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Abstract 
  Eggs are the only cell type harboring totipotency, and thus play a fundamental role in 

the creation of new individuals.  There are multiple and complex regulations in the 

production of eggs, named oogenesis, and errors in this process can cause a number of 

clinical issues, such as infertility, ovarian cancer and developmental disorders.  Thus 

the understanding and in vitro reconstitution of oogenesis are of biological and clinical 

importance.  Recently, we produced fully potent eggs from pluripotent stem cells, i.e., 

embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs).  ESCs and 

iPSCs differentiate in vitro into primordial germ cells (PGCs), the precursor of egg cells, 

and are in turn matured to eggs by transplantation into adult female mice with fetal 

gonadal somatic cells.  This review introduces the method and discusses applications 

of this technology to reproductive biology.  
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Introduction 
  Eggs, the terminally differentiated cells of the female germ cell lineage, are 

established through a series of processes. All eggs (and sperm) originate from 

primordial germ cells (PGCs), the founder cell population of the germ cell lineage that 

is specified in mice from the pluripotent epiblast around embryonic day (E) 6.5 (Figure 
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1) [5, 26, 27].  Soon after specification, PGCs start to migrate, while proliferating, 

toward fetal gonads that are the future ovaries (or testes).  Early differentiation of 

PGCs is accomplished in a sex-independent manner, but once the PGCs reach the fetal 

gonads they begin to differentiate in a sex-dependent manner.  In females, PGCs in the 

gonads, thereafter called oogonia, proliferate to expand the pool of future oocytes by 

around E13.5 and then cease mitosis and enter meiosis.  It is essential for PGCs to 

settle in the gonads to properly differentiate into oocytes, since ectopic PGCs, which are 

mainly caused by aberrant migration, would trigger apoptosis and eventually be 

eliminated from the embryo proper [24].  The gonadal environment is important not 

only in terms of survivability, as described above, but also for further differentiation of 

the oogonium; gonadal somatic cells contain precursors of granulosa and theca cells, 

both of which are essential compartments for ovarian follicles [3].  Based on 

morphological observation, the oogonia interact with surrounding somatic cells and then 

form primordial follicles, which are the most immature type of ovarian follicle.  This 

process is thought to be controlled by a gonadotrophin-independent mechanism, mainly 

because null-mutation of gonadotrophin receptors does not abrogate the primordial 

follicle formation [2, 16]; however, aside from this detail it remains elusive how the 

differentiation of oogonia is regulated.  

 Apart from understanding the mechanism of oogenesis, an ultimate goal of 

reproductive biologists is to reconstitute oogenesis in vitro, so that an unlimited number 

of functional oocytes can be generated.  Such in vitro reconstitution of oogenesis 

would open possibilities in basic biology as well as clinical application.  Despite of 

making efforts to achieve oogenesis in vitro, yet there is no robust culture system that 

produces an unlimited number of functional oocytes.  As a prerequisite to the 

establishment of oogenesis in vitro, we must first achieve a comprehensive 

understanding of the mechanisms underlying oogenesis in vivo.   

 Our recent studies have shown that the PGC specification can be reconstituted in vitro 

using mouse embryonic stem cells (ESCs) as well as induced pluripotent stem cells 

(iPSCs) [12]. ESC/iPSC-derived PGCs, called PGC-like cells (PGCLCs), are capable of 

differentiating into spermatozoa and oocytes that give rise to healthy individuals 

through in vitro fertilization [11, 12].  In this review, I describe the partial 

reconstitution of female germ cell development using ESC/iPSC-derived PGCLCs and 

discuss further issues to be resolved before the method can be applied to other species 
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and ultimately used to reconstitute the entire process of oogenesis in vitro.   

 

 

PGC specification in vitro 

  ESCs and iPSCs are a valuable source for production of gametes in vitro, as they are 

capable of proliferating indefinitely while maintaining their ability to differentiate into 

all cell lineages of the embryo proper, including germ cells.  A number of attempts 

have been made to generate germ cells in vitro from ESCs and iPSCs [8, 14, 19, 29].  

Despite the intensive efforts, a culture system that produces a robust number of 

functional PGCs, the earliest step of germ cell development, has not been established.  

The reason for the unsuccessful attempts may be that it was not adequately determined 

whether the PGC specification in the culture system properly reconstituted that in vivo.  

Since PGC specification is a highly orchestrated process, it seems essential to properly 

reproduce it in vitro.   

