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In mammals, most immature oocytes remain dormant in the
primordial follicles to ensure the longevity of female reproduc-
tive life. A precise understanding of mechanisms underlying the
dormancy is important for reproductive biology and medicine. In
this study, by comparing mouse oogenesis in vivo and in vitro, the
latter of which bypasses the primordial follicle stage, we defined
the gene-expression profile representing the dormant state of
oocytes. Overexpression of constitutively active FOXO3 partially
reproduced the dormant state in vitro. Based on further gene-
expression analysis, we found that a hypoxic condition efficiently
induced the dormant state in vitro. The effect of hypoxia was
severely diminished by disruption of the Foxo3 gene and inhibition of
hypoxia-inducible factors. Our findings provide insights into the im-
portance of environmental conditions and their effectors for estab-
lishing the dormant state.

oocytes | hypoxia | Foxo3

The germ-cell lineage is crucial for perpetuating species, as it
has an exclusive function to create new individuals. In the

female germ line, primordial germ cells (PGCs) proliferate in the
developing gonads as germ-cell cysts, in which the germ cells are
connected to each other through intercellular bridges (1), and
then enter meiosis at embryonic day (E) 13.5 (2). These germ-cell
cysts are gradually fragmented at later embryonic stages, and, fi-
nally, follicle structures are formed by postnatal day (P) 3 (3).
There are two types of follicles at this stage: One type of follicles
immediately starts oocyte growth, and the other type is arrested as
primordial follicles, in which a single dormant oocyte is surrounded
by squamous granulosa cells (3). Several reports have described an
oocyte-intrinsic regulatory mechanism for maintenance of the dor-
mant state. Foxo3 is known to play a key role in maintenance of the
dormant state. Foxo3-disrupted mice quickly lose their fertility due
to the overactivation of immature follicles (4). FOXO3 is regulated
by the phosphorylation via a phosphatidylinositol-3 kinase (PI3K)-
mediated signal. Upon phosphorylation, FOXO3 is transported
from the nucleus to the cytoplasm, thus triggering oocyte growth.
Disruption of Pten, a negative regulator of PI3K signaling, leads to
an overactivation of follicles similar to that by Foxo3 knockout (KO)
(4, 5). Although these genetic analyses identified genes involved in
the dormant state, the mechanisms establishing the dormant state
are still elusive. This is partially due to the lack of a culture system
that robustly reproduces the process occurring at the perinatal stage.
Recently, we developed a culture method in which functional

oocytes can be induced from pluripotent stem cells (6, 7). In the
in vitro differentiation (IVDi) culture system, pluripotent stem
cells bearing Blimp1–mVenus (BV) and Stella–ECFP (SC) re-
porter transgenes (8) were first differentiated into PGC-like cells
(PGCLCs). PGCLCs bearing BV and SC were aggregated with
E12.5 gonadal somatic cells (9). After 3 wk of culture of the
aggregates, hereinafter called reconstituted ovaries (rOvaries),
primary oocytes in secondary follicles could be obtained. Al-
though the gene expression of oocytes in the secondary follicles
in vitro was comparable to that of oocytes in vivo, the process
from PGCLCs to oocytes in vitro differed from that observed
in vivo. That is, during IVDi culture, the oocytes were not

arrested at the primordial follicle stage but began their maturation
(Fig. 1A). Since primordial follicles are merely formed in IVDi,
the culture system would be a useful tool for reconstituting the
dormant state of oocytes in primordial follicles. In this study,
therefore, we use the IVDi culture system to explore the mecha-
nisms involved in establishing the dormant state of oocytes.

