their dif-

ferentiation was slightly longer than that in vivo, the culture

system provides a useful tool for evaluating gene function

in human germ cell development beyond the PGC stage. How-

ever, from the viewpoint of oocyte production, a remaining

question is whether the xenoreconstitution system is capable

of completely supporting human oogenesis. To assess this

capability, it will be necessary to develop a culture system that

fully supports oocyte maturation using primary oocytes in vivo.

One such culture system could consist of the production of

MII oocytes from unilaminar follicles in the ovarian tissue

(McLaughlin et al. 2018). In addition, there have been several

attempts to generate mature oocytes from secondary follicles

(Yu et al. 2009; Telfer and Zelinski 2013; Skory et al. 2015; Yin

et al. 2016). These ongoing efforts are expected to provide clues

to in vitro gametogenesis using hESCs and iPSCs.

Prospects of in vitro gametogenesis in livestock and wild or
endangered animals

A possible use of in vitro gametogenesis would be for acceler-

ating the genomic selection in livestock breeding. Genomic

selection is the single nucleotide polymorphism-based predic-

tion of the potential of livestock animals, such as with regard to

their breeding value and generation intervals. Since it was first

proposed (Meuwissen et al. 2001), genomic selection has been

coupled with the rapidly developing sequencing technologies,

resulting in a wide implementation in livestock, including cattle

(Wiggans et al. 2017), swine (Lillehammer et al. 2013) and

chickens (Sitzenstock et al. 2013). Indeed, in recent decades

genetic selection has revolutionised the pursuit of genetic

improvements in animal breeding. Conversely, a bottleneck of

genomic selection is that the generation intervals are still reliant

on the mating of individual animals, and thus on the amount of

time required for the individuals to reach puberty. In this con-

text, in vitro gametogenesis is expected to get rid of the bottle-

neck and accelerate further genomic selection (Hou et al. 2018;

Goszczynski et al. 2019). In mice, alteration of generations was

achieved in culture without animal breeding: ESC-derived

oocytes were fertilised with spermatozoa and developed to

blastocysts, and then gave rise to the second-generation of ESCs

(Hikabe et al. 2016). Therefore, in theory, in vitro gametogen-

esis using livestock ESCs and iPSCs would make it possible to

alter generations in culture without waiting for the growth of

individuals. So far, much effort has been made to establish

livestock ESCs and iPSCs that stably and indefinitely propagate

in culture while maintaining their pluripotency. Of note, bovine

ESCs have recently been established and well characterised as

pluripotent stem cells (Bogliotti et al. 2018). Because gene

selection has beenwell implemented in cattle, bovine ESCsmay

one day provide the first example of a genetic improvement

without animal breeding. Apart from the bovine, efforts to

establish pluripotent stem cells harbouring a stable pluripotent

state continue in other livestock animals, including swine,

chicken, goat and horse, therefore raising the possibility that the

novel breeding system penetrates to the livestock industry in

future. It is of note that, apart from rodents, primates and bovine,

both ESCs and iPSCs are established and well characterised in

the rabbit (Fang et al. 2006; Wang et al. 2007; Honda et al.

2010). On the basis of early embryo development, the rabbit is

counted amongRauber’s layer species that also includes bovine,

swine and horse (van Leeuwen et al. 2020). Considering the

similar manner of early embryo development closely associated

with PGC specification, using rabbit ESCs and iPSCs would

provide a valuable model of in vitro gametogenesis for these

livestock animals.
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Another anticipated application of in vitro gametogenesis is

for the production of gametes from iPSCs of endangered

species. Indeed, iPSCs have been established from several wild

animals, including drills (Mandrillus leucophaeus; Ben-Nun

et al. 2011), northern white rhinoceroses (Ceratotherium simum

cottoni; Ben-Nun et al. 2011; Korody et al. 2017), olive baboons

(Papio anubis; Navara et al. 2013), snow leopards (Panthera

uncia; Verma et al. 2012), Ryukyu spiny rats (Tokudaia

osimensis; Honda et al. 2017) and others (Stanton et al. 2019).

However, the road to achieving in vitro gametogenesis in wild

animals will be long and bumpy, because information on gene

expression and embryology is much more limited than in mice

and humans. This is true even for the first step, which is

validation of iPSCs. Although iPSCs in these reports expressed

pluripotent marker genes and showed the ability to differentiate

into the three germ layers in in vitro differentiation experiments

or teratoma analysis, this does not mean that the cells had the

potential for germ cell differentiation. Indeed, an early study on

mouse iPSCs showed that germline transmission was not

entirely parallel to pluripotent gene expression and the ability

to differentiate into three germ layers observed in the teratoma

(Takahashi and Yamanaka 2006). Therefore, it would be more

helpful if the quality of iPSCs could be compared with bona fide

pluripotent stem cells, such as ESCs. In this context, the

successful establishment of ESCs from the southern white

rhinoceros (Ceratotherium simum simum), which is the closest

species to the northern white rhinoceros, is noteworthy; two

ESCs have been derived from blastocysts obtained by the

collection of oocytes from female southern white rhinoceroses

followed by ICSI using frozen spermatozoa from a male

southernwhite rhinoceros (Hildebrandt et al. 2018). These ESCs

uniformly propagated while expressing pluripotent marker

genes and exhibited an ability to differentiate into three germ

layers in the in vitro differentiation culture. Not only are

rhinoceros ESCs useful to validate rhinoceros iPSCs, but they

would also be useful to determine the culture conditions for

PGCLC differentiation in the future. The second step for in vitro

gametogenesis in wild animals would be derivation of PGCLCs.

Based on knowledge of in vitro gametogenesis in mice and

humans, key signalling molecules for PGC specification should

be conserved in a wide range of mammalian species, which

should be taken into consideration to determine a culture

condition for PGCLC differentiation. The third step would be

generation of gametes from the PGCLCs obtained. However, as

discussed above in the context of in vitro gametogenesis in

humans, the limited sources of fetal gonadal somatic cells is a

crucial problem to be solved. It is nearly impossible (even more

difficult than in humans) to obtain fetal gonadal somatic cells

from wild animals. Therefore, as discussed above, the xenor-

econstitution system would be one option to bypass this obsta-

cle. Alternatively, derivation of gonadal somatic cells from

pluripotent stem cells would be another option.

Concluding remarks

Here, we summarised the current status of in vitro gametogen-

esis and discussed the future perspectives of the technology. The

development of in vitro gametogenesis was pioneered by

research on mice, but the technology is now increasingly being

applied to other mammalian species, including humans. How-

ever, even in mice, the quality of gametes produced in the cul-

ture system is inferior to that of gametes in vivo, so further

refinements will be needed. For this purpose, a better under-

standing of in vivo gametogenesis would provide a basis for the

refinement of in vitro gametogenesis. Moreover, we should

consolidate the commonalities and diversities in gametogenesis

among species. For example, although the shape of oocytes or

spermatozoa is largely similar among mammalian species,

requirements during the differentiation process are quite

diverse. In the technical development of in vitro gametogenesis

so far, such species-specific requirements have been empirically

achieved through labour-intensive trial and error. Therefore, the

development of a method to predict the requirements could

greatly accelerate the application of in vitro gametogenesis. To

generalise in vitro gametogenesis to the fields of reproductive

biology and regenerative medicine, multiple insights and much

effort will be required.
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