  In mice, the manner of PGC specification is epigenesis; PGCs are specified from the 

pluripotent cell population in response to inductive signals triggered by intrinsic and 

extrinsic signals [6, 15].  Therefore, PGCs originate from cells that are poised to 

differentiate into various somatic cell lineages.  The germ cell fate is induced in the 

proximal epiblast by direct BMP4 signals from the extraembryonic ectoderm [17, 22].  

At E6.25, approximately 6 cells of the posterior proximal epiblast start to express 

Prdm1/Blimp1, a zinc finger transcriptional repressor, and these Prdm1-positive cells 

are lineage-restricted to become PGCs [23]. One day later, about 40 PGCs are located at 

the posterior end of the primitive streak, and begin to migrate into the allantois and 

along the developing hindgut toward the genital ridges [23, 25].  

  Recently we have developed a culture system in which PGC specification processes 

are reconstituted in vitro by using ESCs/iPSCs [11-13].  In this system, the 

ESCs/iPSCs first differentiate into a novel type of cells harboring the post-implantation 

epiblast status, called epiblast-like cells (EpiLCs), by inducing the transient 

differentiation under a defined condition with bFGF and activin (Figure 1).  The 

EpiLCs differentiate robustly into PGCLCs in response to BMP4 (Figure 1).  The 

manner of differentiation from ESCs/iPSCs to PGCLCs is highly similar, if not identical, 

to that from the inner cell mass (ICM) of the blastocyst to PGCs in vivo, based on the 

criteria of gene expression and epigenetic status.  Importantly, PGCLCs are functional, 
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as they differentiate into fertile sperm upon transplantation into testis.  Eggs fertilized 

with PGCLC-derived sperm give rise to healthy pups that eventually grow up to fertile 

adults, further demonstrating that PGCLCs are fully potent.    

 

Oocyte production from pluripotent stem cells 

 Based on the results of gene expression analyses, it is likely that PGCLCs at day 6 of 

induction culture correspond to PGCs at E9.5 in vivo, at which time sexually dimorphic 

PGCs migrate in the hindgut toward the genital ridges.  PGCLCs under the induction 

culture condition no longer differentiate or proliferate, but instead, eventually decrease 

in number for an unknown reason, suggesting another signal(s) is required for further 

differentiation of PGCLCs.  Interestingly, PGCLCs, when aggregated with E12.5 

female gonadal somatic cells, resume proliferation and differentiation [11].  Among 

several tissues, only gonadal somatic cells showed a robust effect on the proliferation 

and differentiation of PGCLCs.  This suggests that gonadal somatic cells produce 

factor(s) essential for PGC proliferation and differentiation.  It is noteworthy that the 

PGCLC induction condition includes stem cell factor (SCF), which is a factor known to 

promote PGC proliferation, indicating that gonadal somatic cells produce a crucial 

factor(s) other than SCF.  PGCLCs with gonadal somatic cells showed several features 

observed in oogonia: expression of later germ cell-maker genes such as Mvh and Dazl, 

erasure of parental epigenetic status in imprinting gene loci, and entrance into the 

meiotic prophase.  To validate oogenesis in PGC-gonadal somatic cell aggregation, 

hereafter called reconstituted ovary, we transferred them into the ovarian bursa of 

immunocompromised mice according to previous studies [10, 18].  At 4 weeks after 

transplantation, growing follicles containing PGCLC-derived oocytes were observed in 

the reconstituted ovary.  Since follicles in reconstituted ovaries show almost no 

ovulation, the PGCLC-derived oocytes are collected by mechanically puncturing the 

follicles and then are subjected to an in vitro maturation culture.  Most of the collected 

PGCLC-derived oocytes entered the fully-grown germinal vesicle (GV) stage and 

reached a diameter of approximately 70 µm.  These GV oocytes were capable of 

resuming meiosis and of reaching the metaphase II (MII) stage, when oocytes are ready 

for fertilization.  In vitro fertilization using sperm from wild-type males and 

PGCLC-derived oocytes yielded fertilized eggs.  The resultant fertilized eggs gave rise 

to apparently healthy pups through transplantation into surrogate mothers, 
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demonstrating the PGCLC-derived oocytes are potent, though not as fully potent as 

oocytes in vivo (see below for details).  These pups grow up and show reproductive 

ability with normally sized litters.  