Results
No Primordial Follicles Were Formed in IVDi Culture. During IVDi,
the BV signal was gradually lost, while the SC signal was main-
tained throughout the 3-wk culture in rOvaries (Fig. 1A). Most
follicles reached the secondary follicle stage at day (D) 21 of
culture, while small oocytes were barely observed at this time
point (SI Appendix, Fig. S1A). In contrast, the P6 ovary in vivo
bearing the SC reporter showed a number of small oocytes in addi-
tion to growing oocytes (SI Appendix, Fig. S1B). Immunofluorescence
(IF) analysis revealed that oocytes in the rOvaries had formed cyst-
like structures by D5 and gradually fragmented from D7 to D9 (Fig.
1B). Follicle structures appeared in the rOvaries at around D11 and
gradually grew into secondary follicles by D17 (Fig. 1B and SI
Appendix, Fig. S1C). IF analysis using anti-FOXO3 antibody
revealed that FOXO3 was detected in the cytoplasm of embry-
onic stem cell (ESC)-derived oocytes from D9 (Fig. 1B and SI
Appendix, Fig. S1C). After the formation of follicle structures
from D11, the FOXO3 protein remained localized in the cyto-
plasm throughout the development of oocytes (Fig. 1B and SI
Appendix, Fig. S1C), which were similar in appearance to oocytes
in activated follicles in vivo (SI Appendix, Fig. S1D). These were
contrasted to primordial follicles in vivo, in which FOXO3 is
localized in nuclei of the oocytes (SI Appendix, Fig. S1D).
FOXO3 was localized at the cytoplasm in >91.3% of FOXO3-
positive oocytes in vitro at D9–17 (Fig. 1B). Thus, these data
demonstrated that oogenesis in vitro failed to establish the
dormant state of oocytes.

Significance

This study using a unique culture system revealed that hypoxia
induces the dormant state in oocytes through FOXO3. Hypoxia-
inducible factors are involved in maintenance of the dormant
oocytes under a hypoxic condition. These findings provide
mechanistic insight into the transduction of environmental cues
that regulate genes involved in the dormant state of oocytes.
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Global Transcription Dynamics along Oocyte Development In Vivo
and In Vitro. To gain insights into the molecular mechanisms re-
sponsible for the difference between oogenesis in vivo and in vitro,
we performed a transcriptome analysis [RNA sequencing (RNA-

seq)]. SC-positive oocytes were isolated from ovaries of E14.5,
E16.5, and E18.5 embryos and of P1, P3, P4, and P6 pups and
rOvaries at D5, D7, D9, D10, D11, D13, D15, D17, and D20 (SI
Appendix, Fig. S2 A and B). For P4 and P6 oocytes, we separated
oocytes in accordance with their size (SI Appendix, Fig. S2 A–C).
Principal component analysis (PCA) revealed that oocytes in vivo
changed their transcriptomes as they developed from E14.5 to P1
(Fig. 2A). In contrast, the transcriptomes were similar among P3,
P4 small, and P6 small oocytes in vivo (Fig. 2A), indicating that the
dormant state was maintained in these oocyte fractions. The
transcriptomes of P4 large and P6 large oocytes were quite distinct
from those of the dormant population (Fig. 2A), suggesting that a
drastic change of transcriptomes occurred upon follicular activa-
tion. PCA of oocytes in vitro revealed that oocytes from D5 to D9
developed in a similar manner to those in vivo from E14.5 to
E16.5. However, it also showed that oocytes in vitro after D11
showed a slightly different pathway from oocytes in vivo. The
difference became more prominent after D13: Transcriptomes of
D13 oocytes were clearly different from those of the oocytes in the
dormant state in vivo, and those of oocytes at D15 and D17 were
rather similar to those of P4 large and P6 large oocytes in vivo
(Fig. 2A). These results suggested that oocytes in vitro were di-
rectly activated without first entering the dormant state.
A heatmap of correlation coefficients between transcriptomes

of oocytes at different developmental stages indicated that oo-
cytes in vivo are clustered into three groups (Fig. 2B): (i) em-
bryonic oocytes (E14.5, E16.5, and E18.5); (ii) dormant oocytes
(P1, P3, P4 small, and P6 small); and (iii) growing oocytes (P4
large and P6 large). Oocytes in vitro from D7 to D11 were
clustered tightly with embryonic oocytes, whereas those after D13
were clustered with a group of growing oocytes (Fig. 2B). These
data reinforced the notion that oocytes in the rOvaries were di-
rectly activated after follicle formation. To clarify the transition
from embryonic oocytes to the dormant state, we investigated
transcriptomic change from E16.5 to P3. There were a number of
differentially expressed genes (DEGs) gradually decreased along
with oocyte development toward P3 dormant oocytes (SI Appen-
dix, Fig. S3A). Gene Ontology (GO) analysis showed that genes
up-regulated during this process were enriched with genes related
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Fig. 1. Few dormant oocytes in IVDi culture. (A) Oocyte differentiation
during IVDi. Representative images of an rOvary cultured for the number
of days (D) indicated are shown. BF, bright field. (Scale bars, 200 μm.) (B)
Localization of FOXO3 during IVDi. IF images of FOXO3, GFP (BV and/or SC),
and DAPI are shown. The numbers at the upper left and the lower left in-
dicate the day of culture and the percentage of oocytes with cytoplasmic
FOXO3, respectively. The numbers of samples examined were 67 (D9), 58
(D11), 56 (D13), 38 (D15), and 46 (D17). (Scale bars, 20 μm.)

