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Reconstitution in vitro of the entire cycle of the

mouse female germ line
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The female germ line undergoes a unique sequence of differentiation
processes that confers totipotency to the egg*?. The reconstitution of
these events in vitro using pluripotent stem cells is a key achievement
in reproductive biology and regenerative medicine. Here we report
successful reconstitution in vitro of the entire process of oogenesis
from mouse pluripotent stem cells. Fully potent mature oocytes were
generated in culture from embryonic stem cells and from induced
pluripotent stem cells derived from both embryonic fibroblasts
and adult tail tip fibroblasts. Moreover, pluripotent stem cell
lines were re-derived from the eggs that were generated in vitro,
thereby reconstituting the full female germline cycle in adish. This
culture system will provide a platform for elucidating the molecular
mechanisms underlying totipotency and the production of oocytes
of other mammalian species in culture.

One of the key goals in developmental and reproductive biology is to
reconstitute the entire process of gametogenesis in culture. Specifically,
owing to its biological significance, reconstitution of oogenesis using
pluripotent stem cells that yields functional eggs has long been
sought®->. Eggs originate from primordial germ cells (PGCs), which
are specified at around embryonic day 6.5 (E6.5) in mice®, PGCs then
migrate into the gonads, enter meiosis in female embryos’, and there-
fore become primary oocytes. Following puberty, primary oocytes
begin to grow to mature oocytes that are fully ready for fertilization.
We previously reported a culture system in which mouse pluripo-
tent stem cells differentiated into PGC-like cells (PGCLCs) that were
capable of differentiating into functional oocytes by transplantation
into immunocompromised female mice®. However, this system reca-
pitulates a quite short window of embryogenesis, from the blastocyst
to migratory PGC stage, requiring only 4 to 5 days in vivo. There thus
remains a long period of time (perhaps over a month) that must be
reconstituted to produce mature oocytes in culture.

To reconstitute the entire process of oogenesis in vitro, the culture
period was divided into three sections in this study: (1) in vitro
differentiation (IVDi), (2) in vitro growth (IVG) and (3) in vitro mat-
uration (IVM), in which oogenesis would proceed to primary oocytes
in the secondary follicle, fully grown germinal vesicle oocytes and
metaphase Il (MII) oocytes, respectively (Fig. 1a). As we reported
previously®, PGCLCs differentiated from a female embryonic stem
cell (ESC) line, BVSCH18 (129*™"/svj (agouti) < C57BL/6), that har-
bours Blimp1-mVenus (BV) and stella-ECFP (SC) reporter constructs,
were aggregated with E12.5 female gonadal somatic cells of albino ICR
strain. In IVDi, the aggregates, hereafter called reconstituted ovaries
(rOvaries), were placed on Transwell-COL, a culture insert coated
with collagen, and soaked with aMEM-based medium. At 4 days of
culture, the medium was replaced with StemPro34-based medium, as