 

Problems to be solved 

 Although the production of functional oocytes appeared to be successful, several 

problems remain to be solved.  In principle, it is clear that, compared to production 

from oocytes in vivo, successful production of pups from PGCLC-derived oocytes is 

less efficient [11].  Among the several possible reasons for the low productivity, we 

found that PGCLC-derived oocytes frequently exhibited aberrant fertilization; half of 

the fertilized eggs possessed three pronuclei composed of two maternal pronuclei and a 

paternal pronucleus.  This suggests that PGCLC-derived oocytes have a limited ability 

to extrude the second polar body upon fertilization.  The detailed reasons for the 

deficient second polar body extrusion remain to be clarified.  In addition to this 

deficiency, we found embryos absorbed at a later stage of pregnancy in the uteri of 

surrogate mothers, suggesting that the totipotency of PGCLC-derived oocytes is limited.  

We consider that the reason for these deaths was an error in epigenetic reprogramming 

during oogenesis.  

  Since reconstituted ovaries were transferred to produce the oocytes, the 

environmental cues that organize oogenesis in the reconstituted ovary remain essentially 

unclear (Figure 1).  To reconstitute the entire process of oogenesis using pluripotent 

stem cells, the next step would be to develop a culture system in which oocytes mature 

within the reconstituted ovary.  This is challenging work, as no report has so far 

succeeded in the production of functional oocytes from PGCs, except by using nuclear 

transfer; Obata et al. succeeded in generating pups by transferring the nuclei of oocytes 

that had matured in an in vitro culture from PGCs, into enucleated fully grown oocytes 

from adult ovaries, followed by in vitro fertilization [21].  Another study showed that, 

despite the low efficiency, the neonatal primordial follicles matured in vitro to 

functional oocytes [4, 20].  Collectively, these results underscore the necessity of 

developing a culture system in which PGCLCs in the reconstituted ovary differentiate 

into primary oocytes of a stage consistent with neonatal primary oocytes in vivo.   

  Nevertheless, the successful production of oocytes from ESCs/iPSCs via 

transplantation arouses interest for its potential application to other animals, especially 
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humans.  Needless to say, there are both ethical and technical steps that have to be 

overcome.  Focusing on the technical steps, first it should be taken into consideration 

that the features of ESCs/iPSCs are different between humans and mice [9].  Recent 

studies have focused on identifying culture conditions under which human ESCs might 

become similar to mouse ESCs [7].  The development of such culture conditions might 

ultimately allow us to apply PGCLC production using mice to that using human ESCs.  

However, the functional validation of mouse PGCLCs by transplantation into ovaries is 

not readily applicable to human PGCLCs.  An alternative may be to use non-human 

primate ESCs for both the production and functional validation of PGCLCs.   

 

Concluding remarks  

 Here I introduced a culture system that produces functional oocytes from 

ESC/iPSC-derived PGCLCs.  As described above, the culture system reconstitutes in 

vitro early PGC specification and subsequent early differentiation of oogonia.  The 

latter process requires female gonadal somatic cells.  From a biological point of view, 

it is of particular interest to know interaction between the PGCLCs and somatic cells at 

a molecular level.  Since several factors, such as Wnt4 and R-Spondin, have been 

identified as determinants for ovary differentiation [1, 28, 30], it is worth testing 

whether these factors can compensate for the function of gonadal somatic cells in the 

differentiation of PGCLCs.  If not, this would suggest that the differentiation of 

oogonia require other factors, which must be produced by gonadal somatic cells.  

Identification of the factors and reconstitution of oogonia differentiation under defined 

conditions are of practical importance, particularly with respect to human application, 

since it is impossible to obtain a sufficient number of gonadal somatic cells from human 

embryos.  Nevertheless, we have reported for the first time that ESC/iPSC-derived 

PGCLCs are capable of differentiating into functional oocytes that can give rise to 

fertile individuals.  This is a first step towards the establishment of a culture system 

that entirely reconstitutes oogenesis in vitro.        
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Figure Legend 
 

Figure 1. Germ cell development in mice and reconstitution in vitro 

 Primordial germ cells (PGCs) are specified from pluripotent epiblast in response to 

BMP4, and then start to migrate along hindgut toward genital ridges. After reaching 

genital ridges, PGCs differentiate either oogonia or prespermatogonia depending on the 

sex of the embryo.  Using pluripotent stem cells, we recently developed a culture 

system that reconstitutes PGC specification in vitro.  Although PGCs in vitro 

(PGC-like cells: PGCLC) are capable of differentiating into functional sperm and 

oocyte, differentiation process after reaching genital ridges are accomplished in vivo 

where PGCLCs are transplanted.  Therefore, reconstitution in vitro of the process 

would be the next step for establishing a culture system that reconstitutes an entire 

process of germ cell development in vitro.  
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