Fig. 2. Distinct gene-expression profiles during oo-
genesis in vivo and in vitro. (A) Gene-expression dy-
namics during oogenesis in vivo and in vitro. PCA of
oocytes at each developmental stage indicated is shown.
D, days of culture in IVDi. (B) Heatmap analysis of gene-
expression profiles of oocytes in vivo and in vitro.
Pearson correlation coefficients among oocytes at
the indicated stages are shown. The heatmap and
clustering are based on the average reads per kilobase
million (RPKM) gene expression levels. (C) Gene-expression
dynamics of genes necessary for oogenesis. The aver-
aged RPKM values of each of the indicated genes are
shown. Bars at each point indicate the SD based on
three independent experiments.

12322 | www.pnas.org/cgi/doi/10.1073/pnas.1817223116 Shimamoto et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
21

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1817223116


www.manaraa.com

to oxidative stress processes, such as the “response to oxidative
stress” and the “oxidation-reduction process,” indicating that
mechanisms dealing with oxidative stress were active during this
developmental period (SI Appendix, Fig. S3B). Oxidative stress is
commonly known as a major factor involved in cell damage and
aging. It is possible that the dormant state is involved in regulating
the quality of the oocytes to ensure the upcoming oocyte growth.
Genes down-regulated during the transition were related to mei-
osis, which is consistent with the fact that chromosomal alignment
is terminated during this period (SI Appendix, Fig. S3B).
These processes would be intrinsically controlled by transcrip-

tion factors. Therefore, we looked at the expression dynamics
in vivo and in vitro of key transcription factors involved in
oogenesis. The expression dynamics of Figla, Nobox, Sohlh1,
Sohlh2, and Lhx8 were similar between oocytes in vivo and
in vitro (Fig. 2C). In addition, genes up-regulated in growing
oocytes in the activated follicles, such as Zp1 and Zp3, also
exhibited similar expression dynamics between oocytes in vivo
and in vitro (Fig. 2C). In contrast, Foxo3 had a consistently low
expression level in oocytes throughout the IVDi culture (Fig.
2C). This low-level expression of the Foxo3 gene may be one of
the reasons that primordial follicles were barely formed in vitro.

Induction of the Dormant State by Forced Expression of Constitutively
Active FOXO3. To test whether Foxo3 is sufficient for establishing
the dormant state in the culture system, the constitutively active
form of FOXO3 (Foxo3dNES) (10) was enforcedly expressed by a
c-kit promoter in the oocytes during IVDi culture (SI Appendix,
Fig. S4 A and B). Transcriptional activity of the c-kit promoter in
IVDi culture was confirmed by using c-kit–mCherry reporter
construct (SI Appendix, Fig. S4C). We also confirmed integration
of the Foxo3dNES transgene by qPCR and maintenance for a pair
of X chromosomes by allele-specific PCR (SI Appendix, Fig. S4 D
and E). In Foxo3dNES transgenic (Tg) ESCs, the total (endoge-
nous and exogenous) Foxo3 expression was much higher than in
the parental ESCs (SI Appendix, Fig. S4F): The total expression
level of Foxo3 in transgenic oocytes at D21 was more than four
times higher than that in wild-type (WT) oocytes and was there-
fore comparable to that in P3 oocytes in vivo (Fig. 2C and SI Ap-
pendix, Fig. S4G). The number of oocytes formed by Foxo3dNES
Tg ESCs in IVDi was comparable to the number induced from
WT ESCs (Fig. 3A). Interestingly, the number of small oocytes
derived from Foxo3dNES Tg ESCs was increased in rOvaries
(Fig. 3B). As expected, IF analysis confirmed the nuclear local-
ization of FOXO3 in the Foxo3dNES Tg oocytes (Fig. 3C).
SOHLH1, a transcription factor enriched in oocytes in primor-
dial follicles (11), was expressed in the small Foxo3dNES Tg
oocytes (Fig. 3D). Conversely, GDF9, a growth factor enriched in
growing oocytes (12), was nearly absent from the small Fox-
o3dNES Tg oocytes (Fig. 3D). This expression pattern was sim-
ilar to that of oocytes in vivo (SI Appendix, Fig. S5 A and B).
These data demonstrated that enforced expression of constitu-
tively active FOXO3 led to an induction of the dormant state, to
some extent, in IVDi culture.