the combination of media yielded a high number of primary oocytes
with a follicle structure in preliminary culture experiments (Extended
Data Fig. 1a). To prevent multiple oocyte follicle formation such as
that seen frequently in culture (Extended Data Fig. 1b), we added the
oestrogen inhibitor 1C1182780 to the culture®. The rOvaries were filled
throughout with follicle structures, each of which possesses a single
oocyte, in an 1C1182780-dependent manner (Extended Data Fig. 1b, c).
During IVDi culture, BV, a marker of early PGCs', was detectable at
3 days of culture, but became weak after one week of culture (Fig. 1b).
At two weeks of culture, BV disappeared and SC—a marker of both
oocytes and PGCs—became prominent in rOvaries, and at three weeks
of culture, a number of SC-positive primary oocytes were observed in
rOvaries (Fig. 1b). The close observation of I\VVDi revealed that clusters
of PGCLCs were formed by 5 days of culture and gradually fragmented
from 5 to 9 days, after which, follicles were formed around 11 days of
culture (Extended Data Fig. 2a). FoxI2, a functional marker of granulosa
cells, was detectable in cells surrounding the oocytes at 21 days of culture
(Extended Data Fig. 2a). Immunofluorescence analysis of the meiotic
chromosome revealed the robust progression of meiotic prophase |
from 5 to 9 days of culture (Extended Data Fig. 2b, ¢). PGCLCs before
aggregation are equivalent to E9.5 (refs 8, 11). Therefore, the meiotic
prophase | in PGCLCs progresses during the period corresponding to
E14.5 (E9.5 + 5 days) through to E18.5 (E9.5 + 9 days), which is also
seen in meiotic prophase | in fetal ovaries in vivo'?. At the pachytene
stage, however, asynapsis between homologous chromosomes occurred
more frequently in vitro (53.8%) than in vivo (5.3%) (Extended Data
Fig. 2d). This was partially due to culture in vitro, as the percentage
increased even in primary oocytes in the organ culture of gonads under
the same condition (Extended Data Fig. 2d). Although chromosome
pairing in vitro was not as accurate as that in vivo, IVDi culture yielded
a large number of secondary follicle-like structures (2FLs) at three
weeks of culture; on average (n=38), 237.3+27.3 2FLs were formed
per rOvary. SC-negative residual oocytes were sparsely scattered in the
rOvaries (Fig. 1b, Extended Data Fig. 1c); the percentage of SC-negative
oocytes was 4.4 +2.1% (the mean +s.d., n =4, 3163 oocytes in total).
These results demonstrated that a robust number of primary oocytes
were induced from ESCs under the culture conditions employed.
Oocyte growth accompanied with follicular growth is tightly con-
trolled by gonadotropins?. Follicule-stimulating hormone plays a
central role in the proliferation and maturation of granulosa cells. In
culture with VG medium that contains follicule-stimulating hormone,
however, proliferation of the granulosa cell layer was limited in 2FLs
located at the edge of the rOvary (Extended Data Fig. 3a), suggesting
that 2FLs in the centre portion lack signalling and/or space for cell
growth. Therefore, individual 2FLs were manually separated from the
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Figure 1 | Oocyte production from pluripotent stem cells. a, A schematic
of oocyte production in vitro. b, rOvary during IVDi. A representative
rOvary on days indicated are shown. BF, bright field; BV, Blimp1-mVenus;
SC, stella-ECFP. ¢, Follicular growth during IVG. Granulosa cells (black
arrow) proliferated and then formed a cumulus—oocyte complex (white
arrowheads). d, Cumulus—oocyte complexes before IVM (left) and Ml
oocytes after IVM (right). A large image of the MII oocytes is shown in
Extended Data Fig. 3d. e, Diameters of the in-vitro-generated MI1 oocytes

rOvaries (Extended Data Fig. 3b). As expected, granulosa cells prolif-
erated and cumulus—oocyte complexes were formed the isolated 2FLs
(Fig. 1c). When cultured for 11 days, primary oocytes in 2FLs grew to
germinal vesicle oocytes (Fig. 1c). In total, 3,198 fully grown germinal
vesicle oocytes were obtained from 58 rOvaries in three culture experi-
ments (Extended Data Fig. 3c); on average, 55.1 fully grown oocytes
were obtained from one rOvary. When transferring them under the
IVM culture conditions, 28.9% of the germinal vesicle oocytes extruded
a 1st polar body (Fig. 1d and Extended Data Fig. 3c, d). The percentage
of SC-negative Ml oocytes was 4.6 +0.7% (mean£s.d., n=23, 565 Ml
oocytes in total), suggesting that the contamination rate of endoge-
nous oocytes remained low. The diameters of SC-positive M1l oocytes
generated in vitro were comparable to those of MI1 oocytes in vivo
(Fig. 1e). Consistently, the maternal pattern of DNA methylation in the
differentially methylated region (DMR) of imprinted genes, which is
established in an oocyte size-specific manner'?, was almost complete
at the representative gene loci tested (H19 and Igf2r) (Extended Data
Fig. 3e). The frequency of aneuploidy increased to some extent, but
most (77.8%) of the M1 oocytes generated in vitro had a correct num-
ber of chromosomes (Fig. 1f). These results demonstrate that, despite
sporadic flaws in some oocytes, a robust number of MI1 oocytes were
produced from pluripotent stem cells in a dish.

To evaluate oogenesis in vitro, the global transcription dynamics
during the culture were determined by RNA sequencing (RNA-seq)
analysis. We used poly(A) RNA from ESCs, PGCLCs before aggrega-
tion (PGCLCs-d6), PGCLCs at 3 days of aggregation (PGCLC-agg3),
SC-positive primary oocytes in 2FLs (vitro-2nd) and MII oocytes
generated in vitro (vitro-MlII). For comparison, poly(A) RNAs from
E12.5 female PGCs (PGCs-E12.5), primary oocytes in secondary
follicles in post-natal day 8 (P8) ovaries (vivo-2nd) and MII oocytes
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percentage of in-vitro-generated MII oocytes harbouring 40 centromeres
was lower (chi-squared test, *P < 0.05) than that of M1l oocytes in vivo.
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superovulated from adult ovaries (vivo-MII) were used. Principal com-
ponent analysis showed that oogenesis in vitro largely recapitulated
the differentiation process in vivo (Fig. 2a). Consistently, the expres-
sion dynamics of genes involved in oogenesis was similar to those
in vivo (Fig. 2b). Repetitive elements, such as long interspersed
elements, short interspersed elements and satellite sequences, were
repressed in oocytes both in vitro and in vivo, and the transcripts
of long terminal repeat (LTR) transposons was temporarily upreg-
ulated in the primary oocytes both in vivo and in vitro (Extended
Data Fig. 4a). Endogenous retrovirus group K (ERVK) and endoge-
nous retrovirus-like and mammalian apparent LTR-retrotransposon
(ERVL—-MaLR) accounted for most of the abundant LTR transposon
transcripts (Extended Data Fig. 4b). Moreover, the retrotransposons
LTR 10 (RLTR10) and mouse transcript A (MTA) transcripts were
enriched in ERVK and ERVL-MaLR, respectively (Extended Data
Fig. 4c, d). These observations are consistent with previous reports that
the transcripts of transposons enriched in growing oocytes are tightly
related to oocyte-specific transcriptional regulation'**. Our results
therefore indicate that such an oocyte-specific regulation was firmly
reconstituted during oogenesis in culture. The correlation coefficient
between global transcripts in vivo and in vitro at each oogenesis stage
was more than 0.98 (Fig. 2c). However, careful comparison of the tran-
scriptome identified differentially expressed genes (DEGS) between
oogenesis in vivo and in vitro. The numbers of DEGs with >4-fold
change were 6 and 27 at the PGC- and primary-oocyte-stage, respec-
tively, which was a relatively subtle difference (Fig. 2c). In contrast, at
the Mll-oocyte-stage, 424 genes were detected as the DEGs; 363 and
61 genes were up- and downregulated, respectively (Fig. 2c). Of note,
the DEGs upregulated in M1l oocytes in vitro were the genes whose
transcripts were reduced from primary oocytes to MI1 oocytes in vivo,
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Figure 4 | Reconstitution of the second cycle of oogenesis in vitro.

a, b, Derivation of rESCs. Blastocysts from in-vitro-generated eggs (a) were
used for derivation of rESC (b). ¢, Genotyping of rESCs. In total, 37 rESC
lines were derived in 2 independent experiments. The BVSC constructs and
sex chromosome (X or Y) were determined by PCR. d, MI1 oocytes from
rESCs. Scale bars, 100 pm. For gel source data see Supplementary Fig. 1.

fertilization rates were not significantly different, but embryogenesis
was frequently retarded at various stages, such as the cleavage stage,
and early and late gestation (Extended Data Fig. 6b—¢). The develop-
mental arrest may have been at least partly attributable to aneuploidy
(Fig. 1f) and aberrant gene expression (Fig. 2c, d). Nevertheless, the
successful production of pups demonstrates that the culture system
fulfills the condition of producing functional eggs. Importantly, all of
the obtained pups grew up normally without evidence of premature
death (Fig. 3e, Extended Data Fig. 5¢). Combined bisulfite restriction
analysis (COBRA) and bisulfite sequencing of the DMRs revealed that
the epigenetic status of the imprinted loci was maintained in a manner
comparable to that of wild-type mice (Extended Data Fig. 5d, e).
Both females and males from in-vitro-generated oocytes were fertile
(Extended Data Fig. 5f) and remained alive for at least 11 months
without any apparent abnormality (Extended Data Fig. 5g).