Limited Effect of FOXO3 on the Dormant Oocytes In Vitro. To further
investigate the effect of enforced Foxo3dNES expression, we
performed transcriptome analysis of oocytes in vitro derived
from Foxo3dNES Tg ESCs and WT ESCs. To rigorously evaluate
the effect of Foxo3dNES Tg, cDNA libraries were constructed
from sorted SC-positive oocytes containing large oocytes. PCA
demonstrated that by the expression of Foxo3dNES Tg, the
transcriptome profile of the oocytes in culture at D21 became
closer to that of the dormant oocytes in vivo (P3, P4 small, and
P6 small) (Fig. 4A). On the other hand, it also suggested that the
transcriptomes of Foxo3dNES Tg oocytes were still different
from those of the dormant oocytes in vivo. This might have been

due to the absence of another factor involved in establishing the
dormant state.
To identify such a factor, we compared the transcriptomes of

Foxo3dNES Tg oocytes and WT ESC-derived oocytes. We
identified 176 and 71 genes that were up- and down-regulated in
Foxo3dNES Tg oocytes compared with oocytes derived from WT
ESCs, respectively (Fig. 4B). Among the 176 up-regulated genes,
57 had a sequence similar (>90% homology) to FOXO3-binding
motif(s) at the putative promoter region 1 kb upstream of the
transcription start site (TSS) (SI Appendix, Fig. S6). Several of
these 57 genes, including Btg2, Cfh, Rhob, Cyr61, and Cav1, were
previously reported to be direct targets of FOXO3. On the other
hand, 119 of the 176 up-regulated genes had no FOXO3-binding
motif within the 1-kb region upstream of TSS, indicating that a
certain number of genes were up-regulated indirectly. Among
the 71 down-regulated genes, 22 had a sequence similar to
FOXO3-binding motif(s) at the putative promoter region 1 kb
upstream of the TSS (SI Appendix, Fig.S6). GO analysis showed
that the up-regulated genes were related to “response to hypoxia”
(Fig. 4C), thus indicating a close relationship between FOXO3
and hypoxia. Consistent with such a relationship, the tran-
scriptomes of oocytes in vivo during the transition from embryonic
oocytes to the dormant state showed increased expression of genes
related to response to oxidative stress and the oxidation-reduction
process (SI Appendix, Fig. S3B). Moreover, several reports have
suggested that the function of FOXO3 is relevant to a hypoxic
condition (13–15). Based on these findings, we postulated that
hypoxia has a positive effect on construction of the dormant state
in oocytes.
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Fig. 3. Partial restoration in vitro of small oocytes by enforced expression of
Foxo3. (A) Differentiation of Foxo3dNES Tg oocytes during IVDi. Images of
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and/or SC) (B, Upper) and oocyte size (area) at D21 (B, Lower) are shown.
Arrows indicate small oocytes in the rOvary. (Scale bar, 200 μm.) The plots
were compiled from two independent experiments. Mean values are in-
dicated as lines. **P < 0.01 (using Student’s t test). (C) IF analysis of WT and
Foxo3dNES Tg oocytes at D21. IF images of FOXO3, GFP (BV and/or SC), and
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(D) Expression of oocyte markers in Foxo3dNES Tg oocytes. IF images of
SOHLH1, GFP (BV and/or SC), and GDF9 are shown. (Scale bars, 20 μm.)

Shimamoto et al. PNAS | June 18, 2019 | vol. 116 | no. 25 | 12323

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
21

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817223116/-/DCSupplemental


www.manaraa.com

Hypoxia Is Involved in Establishment of the Dormant Oocytes. In
keeping with our hypothesis, IVDi culture under a 5% O2 con-
dition provided a number of small oocytes in rOvaries (Fig. 5A).
Quantification analysis confirmed that the low oxygen concen-
tration caused a drastic decrease in the oocyte size (Fig. 5A). IF
analysis revealed that FOXO3 was localized in the nuclei of the
small oocytes (Fig. 5B). These small oocytes also showed higher
expression of SOHLH1 and lower expression of GDF9 com-
pared with the growing oocytes (Fig. 5C). By comparing the
transcriptome between Foxo3dNES Tg and hypoxia, the dormant
state of the oocytes relied more on hypoxia than Foxo3dNES Tg
(Fig. 5D). We next examined the combined effect of hypoxia plus
Foxo3dNES Tg during IVDi. The size of oocytes under the
combined condition was further decreased (Fig. 5 A and E). The
transcriptome data showed that the gene-expression profiles of
Foxo3dNES Tg oocytes cultured under a hypoxic condition was
closer to those of dormant oocytes in vivo than to those of
Foxo3dNES Tg oocytes under a normoxic condition or oocytes
from WT ESCs under a hypoxic condition (Fig. 5 E and D). To
understand the FOXO3 dependency under hypoxia, we pro-
duced Foxo3 KO ESCs harboring a pair of X chromosomes (SI
Appendix, Fig. S7 A–C) and then induced oocytes from the Foxo3
KO ESCs. The average size of Foxo3 KO oocytes was compa-
rable to that of WT oocytes under a normoxic condition, and, as
expected, there was no fraction of small oocytes among the oo-
cytes derived from Foxo3 KO ESCs (Fig. 5A). In sharp contrast,
under the hypoxic condition, the size of Foxo3 KO oocytes was
significantly increased, compared with oocytes from WT ESCs
(Fig. 5A). IF analysis confirmed the loss of the FOXO3 signal in
IVDi using Foxo3 KO ESCs (Fig. 5F). Interestingly, the size of
the Foxo3 KO oocytes under the hypoxic condition was not
completely restored to that of the Foxo3 KO oocytes under the
normoxic condition (Fig. 5A). These results demonstrated that
hypoxia plays a positive role on construction of the dormant state
in oocytes and that FOXO3 is one of the effectors downstream
of hypoxia.
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Fig. 5. Induction of the dormant state under a hypoxic condition through
FOXO3. (A) Oocyte size under a hypoxic condition. Z-stack IF images of GFP
(BV and/or SC) (A, Upper) and oocyte size (area) at D21 (A, Lower) are shown.
The plots were compiled from two independent experiments. Mean values
are indicated as lines. **P < 0.01 (using the Tukey–Kramer method). (B)
FOXO3 localization under the hypoxic condition. IF images of FOXO3, GFP
(BV and/or SC), and DAPI in oocytes at D21 are shown. The yellow box in the
Whole rOvary is the area shown in Follicles. [Scale bars, 200 μm (whole
rOvary) and 20 μm (Follicles).] (C) Expression of oocyte markers under the
hypoxic condition. IF images of SOHLH1, GFP (BV and/or SC), and GDF9 are
shown. (Scale bars, 20 μm.) (D) PCA of oocytes under each condition. (E and
F) Histology and FOXO3 expression. IF images of FOXO3, GFP (BV and/or SC),
and DAPI in Foxo3dNES Tg (E) or Foxo3 KO (F) oocytes at D21 under the
hypoxic condition are shown. Details are the same as in B.
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Hypoxia-Inducible Factor Function in Hypoxic Effect on Establishment
of the Dormant State In Vitro. Given that hypoxia induces several
pathways, hypoxia-inducible factors (HIFs) are a strong candi-
date of a downstream effector. Hif1a and Hif2a were expressed
in oocytes including P3, P4 small oocytes, and P6 small oocytes
(SI Appendix, Fig. S8A). Consistently, HIF1A and HIF2A were
detected in the oocytes at D21 of the hypoxic culture (Fig. 6A).
The addition of YC-1, an inhibitor of both HIF1A and HIF2A
(16), to IVDi culture under the hypoxic condition selectively
eliminated small oocytes in a dose-dependent manner (Fig. 6B).
Although the total number of oocytes appeared to decrease, the
decrement was almost entirely due to the loss of small oocytes
(area < 1,000 μm2) (Fig. 6B and SI Appendix, Fig. S8 B and C).
These results demonstrated that HIF1A and/or HIF2A play a
role in sustaining dormant oocytes as a downstream effector
of hypoxia.
HIFs are known to change metabolic pathways by promoting