To verify the robustness and reproducibility of the culture system,
we induced oogenesis in five cell lines in vitro: BVSCH14, which is
another ESC line of the same mouse strain as BVSCH18, two induced
pluripotent stem cell (iPSC) lines from mouse embryonic fibroblasts
(MEFs) and two iPSC lines from 10-week-old adult tail tip fibroblasts
(TTFs). BVSCH14 and the two MEF-derived iPSC lines (MEF4FRC9
and MEF4FC14) gave rise to a number of oocytes (Extended Data
Fig. 7a, Extended Data Table 1). They contained fully potent oocytes, as
pups with coloured eyes were obtained from oocytes from each cell line
(Extended Data Figs 7a, 8a, b, Extended Data Table 1). The weights of
their placentas and bodies showed a similar trend as seen in BVSCH18
(Extended Data Fig. 7b). The reporter genes and retrovirus-derived
exogenous genes for the reprograming were detectable in the pups,
as expected (Extended Data Figs 7c, d, 8a, b). All of the pups grew up
normally without evidence of premature death. Notably, fully potent
oocytes were also generated from the two TTF-derived iPSC lines
(TTF4FC6 and TTF4FRC3) (Fig. 3f, g, Extended Data Table 1). Upon
fertilization with sperm from ICR males followed by transfer to surro-
gate mothers, they gave rise to healthy pups with the retroviral genes
and the reporter constructs or coloured eyes (Fig. 3h, i, Extended Data
Fig. 7d, 7e, 8c, Extended Data Table 1). The weights of the placentas
were varied, and some of them were comparable to wild-type placenta
(Extended Data Fig. 7b). Although 2 pups were cannibalized by the
nursing mother at the day of birth, the remaining 6 pups grew without
any apparent abnormality such as tumour formation or developmental
arrest (Fig. 3j). Both females and males from iPSC-derived oocytes were
fertile (Extended Data Fig. 8d).

Finally, blastocysts from in-vitro-generated oocytes were used to
derive ESCs, thereby realizing the reconstitution of an entire cycle of the
female germ line. The 51 blastocysts from BVSCH18-derived oocytes
were placed on embryonic fibroblasts in culture medium containing
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CHIR99021, PD0325901 and leukaemia inhibitory factor (2i+LIF).
72.5% of the blastocysts (37 out of 51) gave rise to ESC lines (Fig. 4a—c),
which were designated regenerated ESCs (rESCs). The BVSC reporter
genes and sex chromosomes were segregated to each rESC clone in the
expected Mendelian manner (Fig. 4c). When the rESCs (clone 6) were
injected into wild-type blastocysts, they contributed to multiple tissues,
including PGCs of the chimaera embryos (Extended Data Fig. 9a, b).
As the success rate of rESC derivation was higher than that of full-term
development, it is possible that some rESC lines are not fully competent.
A critical comparison of pluripotency, gene expression and epigenetic
status between these rESC lines might provide important clues to clarify
the heterogeneity in quality of in-vitro-generated oocytes. We success-
fully produced rESC-derived MII oocytes that were undergoing second
rounds of meiosis from the initial ESCs (Fig. 4d, Extended Data Fig. 9c).
Taken together, these results demonstrated the successful reconstitu-
tion of an entire cycle of the female germ line in vitro (Extended Data
Fig. 9d). One limitation of the reconstitution, however, is that the
culture system used gonadal somatic cells that were obtained from
the embryos. Requirement of gonadal somatic cells would be a critical
point, if human PGCLCs* are to be progressed to later stages of
gametogenesis. One possible way to overcome this issue would be to
derive the gonadal somatic cell-like cells from pluripotent stem cells.
Nevertheless, the culture system used here will provide an important
platform for analysing the gene functions underlying oogenesis in addi-
tion to providing clues to the development of a similar culture system
in other species.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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