anaerobic glycolysis and inhibiting oxidative phosphorylation
(OXPHOS). Therefore, we examined the reliance of oocytes on
OXPHOS under normoxic and hypoxic conditions. Addition of
rotenone, an inhibitor of OXPHOS, to IVDi culture completely
abolished oocyte formation under the normoxic condition,
whereas a number of oocytes remained under the hypoxic con-
dition (Fig. 6C and SI Appendix, Fig. S8D). Interestingly, small
oocytes preferentially remained under the hypoxic condition with
rotenone, and the percentage of large oocytes (area > 1,000 μm2)
was significantly decreased under this condition (SI Appendix,
Fig. S8E). These results suggested that dormant oocytes under a
hypoxic condition are less dependent on OXPHOS, compared
with growing oocytes. Our findings suggest that hypoxia activates
HIFs that endow the small oocytes with an anaerobic metabolic
program. Interestingly, it has been reported that FOXO3 an-
tagonizes OXPHOS through repression of a set of nuclear-
encoded mitochondrial genes (17). Taking these results to-
gether, we conclude that hypoxia orchestrates the dormant state
of oocytes through FOXO3 and HIFs.

Discussion
In the in vitro oocyte differentiation system, most of the oocytes
in rOvaries bypassed the dormant state and were activated di-
rectly into the secondary follicle stage. This was not due to any
suboptimal conditions of the culture system, since such a direct
activation of oocyte growth has also been observed in rOvaries
(18) and E12.5 ovaries (19) transplanted to adult mice. These
findings indicated that a temporal regulation in vivo during the
perinatal stage is crucial for establishment of the dormant state in
oocytes. Distinct differentiation processes between the in vivo and
in vitro oocytes were clearly revealed by comparison of their tran-
scriptomes (Fig. 2A). Interestingly, based on their gene-expression
profiles in vivo, the dormant oocytes were much more different
from growing oocytes (P4 and P6 large) than from embryonic oo-
cytes (E18.5 or earlier). This suggested two possibilities: There is a
rapid and dynamic expression change during the exit from the
dormant state, and the dormant state is gradually established in the
oocytes from late gestation to the neonatal stage. The GO analysis
indicated that genes involved in the oxidation-reduction process
become active during establishment of the dormant state. Genes
up-regulated during this period include Prdx2, Prdx3, Prdx5, Gpx1,
and Gpx4, which regulate antioxidant reaction (SI Appendix, Fig.
S3B). Moreover, the GO term “glutathione metabolic process” is
also involved in the antioxidant reaction. These findings suggested
that oxidative stress, such as that potentially generated under a
hypoxic condition, declines in oocytes during the transition.
Among the key transcription factors for oogenesis, Foxo3 ex-

pression was constantly low in vitro (Fig. 2C). Enforced expres-
sion of constitutively active FOXO3 partially restored the
transcriptome to the dormant state (Fig. 4A) and decreased the
size of the oocytes (Fig. 3 B and C). These results are largely
consistent with reported genetic studies in vivo, in which
enforced FOXO3 expression in mice caused retardation of fol-
licle growth (20, 21). However, in our present experiments, we
also found that growing oocytes with a strong nuclear FOXO3
signal were observed (Fig. 3C) and that the transcriptome of
Foxo3dNES Tg oocytes was still far from the dormant state
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in vivo (Fig. 4A). These findings suggested an environmental
factor that only exists in vivo. This study revealed that one of the
environmental factors is hypoxia. Hypoxia induced a large
number of small oocytes with nuclear localization of FOXO3 in
the IVDi culture system (Fig. 5A). The effect was partially, but
not completely, diminished by disruption of the Foxo3 gene (Fig.
5A). These findings suggested that the FOXO3 function is only
one among numerous functions downstream of hypoxia during
the establishment of the dormant state of oocytes. It is note-
worthy that, even under the combined condition of hypoxia plus
Foxo3dNES Tg, the gene-expression profiles in oocytes in culture
were not identical to those in oocytes in vivo (Fig. 5D). This
suggests that one or more other factors are involved in regulating
the dormant state. In the future, the identification of any such
factors should be pursued by using the present culture system.
In this study, small oocytes in culture were selectively elimi-

nated by the addition of an HIF inhibitor (Fig. 6B). HIFs are the
master transcriptional regulators involved in oxygen homeosta-
sis, angiogenesis, anaerobic metabolism, tumorigenesis, and in-
flammation (22). A major role of HIFs is to promote anaerobic
glycolysis by transactivating genes encoding glucose transporters
and glycolytic enzymes (23, 24). Interestingly, FOXO3 plays a
role in decreasing mitochondrial mass and oxygen consumption
by repressing a set of nuclear-encoded mitochondrial genes (17).
This study demonstrated that small oocytes were more tolerant
of rotenone, an inhibitor of OXPHOS, than large oocytes (Fig.
6C and SI Appendix, Fig. 8 D and E). These findings suggested
that HIFs and FOXO3 have a synergistic effect on a particular
metabolic program in dormant oocytes. Hypoxia induces reactive
oxygen species (ROS) and thereby subjects the cells to oxidative
stress. In the dormant state of oocytes, ROS produced under a
hypoxic condition may be attenuated by genes related to response to
oxidative stress or the oxidative-reduction process, which are down-
stream of FOXO3. In support of this notion, it has been reported that
protection from oxidative stress is regulated by FOXO3 in colon
carcinoma cells (25). It is widely known that HIFs are involved in the
reduction of ROS (26, 27). Detoxification of ROS is particularly
important in oocytes, as they are the sole cell type to generate the
next generation. The dormant state can be established under hypoxia,
but at the same time, it must protect the quality of the oocytes against
oxidative stress. This double-edged condition is the nature of the

dormant state of oocytes in the primordial follicles, which are
maintained for a long period of time in the ovary.

Methods
IVDi Culture. IVDi culture was performed as described (7). rOvaries (containing
2,500 PGCLCs and 37,500 gonadal somatic cells or 5,000 PGCLCs and 75,000
gonadal somatic cells) were placed on Transwell-COL membranes and cul-
tured under the normoxic condition (20% O2 and 5% CO2 at 37 °C) or the
hypoxic condition (5% O2 and 7% CO2 at 37 °C). For inhibitor experiments,
YC-1 (Sigma) was added from D8 to D21, and rotenone (Sigma) was added
from D17 to D21 during the IVDi culture. DMSO was used as a vehicle.

Measurement and Counting of Oocytes. Green fluorescent protein (GFP) and
DAPI images were obtained at depth intervals of 10 μm by using an LSM700
confocal microscope. The largest section of each oocyte was selected, and
then the area of the GFP signal from the oocyte was measured and the total
number of oocytes was counted by using ImageJ software.

Establishment of Transgenic ESCs. For construction of Foxo3dNES, the nuclear
export signal was disrupted by converting the amino acids (M375A, L377A, L381A,
L389A, L390A, I393A, and L395A) (10). The PGK-promoter and puromycin-resistance
gene were obtained from the R26pM2rtTA vector (Addgene catalog no. 47381). A
656-bp region of the c-kit promoter (28) was amplified from genomic DNA of WT
ESCs. All fragments were combined into a PiggyBac vector by using an In-Fusion
HD Cloning Kit (TAKARA). pCMV-hyPBase (Wellcome Trust Sanger Institute), PB-
ckit promoter-Foxo3dNES, and pEF1-IRES-DsREdexpress2 were transfected into
Blimp1–mVenus and Stella–ECFP H18 ESCs by Lipofectamine 2000 (Thermo). After
culturing for 24 h, DsRed-positive cells were sorted by a FACS Aria II and cultured
with 1 μg/mL puromycin (InvivoGen). At 6 d of culture, single colonies were picked
up and seeded on mouse embryonic fibroblasts.
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